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Abstract

The dirhodium(II,II) tetracarboxylate motif bas been shown to serve as a

structural template for the self-assembly of carboxylate-appended photoactive units of the

forni [(tpy)( 4’-(4-carboxyphenyl)tpy)Ru](PF6)2 (tpy = 2,2’:6’2” terpyridine). Efficient

quenching of the emissive 3MLCT state of these photoactive complexes upon formation

of these higher-order assemblies suggested irreversible energy transfer to the non

emissive excited state of the Rh2(II,II) center, which was verified through the preparation

of analogous assemblies based upon the triazine-based photoactive units [(2-phenyl-4,6-

di(2-pyridyl)triazine)(4 ‘ -(4-carboxyphenyl)tpy)Ru] (PF6)2 and [(2-(4-carboxyphenyl)-4,6-

di(2-pyridyl)triazine)(tpy)Ru](PF6)2.

To expand on the synthetic utility of the dirhodium(II,II) tetracarboxylate motif, a

series of homoleptic Ru(II) complexes based on the ligands 4’-(carboxy)tpy, 4’-(4-

carboxyphenyl)tpy, and (2-(4-carboxyphenyl)-4,6-di(2-pyridyl)triazine) were prcpared.

Incorporation of the Rh2(II,II) motif to these dicarboxylates could be perforrned in the

absence of deleterious polymerization to give both bis-Rh2 and mono-Rh2-adducts, which

have been unambiguously characterized. To ameliorate the general insolubility of such

dicarboxylate complexes, the ligand 4’ -(4-carboxyphenyl)-4,4’ ‘-di-(tert-butyl)tpy was

prepared, along with its subsequent homoleptic Ru(II) complex which was shown to be

abundantly soluble in a range oforganic solvents and to possess an unusual, porous solid

state structure.

To improve the integrity of the highly-charged Ru(II) assemblies constructed

about the Rh2(II, II) motif, amidinate analogues [(4’ -(N,N’ -dipropylbenzamidine)

tpy)(tpy)Ru] (PF6)2 and [(4’ -(N,N’ -diphenylbenzamidine)-tpy)(tpy)Ru] (PF6)2 were

prepared, along with the polytopic amidine ligand AN’-di-(4’-pheny1-tpy) formamidine.

However, coordination ofthese amidinate-Ru(II) complexes to a Rh2(II,II) center was not

possible using conventional methods. Moreover, the elusiveness of the ligand PN’-di

(4’-phenyl-tpy) formamidine was shown to be due to an unusual and unanticipated

susceptibility of this compound to undergo hydrolysis, presumably due to the presence of

tpy fragments bound to the amidine nitrogen atoms.
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A divergent strategy was therefore developed by creating a family of reactive

building blocks based upon the Rh2(IVN’-dipheny1bcnzarniinatc)4 motif. This family

sternrned from the initial creation of Rh2(À’N’-dipheny1-4-brornobenzarnidinate)4, from

which reactive functionality was installed to the central phenyl ring of the amidinate

ligand. Such functionality was shown to include —NH2 and —CCH groups, the periodicity

and proportion of which could be controlled based upon the efficient isolation of rnixed

diphenylketimine/brornine Rh2-cornplexes from the C-N coupling reaction of

benzophenone imine with Rh2(À’N’-dipheny1-4-brornobenzamidinate)4. As proof of

principle, both di- and penta-nuclear Rh2(II,II) complexes were prepared. Where

formylation was desired but inaccessible through a ‘chernistry-on-the- complex’

approach, suitable ligand prcparation (i.e. I’LN ‘-diphenyl-4-forrnyl-bcnzamidine) gave

access to Rh2 (NN’-dipheny1-4-fonnyl-benzarnidine)4, from which the carboxylate

analogue Rh2 (ÀN’-dipheny1-4-carboxybenzarnidine)4 could be prepared. All complexes

were unambiguously characterized by 1H NMR, ESI-MS, UV-vis, cyclic voltarnrnetry

and, in some cases, single-crystal X-ray crystallography.

Key Words: ruthenium(II), dirhodiurn(II,II), tpy, triazine, carboxylate, arnidinate, self

assernbly, templation, photoactive, excited—state, energy transfer.
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Résumé

Le complexe tétracarboxylate de dirhodium(II,II) peut servir comme motif de

base pour l’auto-assemblage de systèmes polynucléaires basés sur des complexes photo-

actifs fonctionnalisés avec le groupement carboxylate. Plus particulièrement, la

coordination du complexe [(tpy)( 4’-(4-carboxyphenyl)tpy)Ru](PF6)2 (tpy = 2,2’:6’2”

terpyridine) sur le Rh2(II,II) empêche l’émission de l’état excité 3MLCT, ce qui suggère

un transfert irréversible vers l’état excité non-emissif du centre Rh2(II,II). Afin de

confirmer ce phénomène, une série d’analogues basée sur les complexes [(2-phenyl-4,6-

di(2-pyridyl)triazine)(4 ‘ -(4-carboxyphenyl)tpy)Ru] (PF6)2 et [(2-(4-carboxyphenyl)-4,6-

di(2-pyridyl)triazine)(tpy)Ru](PF6)2 ont été préparés et étudiés.

Pour augmenter l’utilité synthétique du complexe tétracarboxylate de

dirhodiurn(II,II) dans ce domaine, une série de complexes hornoleptiques de Ru(II) basés

sur les ligands 4’ -(carboxy)tpy, 4’ -(4-carboxyphenyl)tpy et (2-(4-carboxyphenyl)-4,6-

di(2-pyridyl)triazinc) ont été preparés. La coordination de ces complexes au centre

Rh2(II,II) a pu se faire efficacement sans polymérisation pour donner des complexes

mono- et bis-Rh2(II,II). Afin d’améliorer la solubilité des complexes dicarboxylate, le

ligand 4 ‘-(4-carboxyphenyl)-4,4’ ‘-di-Qert-butyl)tpy a été préparé, avec le complexe

subséquent de Ru(II), qui a manifesté une grande solubilité dans les solvents organiques.

De plus, à l’état solide, ce complexe adopte une structure comportant de grandes cavités.

Afin d’améliorer la stabilité des assemblages hautement chargés de Ru(II), les

complexes [(4’ -(N,N’ -dipropylbenzarnidine)-tpy)(tpy)Ru] (PF6)2 et [(4’ -(N,N’ -

diphenylbenzamidine)-tpy)(tpy)Ru](PF6)2 ont été préparés et caractérisés ainsi que le

ligand polytopique N,N ‘-di-(4 ‘ -phenyl-tpy)forrnamidine. Malheureusement, les

complexes arnidinates ne pouvaient pas se coordonner au centre Rh2(II,1I) en utilsant les

voies bien connues dans la litérature. De plus, la difficulté avec la synthèse du ligand

N,N’-di-(4’-phenyl-tpy)formamidine a été attribuée à sa sensibilité a une attaque de l’eau.

Cette sensibilité n’était pas anticipée, mais maintenant qu’elle est connue, il est évident

qu’elle résulte de l’effect d’un groupement tpy attaché directement à l’atome d’azote de

1 ‘amidinate.
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Il a donc fallu créer une autre voie qui se concentre sur l’approche inverse. Dans

ce concept, le complexe Rh2(N,N’-diphenylbenzamiinate)4 a été fonctionnalisé. Pour ce

faire, le complexe Rh2(IVN’-dipheny1-4-bromobenzarnidinate)4 a été préparé en vue de

faire la chimie directement sur le complexe. Ceci a permis l’introduction des

groupements réactifs, comme -NH2 et —CCH, sur le phényle situé au centre du ligand

arnidinate. Le nombre et la disposition de ces groupements ont été contrôlés en fassant la

séparation de complexes intermédiares diphenylketimine/brome lors du couplage C-N du

benzophénone irnine avec Rh2(À’N ‘-diphenyl-4-bromobenzamidinate)4. Pour démontrer

l’utilité de ces complexes, des assemblages di- et penta-nucléaire de Rh2(II,II) ont été

préparés et caractérisés. Dans le cas de la formylation, la chimie sur le complexe n’était

pas réussi et le ligand iVN’-diphenyl-4-forrnyl-benzamidine et le complexe Rh2(N,N’-

diphenyl-4-formyl-benzamidine)4 ont été préparés. De cela, le complex Rh2(N,N’-

diphenyl-4-carboxybenzarnidine)4 a pu être fait selon l’approche ‘chimie sur le

complexe’. Tous les complexes ont été caractérisés par spectroscopie de résonance

magnétique nucléaire en solution, spectrométrie de masse ESI, spectroscopie UV-visible,

voltampérométrie cyclique et analyse cristallographique à l’état solide par diffraction des

rayons X.

Mots clés: ruthénium(II), dirhodium( 11,11), tpy, triazine, carboxyl ate, amidinate, auto

assemblage, transfert d’énergie.
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Chapter 1: Introduction

1.1 Introductory Remarks

The harnessing of light energy by photoactive units has led to the pursuit of

artificial light harvesting systems (LHS) prornising a myriad of potential applications

ranging from catalysis,’ sensitizers for photovoltaic and fuel cell devices,2’3

electroluminescent devices,4 molecular sensors,a and photodynamic therapeutics.6 The

LHS’s which exist in nature represent the pinnacle of complexity and function, and the

lessons leamed in their elucidation continues to be instrumental en route to efficient

devices. While several important issues need be addressed in the development of

functional artificial devices, perhaps the rnost significant is the assernbly of many

photoactive units by means conducive to energy and / or electron transfer. The reason for

this stems from two considerations. The first is that the targeted function. particularly in

catalysis, can involve multiple electron transfer and so multiple photon absorption is

required for every molecule produced. The second is that energy transfer is neyer

completely efficient, succumbing often to heat dissipation, and so a high input of light

energy is required.7 Nature utilizes many weak interactions in a true supramolecular

sense (H-bonding, dipole-dipole) to effect conriectivity, recognition, and

energetic/electronic relay. The reversibility of such supramolecular interactions is

instrumental to the self-assembly process.

Although elegant, constructing artificial LHS in this manner may not be suitable

to the photoactive unit employed and / or to the conditions of operation for the device.

Recent examples have focused on utilizing elaborate ligand design and / or perfoniilng

rnany iterative chemical transformations with compromised efficiency and demanding

purification.8 Although limitations of this nature have been recognized,9 synthesis

remains tedious and structures of high nuclearity oflen possess a large dcgree of freedom

which can preclude structural characterization and frustrate energy transfer processes.

The covalent bond gives more durable, inert systems but low yields and exceedingly

labourious synthesis oflen precludes practical application. In between lies the strongest

supramolecular interaction, dative bonding, whose inherent reversibility allows for pre
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organization / self-assembly while offering bond strengths suitable to afford robust

systems.

The vectorial and “self-seeking” nature of metal-ilgand bonding, along with

various possible coordination geometries, is conducive to rapid synthesis of multinuclear

photoactive arrays with pre-determined architectures. Apart from facilitating

construction, incorporation of metals can also serve to greatly affect energy and/or

electron transfer processes. Considering the large number of metals to choose from, it is

easy to see how photophysical properties can be readily fine-tuned for any given

coordination motif. In addition, control of the overall 3-D organization and morphology

of the photoactive array have been found to dramatically affect energy migration, 10

something that can be controlled to a great extent when incorporating metal units. Such a

wide range of modification has served to provide ideal systems for study of electron and

energy transfer processes and permitted access to a wide range of potential applications.

Herein is presented a cross-section of current literature regarding rnetallo-directed

assembly of photoactive systems, classified according to the coordination motif

employed in their assembly.

1.2 Luminescent Assemblies from Four-Coordinate Metal Ions

1.2.1 Tetraliedral Metals

Carbon and silicon serve as non-metallic points of origin from which to grow a

branched photoactive assembly adopting a central tetrahedral coordination geornetry)’

However, their utilization dictates a divergent synthetic approach which is inherently

more labourious relative to convergent strategies employing metal centers as the central

assembling unit. 0f the metal centers adopting such a coordination motif, those with d’°

configurations are most ftequently encountered in the literature. Owing to their electron

count, their coordination number and geometry can vary greatly, the outcome of which is

usually dictated by the nature (i.e. hapticity, periodicity, bite angle, steric bulk) and

flexibility of the ligand(s) involved. As a resuit, ideal tetrahedral motifs are seldom

encountered, being distorted to some degree. With regard to photoactive assemblies,

Ag(I), Au(I), and Cu(I) are most prevalent. Both Ag(I) and Au(I) are prone to metal
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metal bonding interactions. Combined with non-specific coordination numbers, it is not

surprising, then, that these metals are often found in the context of luminescent cluster

and polymeric compounds.12’

The outcome of the resulting supramolecular structure depends strongly on

extemal factors in addition to the choice of the ligand(s) used. Their capacity for

coordination extends beyond the ligand ernployed, and ofien the solvent used and the

presence of weakly coordinating counter-anions can have a drarnatic affect on the

isolated product, invariably obtained upon crystallization.14 This reflects a dynamic

solution equilibrium rendered by such kinetically labile metal centers.

Ag(I) is regarded as a soft acid that favours coordination of soft bases, such as

ligands that contain sulfur and phosphorous. Such donors have typically been in the

context of simple chelating ligands.15 Current literature reflects a dominance of nitrogen

containing ligands, particularly with regard to N-heterocycles.16 While polymeric

structures and clusters still prevail, appropriate design of such ligands can lead to

discrete, open structures normaÏly exhibited by square planar and octahedral metal

centers.17 Here, bis-bidentate N-heterocycles derived from imine formation, like those

depicted in Figure 1.1, are readily obtained by condensation of an appropnate diamine

with 2-fonnyl pyridine.17a

___

or

Rectangle Di-imine 1-D chain (solid state) [2x21 grid (solution)
3 4 5

7= -v
Y Y

‘2

Figure 1.1. Characteristic solution equilibria of Ag(I) complexes containing dinucleating

ligands.
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Layering of an AgC1O4! CH3CN solution over a THF solution containing an equimolar

amount of ligand 1 produced crystalline material comprising a zig-zag 1-D chain

exhibiting intennolecular 7t-lt stacking interactions. However, upon dissolution in polar

media, this polymer was observed to rearrange into a [2x2] grid structure, as evidenced

by a symmetric ‘H NMR spectrum and confirrned by fAB-MS, both in acetonitrile

solution. However, when a methanol solution ofAgClO4 was layered over a solution of 2

in nitrobenzene / toluene, a rectangular structure was formed which showed no evidence

of rearrangernent in solution. Ag(I) containing complexes, like those presented here, do

flot possess significant MLCT bands in their absorption spectra, and so luminescence

must derive from the ligand itself. Here, neither 1 nor 2 is luminescent in either the solid

state or solution. However, upon complexation to form the polymer / grid or the

rectangle, luminescence from ligand-centered 7It* states is observed, even at room

temperature in strongly coordinating deoxygenated acetonitrile ( t 1.2-12.7 ns). Ibis is

due to a reduction in structural perturbation upon excitation ofthe ligands, afforded by an

increase in ligand rigidity by complexation to the metal. This is a common theme with

regard to d’° metals such as Ag(I) and Zn(II). However, the metal is not completely

innocent in this regard. since decay profiles are clearly bi-exponential with both short

lived
z•7*

and longer-lived intraligand transitions, the latter stemming from heavy

atom relaxation of spin-forbidden processes. This case is unique considering that most

Ag(I)-based systems display luminescence only in the solid state or at 77 K. Also, the

inert nature and luminescence of the rectangle 3 indicates that this approach is certainly a

step in the right direction toward viable applications.

In the pursuit of suitable photoactive units, much work has been devoted in the

last twenty years to CutI) (bis)diimine complexes, where the diimine ligand is typically

1,1 O-phenanthroline (phen) or a derivative thereof.’8 Like Ru-polypyridyls, these

complexes are characterized by relatively weak MLCT bands in the visible region.

However, modification of the 1,1 O-phenanthroline ligand lias much more drarnatic affects

on both the MLCT absorption profile and the excited-state lifetirne and emission

intensity. Considering that the parent complex Cu(phen)2 is non-emissive in solution,

homo and heteroleptic analogues have been prepared exhibiting strong luminescence.
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This enhancement has mirrored mucli of the attenuation strategies that have been

ernployed with ruthenium(TI) polypyridyls,’9 such as increasing ligand delocalization and

lowering thenTial accessibility of upper-lying deactivating states. However, mucli of this

attenuation stems from unique phenomena associated with the Cu(phen)2 unit. Upon

photo-excitation, a transient Cu(II) center is generated which distorts to a square-planar

arrangement, making nucleophilic attack by coordinating solvent or anions possible.2°

From this 5-coordinate exciplex species, non-radiative deactivation of the emissive state

is rapid and efficient. However, modification of the phen ligand so as to frustrate

nucleophilic attack has lcd to large improvements in emissioni8’ 21 In addition, the use of

bulky phosphines, and especially diphosphine chelates, has yielded heteroleptic

Cu(phen)(P-P) complexes with emission lifetirnes of up to 16 is in dichioromethane at

room temperature.22 Moreover, such complexes have proven to be ernissive even in

strongly coordinating solvent such as methanol and acetonitrile. The extent to which the

emissive properties may be tuned bodes well for device applications, as does the fact that

the excited state of such CutI) complexes leads to more powerful reductants than that of

their Ru(bpy)3 counterparts (-1.11 V for Cu*(phen)2± —* Cu(phen)2 2+ vs -0.85 V for
Ru*(bpy)3 2+

—* Ru(bpy)3 3+) This has naturally lcd to such potential applications as

electroluminescence,4”23 sensitization of photovoltaic devices,24 and DNA intercalation.25

The incorporation of Cu(I) phenanthrolines into multicomponent photoactive

systems lias, for the most part, been in the context of rotaxanes, catenanes, and dendritic

systems.’8 With regard to these systems, fullerenes have been an attractive partner for

CutI) phenanthrolines considering that it is fluorescent, exhibits diagnostic singlet and

triplet transient absorption spectra, and is an excellent electron acceptor. Recently,26 sucli

incorporation has been in the context of helicate formation, as shown below for related

helicates formed from bismethanofullerene (A) and methanofullerene (B). At the outset,

it should be pointed out that the absorption spectra of cadi helicate was found to be the

sum of the spectra of their individual components, thus suggesting no ground-state

electronic interaction between the Cu(1)-phenanthroline and C60 moieties.
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A B

Figure 1.2. Cu(I) helicai fullerene structures: bismethanofulierene (A) and

methanofullerene (B)

Fluorescence from the bismethanofullerene was unaffected relative to a reiated

model compound consisting of nearly the sarne ligand but without the bis-phenanthroiine

portion. This is in accord with other supramolecular assemblies containing such

photoactive units. Considering the energies for the 3MLCT of Cu(I)(phen)2, the singlet

emissive state of the bismethanofullerene, and the charge separated state ( CutC6o )
produced upon electron transfer, it was detenTlined that excitation of either photoactive

unit could lead to exergonic electron transfer. Although this driving force was found to be

larger upon excitation of bismethanofullerene, the maintenance of the fullerene emission

upon helicate formation points to electron transfer from the 3MLCT of the CutI) core.

Although this process is iess thennodynamically favoured, it is likely that the occurrence

of a MLCT prior to electron transfer serves to reduce kinetic activation barriers to

electron transfer by affecting favourably the external and internai reorganization energy

contributions.

More recent is their incorporation into polynuclear racks,27 grids,28 boxes,29 and

baskets.3° Shown below are representative examples of a 1D rack (A) and 2D grid (B)

and a box-like cavity (C). These structures represent important synthetic achievements

considering that a prerequisite for such architectures has typically been the use of more

kinetically inert 2nd and 3 row transition metals. Their synthesis relies on the

incorporation of bulky substituents in the 2 and 9 positions of phenanthroline on one of

the ligand components. Doing so limits the potential thermodynarnic possibilities

(homoleptic oiigomers) that are otherwise quite accessible using CutI) and Ag(I). This

cuL1)2 c= CI¼Z =CH17)
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leads to efficient “one-pot” self-assembly of polynuclear structures possessing large voids

and internai cavities (e.g. 5000 Â3 for C) that, given the photoactive nature of their

components, are idealiy suited for applications in molecular sensing and catalysis.

Unfortunately, to date, elucidation of their photophysical properties has flot been

undertaken. It is noteworthy that structure C was assembled using both CutI) and Ag(I),

which is a testament to the utiiity of this approach considering that Ag(I) complexes are

relatively less stable. This point was made quite nicely by Schmittel et al, when the

structure C assernbled by Ag(I) was cieanly exchanged with the isostructurai compound

cornposed of Cu(I) by addition of equirnolar quantities of Cul at room temperature. That

this occurs despite obvious steric barriers underscores the prevaience of Cu(I) as a

tetrahedral assembling unit.

=

r
i
I-Ip

=

t’ ].
ï.
‘ï

2’

=

.iJ

A CB

Figure 1.3. Rack (A), grid (B), and box-like (C) assembiies based upon (phen)Cu(I).



$

1.2.2 Square Planar Metals

As we have seen, tetrahedral metal centers can, with appropriate ligand design,

lead to porous structures. However, most ofien they lead to closed structures such as

helices and polymers. This, in addition to an intrinsic tendency to undergo fluxional

processes where d1° metals are concemed, compromises their potential for applications to

some extent, necessitating increasingly elaborate ligand design. Their four-coordinate

relatives predisposed to square planar coordination are inherently advantageous with

respect to both of these points. They are more prone to formation of open, discrete

structures and relatively more kinetically inert, thus making them well suited for

application purposes, particularly with regard to luminescent sensors and catalysis.h it

not surprising, then, that this is one of the rnost heavily investigated motifs en route to

metal-directed assemblies.

0f the transition metals predisposed to form square planar complexes, Pd2 and

Pt2 are the most prevalent, with and without regard to forming luminescent assemblies.

Their synthesis relies on a self-assembly strategy where appropriate precursor transition

metal units possessing labile coordination sites are combined with complementary

bridging bidentate ligands to yield a target geometry according to thermodynarnic control

(see Figure 4). Thus, many metallo-supramolecular systems can contain several species

in equilibrium where no clear thermodynamic preference is given, the distribution of

which depends strongly on the steric demand and flexibility of the bridging ligand as well

as on the presence of potential guest molecules.31 To make matters more complicated, the

reversible nature of dative bonds can give rise to persistent kinetically controlled species

en route to the final therniodynamically favoured product. Therefore, the choice of metal

ion used in the precursor units and its affect on dative bond strength (e.g. Pt2 > Pd2j

influences both the stability of the end product and the reaction conditions necessary to

generate it efficiently.32
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• Metal 1 80c

ts Cis-chelate I blocking unit 1 2Cc bidentate

• Weakly-bound ligand

+

Figure 1.4. Metal-directed self-assembly leads to several possible discrete products (A
F).

The role of a square planar metal in producing photoactive assemblies may be solely

structural, as with the rnajority of d’° metal ions. In this case, suitable photoactive units

coordinated to the assembling metal can experience an increase in rigidity, which can in

tum influence emission energy and intensity by enhancing ligand it-delocalization and

minirnizing excited state structural perturbations. However, there exists a plethora of

mononuclear square planar complexes which exhibit MLCT and, depending on the

ligand, ILCT states from which emission may occur. It is therefore reasonable to develop
2+polynuclear systems wherein these metals compnse the photoactive unit. 0f these, Pt

complexes have received a great deal of attention,33 while Pd2 lias received relatively

little.34 This is due to the larger ligand fleld produced with Pt2 cornpared to Pd2 for any

given ligand, making upper lying 3MC states less thermally accessible from the emissive

3MLCT or 3ILCT states. In this way, efficient non-radiative decay from these highly

distorted 3MC states to the ground state is reduced, thereby preserving ernissive—state

population. The resuit is ofien room temperature solution luminescence for Pt2

complexes while only solid state or 77 K emission is observed with Pd2 complexes,

altliough a few examples of room temperature emission are known.34 Metal-directed,

photoactive assemblies based on the square-planar coordination motif have been

discussed in recent reviews,ht 5a and the following discussions concern developrnents

since that time.

With regard to foniiing square assemblies, the conventional self-assernbly

approach outlined in figure 1.4 bas inherent limitations, owing to the relative

thermodynamic stabilities of ail possible species in solution. This becomes evident in
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pursuit of larger square assemblies where one relies on longer, linear bridging ligands

whose increased flexibility diminishes the enthalpic advantage of square formation over

that of a triangle, allowing the entropic advantage of triangle formation to become

significant in determining product distribution. An additional disadvantage is the inability

to form structures ofparticular topologies via a one-pot self- assernbly approach. This has

been well exernplified by Lin and co-workers in the pursuit of constructing chiral,

enantiopure squares and triangles composed of Pt2 corners and BINOL-derived, linear

bis(4,4’-alkynyl) ligands (L1 and L2, Figure 5)35 A related square employing the saine

bridging ligands, but using bulky phosphines in place of 4,4’ -di-tert-butyl-2,2 ‘-bipyridine

(dtbPy), was reported earlier and shown to be enantiopure, exhibiting dual room

temperature emission from intra-Jigand itt (425 nrn, t < 400 ps) and
3*

(582 nm, t

100 ps), the latter being observed in argon de-gassed solution.36 Considering that the

ligand itself is strictly fluorescent, the effect of Pt2 incorporation has led to efficient

singlet-triplet intersystem crossing via spin-orbit coupling. The exclusive production of

such squares was previously accomplished afier multiple steps wherein two mono

nuclear (Et3P)2Pt(L)? corner units were covalently coupled to two corner units of

(Et3P)2PtCl2 in 34-46 % yield. More recently, Lin et al have produced the species shown

in Figure 5, utilizing once again covalent bond synthesis, but in the context of a one-pot

assembly. The consequence of reduced synthetic steps lias been compromised yield for

square formation, but this was shown to be readily countered by attenuating the steric

bulk of the linear bridging ligand such that the square 7b could be formed exclusively.

Interestingly, although 6a and 7a are isolated form the same reaction mix, dissolution of

6a cleanly produces 7a with a haif-life of 4 days. The incorporation of the chelating

ligand dtbPy was done in pursuit of electroluminescent device applications, since

phosphorescence emanating from the 3MLCT [Pt —

lr*(diimine)] transition of simple

(diimine)-Pt(acetylide)2 complexes has been of interest for the fabrication of light

emitting devices.4a Here, square 7a was shown to be strongÏy phosphorescent (D 9.4

%) and stable, giving electrolurninescent performance exceeding that for simple

(diimine)-Pt(acetylide)2 complexes.37
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L1, R = Ac [Pt(44-dtbPy)(L,)J4, 7a, 22%
L2, R = Et [Pt(44-dtbPy)(L2)J4, 7b, 17%

Figure 1.5. Topological discrimination: generation of enantio-pure geometries from

chiral sub-units witli potential electroluminescence application.

Coordination to a square planar assembling unit is also of interest with regard to

the “complex as the ligand” approach where transition-metal containing photoactive

groups are prepared with suitable secondary functionality to allow for subsequent

coordination. This approach lias been particularly popular arnongst ruthenium

polypyridyl and metallo-phorphyrin researchers, owing to their robust nature and the

potential to perform chemical modifications directly on the complex. Most often, the

secondary functionality is installed through preparation of homo- or hetero-ditopic

ligands, as illustrated in Figures 6 and 7. Complex 9 and its precursor complex $ (Figure

6) were synthesized for the purposes of fundamental investigations into electron and

energy transfer between subunits ofmetal-based light harvesting antennas.38 Such studies

have, to date, deait primarily with ruthenium and osmium complexes. Here, precursor

complex $ has a ‘MLCT excitation at 490 nm, with room temperature solution emission

at 650 nm and a luminescence decay of 363 ns, while complex 9 lias a red-shified

‘MLCT excitation at 530 nm, with room temperature solution emission at 658 nm and a

luminescence decay of 244 ns. Monitoring of the excited-state relaxation processes

leading to the equilibrated 3MLCT by time-resolved transient absorption revealed a very

fast (?200 fs ) time constant and a siower solvent-dependent time constant ( 1.5 ps)

upon fitting of the initial rise for both $ and 9, corresponding to intersystem crossing and

solvent reorganization processes, respectively. An additional time constant (50 ps) was

observed for 9 corresponding to a mono-exponential transient decay. This indicated

[Pt(44-dtbPy)(L1)J3, 6a, 29%
[Pt(44-dtbfly)(L2)]3, 0%
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charge transfer to the Pd(allyl)2 unit. Upon monitoring the ground state recovery kinetics

of the ruthenium cornplcx, a fourth time constant (220 ps) was found in addition to those

found on examination of the excited state kinetics. Since it did flot occur in the excited

state absorption, back-electron transfer to the ruthenium complex was ruled out, and the
2+process was assigned to excitation equilibration between Pd(allyl) units subsequent to

charge transfer ftom the ruthenium chromophore. Since charge transfer is initiated on the

periphery and terminates on the central Pd(allyl) units, which are rather open to substrate

binding, this system serves as a functionai model for the photosynthesis reaction center in

plants.

(PF6) (PF6)2

R/Ï

2
2

8

figure 1.6. Model compound exhibiting photo-initiated electron collection at Pd(II) sub

units.

A recent potential host-guest assembly has been described by Wolf and co

workers using the typically strongly luminescent [Ru(bpy)3]2 motif.39 Here, the

“complex as the ligand” approach is once again utilized where the datively unsaturated

[Ru(bpy)2(qpy)]Cl (see Figure 7 below, where qpy is 2,2’:4,4”:4’,4”-quarterpyridyl) is

heated with 0.5 equivalents of either the solvated adduct [M(en)(solv)2]2 (where M =

Pd2(A) or Pt2(B), en is I ,2-ethylenediamine) or ClRe(CO)5 (C). Considering that every

coordination compound is ultimately in an assembly/disassembly equilibrium to some

degree in solution, the rapid build-up of charge can be a concem considering that large

electrostatic repulsions arising from close proximity of cationic units can compromise

coordination strength, leading to an equilibrium more easily affected by such variables as

solvent polarity, temperature, and trace competing ligands. As expected, complex B is

more kinetically robust than A. Ail complexes show strong, charactenstic absorption and

9
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solution luminescence in both organic and aqueous solvent. The absorption spectra show

intense bands at high energy associated with intra-ligand it—* processes and iower

energy, less intense bands ranging from 350-550 nm arising from Pd!Pt(d) _*L(lt*) and

Ru(d) L(it) processes. Reiatively intense ernission occurs between 650-670 nm. This

is sliglitly red shified relative to [Ru(bpy)2(qjy)]2, as expected since coordination serves

to stabilize the ligand-centered 7t* orbitais (i.e. MLCT state). Also, this ernission is

insensitive to the excitation waveiength which indicates efficient energy transfer from the

other MLCT states to the Ru-3MLCT state. To accommodate coordination to both

octahedral metais, C lias a bent shape when iooking down the Re-Re axis. The

maintenance of room temperature luminescence, particularly in water, and the limited

number of counter-anions within the internai cavity for C encouraged further host-guest

complexation / sensing study which showed that the “puckered” cavity of C can enhance

binding of guest aromatic molecules.

C

Figure 1.7. Kinetically-locked metallomacrocycles based upon Ru(bpy)3 , assembled

from Pd(II) (A), Pt(II) (B), and Re(I) (C) sub-units.

n+

A. M = [Pd(en)12, n = 8

BM={Pt(en)J2,n8

C. M fac-[ReCI(CO)3], n 4
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Much effort has been directed toward the synthesis of multinuclear porphyrinoid

assemblies, owing to a wide range of potentially exploitable physical properties,

including luminescence.40 0f the existing strategies, rnetal-directed assembly is

particularly attractive considering the influential electronic role played by the linking

metal unit(s) and a wide variety of such subunits that can be prepared with secondary

dative fiinctionality, afforded by advancements in their synthesis. Shown below (Figure

8) is a recent, elegant example by Drain and co-workers which embodies typical synthetic

considerations.4’

R CH3, t-butyl

R = CH3, H

Q = 2H, Zn2

Figure 1.8. Dative assembly of porphyrin (B) and porphyrazine (A) chromophores

exhibiting efficient energy transfer phenornena.

Here, dipyridyl-porphyrin subunits (B, Figure 8) and diarnine-porphyrazine subunits (A)

were incorporated into a tetra-porphyrinic assembly upon coordination of Pt2. A one-pot

self assembly approach using stoichiometric equivalents of each component yields onÏy

small amounts of the desired structure, since the dative functionality instilled on the

exterior of the subunits is not exclusively predisposed to closed structures. Such

alternative outcomes are made particularly troublesorne considering a distinct difference

in binding kinetics between the pyridyls of B ami the diamine unit of A, particularly

when dimethylamine is employed. A stepwise synthesis is thus taken, whereby

preparation of the precursor (B)2Pt2C14, followed by dechiorination with AgCIO4 in the

B
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presence of A leads to the desired target in 60 % yield. Large changes in the electronic

absorption profile of this compound relative to those of the subunits A and B indicate

significant electronic mixing between subunits, facilitated by coordination to the Pt2

centers. This is reflected also in the emission spectra, whereby selective excitation of the

Zn(1I) complexes of B results in strong emission from A, and vice versa, indicating

efficient energy transfer.

1.3 Octahedral Metals

1.3.1 Discrete Structures

The creation ofporous photoactive structures is inherently facilitated by transition

metals predisposed to mutually perpendicular dative bonds. To this end, octahedral metal

centers have received much attention, with preference being given to second and third

row transition metals owing to their more inert character.

0f these, Re(I) has been particularly emphasized as an assembling unit, as we

have seen already in Figure 7. Its popularity stems from attractive photophysical

properties of thefac-[CIRe(C0)3LLJ complex (where LL is a diimine ligand) since they

display intense luminescence in the visible region and are stable to

photodecomposition.5c 42 Complexes composed of such units have, therefore, been of

interest for solar energy conversion.43 In addition, unlike its more prevalent counterparts

based on Pt2 and Pd2, these assemblies can be prepared with charge neutrality which

means that the cavities are not occupied by counterions and are available for inclusion of

guest molecules. Such events can have large effects on the luminescence of the parent

complex, and so solution-phase molecular sensing has become intensely studied of late.42

An added feature for such assemblies bas been the formation of chaimels due to stacking

of these molecular cavities in the solid state, making such applications as solid state

chemical sensing and molecular sieving possible as well.5b44

A wide range of porous geometries, like those shown in Figure 4. have been

prepared from the octahedraÏ coordination motif XRe(C0)s (X = Cl or Br), where

carbonyls are therrnally liberated in non or weakly coordinating solvent for coordination
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to a suitable bis-monodentate ligand. The resultant gcometry is ofien dictated by the

flexibility and steric buÏk of the bridging ligand. Most ofien these ligands have been

linear and applied to square formation via a “one-pot” self-assernbly. Recently, focus in

the literature bas shifted from the self-assembly of squares to rectangles, in part because

the lower symmetry of a rectangle should lead to greater selectivity and binding,
especialÏy for planar aromatic guests.45 However, a “one-pot” self-assernbly approach

using bridging ligands of different lengths is precluded by the thennodynarnically

favoured production of square assemblies (Figure 4).

A promising aspect of coordination based assemblies is the range of properties

that can be introduced and/or perturbed simply by changing the transition metal used for

a given coordination motif or upon their incorporation into a given assembly. The later

bas been well illustrated by Hupp and co-workers, where both square and rectangular

charge-neutral assemblies have been prepared using moderately fluorescent (i_*7i*)

Zn(salen) complexes (Figure 9) and the anionic benzimidazolate bridging ligand.46

Considering that Zn(II) possesses a closed sheli d’° configuration, its incorporation into

the salen frarnework serves more of a structural role as it rigidifies this bridging ligand,

making it more suitable for charge delocalization. This effect is evidenced through

decreased emission energy and an increase in its intensity relative to the free ligand.

However, upon coordination of Re(I), a reduction in emission intensity is observed. This

is likely due to facilitation of intersystem crossing from the excited singlet to the non

emissive triplet state (3t*) ofthe salen ligand. Also, no 3MLCT emission is observed from

these assemblies even though it lies 3000 cm1 below the salen emissive state, suggesting

that the promoted 37t* state lies even lower in energy.

The coordinative flexibility of Zn(II) afforded by its d’° configuration also allows

for axial coordination and hence the potential to incorporate guest molecules in a dative

fashion. Here, the bridging ligands are the two variations of the Zn(IJ)salen complex used

to construct the square assemblies. The red shifi in both absorption and emission for the

phenyl (yellow) derivative relative to the aliphatic (blue), along with good spectral

overlap, prompted the formation of the bridged-square assemblies depicted in Figure 9.

These assemblies demonstrate that the aliphatic derivative behaves as a donor for energy

transfer and the phenyl derivative as an acceptor, whereby the outer assembly of
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Zn(lI)salen-aliphatic complexes can behave collectively as antennae for efficient energy

transfer to the encapsulated Zn(II)salen-phenyl complex for subsequcnt fluorescence

emission.

\hV hv

tBu But

Figure 1.9. Mediation of energy transfer

installation of Zn(II) (salen) complexes.

In addition to Re(I) carbonyls, Ru(II), and Os(II) polypyridyls have been heavily

investigated owing to their relatively strong luminescence and the ease with which their

photophysical properties may be altered through either synthetic manipulation of their

ligands or changes in environmental conditions (i.e. temperature, pH, and solvent).’9’

Their incorporation into larger assemblies can be attained through covalent bond

fonnation, design of polytopic ligands, or using the “complex as the ligand” approach

whereby appropriately-flinctionalized polypyridyl complexes are used as pre-organized

units in self-assembly. With regard to the latter approach, Lees and co-workers have

prepared square assemblies in a step-wise synthesis using (pytpy)2M2 (where pytpy =

4’(4-pyridyl)terpyridine, M = Fe(II), Ru(II), and Os(II)) along with corner units of either

fac-Re(CO)43r or cis-protected [1,1 ‘-(PPh2)Fc]Pd2 (Figure 1 O).48 The squares 1-4 were

synthesized in high yield by simply heating a 1:1 mix of corner unit / (pytpy)2M2 in an

appropriate solvent, where the highly charged product precipitates from solution. The

CI(CO)3.

CI(COE

h y’

CI(CO)3

CI(CO)3

= I Nj__O’”O_41N

tBu But

in Re(I)-based photoactive assemblies upon
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electronic effect of square formation is reflected in both their solution electrochemistry

and their solution absorption and emission spectra. The absorption spectra for 1-3

indicates a red shift for the (pytpy)2M2 based MLCT, the origin of which could be either

an electronic effect of the Re(I) unit or an extended it-delocalization effect upon

formation of the square. Cyclic voltammetry of 1-3 along with their component subunits

shows a shifi to higher potential for both the M2/M3 oxidation and the first ligand

centered reduction processes, the latter of which is more pronounced and thus indicates a

net lowering of the MLCT energy, in accordance with etectronic absorption spectra. This

suggests an electron-withdrawing effect upon coordination to the Re(I) unit. In tenus of

luminescence, 10, 11, and 13 have no detectable emission at room temperature, as with

their mononuclear (pytpy)2Fe2and (pytpy)2Ru2 starting materials. Despite a net

stabilization of the 3MLCT state for (pytpy)2M2, deactivation via non-radiative

relaxation from upper-lying 3MC states is significant and, in the case of 13, there is an

additional affect of upper-lying 3MC states centered on the ferrocene units. It is for this

reason and the potential reductive quenching of the 3MLCT state by electron releasing

cis-protecting ligands that have precluded the formation of luminescent assemblies based

on such preorganized units. On the other hand, the Os(II) based structure 12 is

luminescent. This is due to the stronger ligand field effected by Os(ll) compared to both

Fe(II) and Ru(1I) which results in a higher energy 3MC state that is not as readiÏy

thermally accessible. Newkome and co-workers have prepared related,49 open structures

composed of tri-, penta-, and hexa-nuclear bis(terpyridyl)M2 units using appropriately

angular ditopic bis(terpyridyl) ligands assembled from fe(II), Ru(II), and Zn(II)

coordination. Again, thermal population of deactivating 3MC states led to efficient

quenching in aï! cases, even when typically fluorescent ligands were employed, the

exception being those structures incorporating Zn(II) owing to its closed-shefl

configuration. In the end, these complexes illustrate some of the factors that govem

luminescence in !arger assemblies and show that beginning with luminescent components

does not guarantee luminescent products. In addition, even if they did show emission, the

large number of counter-anions located within their cavities would likely preclude their

application as luminescent sensors.
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Figure 1.10. The “complex-as-ligand” approacli: Re(I)-based assemblies using various

homoleptic 4-pyridyl-tpy complexes.

1.3.2 Closed-Structures: Photoactive Grid Arrays

The formation of metai-ion arrays with regular grid-like pattems using

appropriate multi-dentate ligands holds potential in information storage and processing

where it can be demonstrated that external triggers reversibly produce distinct

physicochemical states.5° Their synthesis relies primarily on a self-assembly approach

whereby the ligand binding motif is repeated regularly to give N binding sites. Metals are

selected and added in the correct stoichiometry such that placement of a second ligand

with M binding sites mutually perpendicular to the first satisfies the preferred

coordination motif(s) of ail metal(s) added. However, if one is using different metals with

the same predisposition of coordination, differences in the relative kinetic stability of

these metal-ions must be exploited to achieve spatial control of their placement. To this

end, rigid aromatic N-heterocycles such as pyridines offer both kinetically labile

intermediates and thermodynamicaily stable end products with most metals (Mv, M2,

and M3), and so rnany of the examples found are based upon chelating aromatics related

to bipyridine and terpyridine. Since transition metal polypyridyls are characterized by a

photo-generated MLCT state, such networks should be well suited for photonic device

applications. Lehn and co-workers have elegantly demonstrated the synthetic strategies

and potential applications of such grids in recent years,50’5’ of which the following nicely

illustrates some important synthetic and photophysical considerations.

where N = 8 - 16
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Figure 1.11. Potential outcornes to strict self-assernbly approach to homo- and hetero

tetrametallic grids.

Here,52 a ditopic hexadentate ligand (14, Figure 11) based on bis-terpyridine

satisfies octahedral coordination mutually perpendicular to itseÏf Generation of

homornetallic grids (15) would simply entai! a one-step reaction using an octahedral

predisposed metal. However, if incorporation of two different octahedral metals is

atternpted in such a manner, both anti (16) and svn (17) topoisomers will result. This

necessitates a sequential strategy based on the kinetically inert Ru(II) and Os(II), and the

relatively kinetically labile Fe(II) where coordination of the inert metals flrst forrns a

corner precursor (19, Figure 12). Subsequent coordination of the second, more labile

metal ion under mi!d conditions avoids ligand scrambling to yield the desired structure.

The formation of 19 is straightforward in the case of Os(II) where 14 refluxed directly

with 0.5 equiva!ents of NH4OsC16 to give the corner precursor in 40% yield. However,

such an approach with the more kinetical!y labile Ru(II) resuits in scramb!ing and the

undesired [Ru4]8 grid. !t was therefore necessary to invoke a protection sequence using

trimethyloxonium tetrafluoroborate, which prefers to methylate the outer pyridines due to

lower steric encumbrance and a higher basicity of these nitrogens relative to those of the

electron deficient pynmidine. The resulting mono-protected ligand 1$ can then be

coordinated to give the desired corner unit 19, which is then de-protected with 1,4-
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diazabicyclo[2.2.2] octane (DABCO) and cornplexed under mild conditions with

hexaaqua iron(1I) to yield the anti isomer 20.

2÷

2
1. RuCI3 / reflux

- [FefH2O)62

NN 2.DABCO r.t.

18

Figure 1.12. Controlled, step-wise assembly ofheterometallic photoactive grids.

Since the energy of the MLCT state is sensitive to the nature of the metal,

polymetallic grids offer broad absorption in the visible spectrum, a prerequisite for

suitable Ïight-harvesting arrays. Equally appealing is the variation ofthe emissive 3MLCT

state simply through selection of the metals ernployed. Thus, energy gradients can be

created to effect vectorial energy transfer, another desired property of such arrays. In this

example, however, the rnixed-rnetal grids [0s2fe21 and [Ru2Fe2] do flot emit due to the

presence of the Fe(II) unit which has a relatively weak ligand field strength and a 3MC

state located below its 3MLCT state. This creates an efficient energy sink upon excitation

ofOs(II) and Ru(II), resulting in rapid energy transfer to the Fe(II) 3MC state from which

deactivation readily occurs. Such energy transfer has been found from pump-probe

ferntosecond spectroscopy to be less than 200 fs for dinuclear Os-L-Ru and Ru-L-Ru

complexes, where L is electronically very similar to This is a rate on par with

‘MLCT-3MLCT conversion,54 and such rapid transfer is likely present in the grid

presented here. When considering large antennae networks for light harvesting devices,

such rapid energy transfer is required to effectively compete with excited-state

deactivation pathways which, over long distances involving many energy transfer steps,

would otherwise render the device inefficient for practical purposes. Unfortunately, to

date, such luminescent grids are very rare.55 However, great advances have been made in

recent years toward prolonging the emissive-state lifetirne of mononuclear polypyridyl

complexes. 19 Thus, it stands to reason that a combination of such advancements with

intelligent methodology, such as that described here, holds tremendous potential for the

creation ofhigh nuclearity photoactive grids well suited for device applications.

19 20
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1.3.3 Closed Structures: Branched Arrays

As discussed previously, it is necessary to absorb a large quantity of light energy

for efficient device operation. As such, it is inherently more advantageous to develop

spherically dense photoactive assemblies, and to this end dendritic arrays have been

prepared utilizing photoactive sub-units. However, to make the device functional, it is

required that the assembly possesses an available “docking” site wherc the substrate can

receive the electrical equivalents to the initial photoexcitation. This requires the design of

lower symmetry assemblies, relative to their potential dendritic counterparts. Where

catalysis is concerned, photo-reduction of the substrate requires an electron acceptor site

capable of collecting and relaying electrical equivalents while at the same time

maintaining structural integrity. The incorporation of photoactive units displaying photo

initiated charge transfer is obviously required, and as such rutheniurn(II) osmium(II)

polypyridyl complexes have, arnongst others, received particular attention.9’ lia, 53

Suitable electron acceptor sites may also be served by various transition metal units based

upon, for instance, iridium(III), rhodium(III), and platinurn(IV). The advantage of their

incorporation over purely organic acceptor sites is their capacity to transmit charge

directly through dative bonding interactions, the consequence thereof should be enhanced

efficiency over other scenarios involving hopping or tunneling processes. To do this

requires that such a metal-containing motif be, or become, datively unsaturated for

substrate binding subsequent to photo-excitation. In addition, to promote and facilitate

3MLCT excitation and subsequent charge transfer, it is required that the ligand systems

ernployed be rigid, arornatic, and amenable to minimizing donor-acceptor internuclear

distance, considering the distant dependence of electron and energy transfer. Several of

these systems have been reported,56 recent examples of which have been given by Brewer

and co-workers,57 as outlined in Figure 13. Here, the ditopic ligand 2,3-di-2-

pyridylpyrazine is used to coordinate simultaneously to ruthenium(II) centers in the

reference complex A and to the rhodium(III) center in B. Cyclic voltarnrnetry of B shows

no significant electronic interaction between Ru(II) centers as evidenced by

superirnposed and reversible Ru(II/III) couples at 1.63 V (vs Ag/AgCI), while the Rh(III)

center undergoes typical irreversible reduction to Rh(I) at -0.37 V, along with two
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reversible dpp° reductions at -0.76 and -1.00 V. The irreversibility of the Rh(III)

reduction illustrates the Rh(dG*) nature of the LUMO of the acceptor unit. The lowest

energy absorption hand is at 520 nm, due to a Ru —* dpp CT transition. Ernission from

this 3MLCT state (760 nm) is slightly red-shifted with respect to that of A (744 nrn),

reflecting the stabilizing influence of the Rh(III) center on the dpp it orbital. Moreover,

B exhibits 95 % quenching of the 3MLCT emission and concurrent excited-state lifetime

reduction relative to that of A, indicating efficient charge transfer to Rh(III), thereby

populating the lower lying 3MMCT state. Since the 3MLCT states for A and B are similar

in energy, it is reasonable to estimate that k. and knr are equivalent for B, giving a rate

constant for electron transfer 0f ket = 1.2 x 10 s* Upon forming a Rh(I) center, a square

planar coordination motif is preferred and so two chloride ions are lost, making room for

potential substrate binding. The capacity for such an assernbly to serve as an efficient

photo-catalyst for substrate reduction was tested in the context of water reduction to form

hydrogen. This is a thermodynamically uphuli process and requires multiple electron

exchange. To ensure reasonable device efficiency, then, it is advantageous to construct an

assembly bearing more photoactive units, such as for the related assernbly C in figure 13.

This complex was prepared using a step-wise approach whereby the terminal

ruthenium(II) units are assembled first containing available coordination sites via the

bridging ligand dpp, and these complexes are then in tum used as “ligands” in subsequent

complexation steps to render controlled design of the assernbly. for the catalyst to

function, it is necessary to complete the redox cycle, and so a sacrificial electron donor,

N,N-dimethylaniline (DMA) is added, which serves to regenerate the catalyst by

reducing Ru*(Ill) back to Ru(II). In the presence of DMA in a F120 / CH3CN mix,

irradiation of complex C was found to produce significant amounts of hydrogen gas,

detected by gas chromatography, upon irradiation at the MLCT excitation wavelength or

any wavelength overlapping with the absorption spectrum of C.
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Figure 1.13. Branched photo-active assemblies assembled about a Rh(III) center,

illustrating the governing processes subsequent to photo-excitation.

The potential utility of such photo-initiated donor-acceptor assemblies toward

catalysis depends in large part on the number of electrons involved in the process. For

instance, both hydrogen production and dioxygen reduction require concerted multi

5+

Cl

—Rh——N N—Ru N

/\ /
Cl

B

[(bpy)2Ru(dpp)RhCI2(dpp) Ru(bpy)2J5

À



25

electron transfer. The incorporation of high-valent transition metals such as Rh(III) and

Ir(III) are conducive to significant electronic mixing with the ligand acceptor component

to the photo-produced 3MLCT state and possess stable low-valent forrns, which perrnits

the occurrence of multi-electron transfer. It is attractive, then, to establish acceptor

components capable of undergoing even greater reduction, which could in tum permit

access to catalytic processes requiring proportionately greater multi-electron transfer. To

this end, MacDonnell and co-workers have established the capacity for bridging ligands

based upon tetraazatetrapyridopentacene to undergo multi-electron photoreduction.58 This

ligand, depicted in Figure 14 below, serves to bridge metal centers, in this case two

photo-active (phen)2Ru2 fragments, and is capable of accepting up to four electrons from

two one-electron processes and a single double electron reduction process. Moreover, in

its doubly reduced state, this ligand binds two protons in aqueous media,58a and cleaves

DNA in low-oxygen environments.58’ Such behaviour holds promise with regard to

hydrogen production and therapeutics, respectively.

4+ 4+

2 e-

2 H+

• = [Ru(phen)2]2

Figure 1.14. Dinuclear (phen)2Ru2 complex assembled about a

tetraazatetrapyridopentacene bridge, capable of undergoing multiple electron photo

reduction and subsequent protonation.

1.3.4 Pseudo-Octahedral

Numerous transition metals exhibit dirneric structures based on a characteristic

“paddlewheel” arrangement of four mutually perpendicular bidentate chelates.

Depending on the metal and the nature of the chelate, a wide range of physical properties
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can be exhibited, including iong-lived photo-excited states.59 Considenng their use as

building blocks in a number of supramolecular architectures,6° investigations into their

potential structural and functional roles toward photoactive assemblies seerns to be a

natural progression.

Both axial and equatorial coordination sites of metal dimers may be used to

assemble larger structures using appropriate bridging iigands. With regard to photoactive

assembiies, porphyrins are attractive since a wide range of functionality can be

introduced in the course of their synthesis. Dirhodiurn(II,II) units are attractive as

assembling units owing to their rigidity, diamagnetic nature, and an inherent kinetic

advantage over other metal dimers regarding ligand displacement.6’ Toward creating

directing units for square geornetries, the complex cis-Rh2(form)2(02CCF3)2 (where form

N,N’-di-p-tolylformamidinate) is ideal since it incorporates kinetically inert amidinates

as protecting / blocking units and kinetically labile trifluoroacetates. Self-assembly of A

(Figure 15) proceeds upon metathesis of cis-Rh2(fonn)2(02CCf3)2 with the disodium sait

of 15,20-di-(4-carboxyphenyl)-5,10-diphenylporphyrin.62 The larger assembly B was

prepared upon displacement of weakly, axially bound solvent molecules with the stronger

bis-monodentate ligand cis-5, 1 0-diphenyl- 15 ,20-dipyridylporphyrin.63 These square

assemblies are neutral, which is desired for potential guest uptake analogous to previous

discussion pertaining to luminescence detection of host-guest interaction. However, the

installation of amidinates leads to electrochemically rich dirhodium(II,II) units,

exhibiting facilitated one-electron oxidations relative to their tetracarboxyiate

counterparts. As sucli, given the Rh245 potential and the excited-state reduction

potential for the porphyrin for both A and B, reductive electron-transfer quenching was

found to be energetically favorable in both cases tAG -0.4 eV and AG = -0.2 eV,

respectively). The difference in driving force can be attributed to the relatively greater

electron richness ofthe dirhodium(II,II) unit used in A. Porphyrin-based ernission ftom B

is quenched completely, but A is very siightly emissive with t < 500 ps and c1 7 x l0

compared to r = 10 ns and 0.0 17 for the parent porphyrin. This trend seems

contradictory to the energetic difference for reductive electron transfer. However, given

the irreversible nature of the Rh2 based oxidations for A, it is likely that such electron

transfer is flot as efficient as for that in B.
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Figure 1.15. Dirhodium(II,II)-based porphyrinic assemblies utilizing equatorial (A) and

axial (B) coordination modes ofthe dimeric unit.

Karnar and co-workers have utilized the di-anionic 2,2’-biimidazolate ligand

(biim), which is capable of supporting both i-bidentate and (bis)monodentate modes of

coordination in a back-to-back manner (see Figure 16). Installation of the (bpy)2Ru2

fragment to the ji-bidentate portion yields the datively unsaturated photoactive unit

[Ru(bpy)2(H2biim)](C104)2 which, upon de-protonation to forrn the free-base

[Ru(bpy)2(biirn)], can then be assembled around a templating metal amenable a

(bis)monodentate mode of coordination. The nuclearity and overail structure of the

assembly depends on the dative predisposition of the metal selected. To this end, a

dinuclear lincar assembly based around a dimeric Ag22 unit bas bcen described,64a along

with a more recent report of a tetranuclear assembly supported by a dimeric Cu24 unit

(Figure 16)•64b The synthesis of this latter assembly is straight-forward and entails

refluxing the free-base precursor Ru(II) complex with Cu(C104)2 in methanol. The

resulting tetrameric structure is twisted about the Cu24 center, with the biirn2 and Cu24

units deviating from co-planarity by 400. This twist is repeated in a staggcred manner

A B
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about the Cu24 center and induces chirality, both enantiomers of which are fourni in

equal proportions in the crystal structure. This stands in contrast to the eclipsed

conformation ofthe related Cu2(02C2H3)4. 61 Cu2 is a â metal with S = ½ in octahedral

pseudooctahedral coordination motifs, and so it is ofien incorporated for magnetic

investigations. Fitting of variable temperature magnetic susceptibility data here

established antiferromagnetic coupling between S = Y2 Cu2 centers through the biim2

ligand, although no intra-dimer coupling parameters are mentioned to address direct

metal-metal bonding. The electronic absorption spectrum of this tetramer was conducted

and showed a red-shift of the Ru(d)_*L(7t*) MLCT and a four-fold increase in its

intensity relative to [Ru(bpy)2(biim)], due to the presence of four photoactive units.

Unfortunately, no emission studies were conducted to investigate energy transfer

phenomena, and so the potential of these units toward the developrnent of photoactive

arrays cannot 5e assessed. However, the prospects of altering electron and I or energy

transfer processes for the creation of tailor-made arrays (or subunits thereof) sirnply

through the choice of metallic assembling unit are very promising. This is particularly

truc considering that photoactive polypyridyl complexes, especially those based on

(tpy)Ru2, are robust and can tolerate synthetic modification to a great degree.

,M1 f
M1—NN

Figure 1.16. Convergent, directed-assembly of photo-active (Ru(bpy)2(biirn)] units about

a Cu2(II,II) core.
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1.4 Research Objectives and Outiine

In light of the motivations outlined in Section 1.1, and as an extension of the

systems discussed in Sections 1.2-1.3, it is the intent of this thesis to investigate the

structural and functional utility of dirhodium paddlewheel complexes toward the

assernbly of multi-nuclear photoactive assemblies. The photoactive sub-unit chosen to be

incorporated is based upon the (tpy)2Ru2 motif, due to its achiral nature and suitability to

a wide range of synthetic modification. Initial forays to this end wiIl focus on

dirhodium(II,II) tetra-carboxylate motifs as assembling units, owing to inherent

properties that make them both synthetically amenable and photophysically intriguing to

constructing such assemblies. These multi-nuclear complexes will serve to elaborate

energy transfer processes and guide the evolution toward more robust and varied

assemblies.

Chapter 1. This introduction addresses the motivation toward constructing multi-nuclear

photoactive assemblies, using naturally occurring systems as a point of reference and

inspiration. The amelioration of their synthesis and attenuation of their properties through

rnetal-based assembly will be discussed in the context of a recent literature cross-section

ofthis area.

Chapter 2. This chapter introduces the convergent, self-assembly of multi-nuclear

complexes based upon carboxy-derived (tpy)2Ru2 sub-units grafied to a dirhodium(II,II)

tetra-carboxylate core. Their assembly exemplifies unusual reaction control, the source of

which is linked to observations regarding both solid-state and solution behaviour.

Moreover, these systems indicate irreversible energy transfer to the non-emissive excited

state of the dirhodium(II,II) motif, the nature of which is elaborated upon through

incorporation of triazine analogues to (tpy)2Ru2.

Chapter 3. The unusual reaction control demonstrated in chapter 2 is used to advantage

toward assembling linear hetero-metallic assemblies. Here, the dirhodium(II,II) tetra

carboxylate motif is shown to be appended in a controlled manner to various
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dicarboxylate-derived (tpy)2Ru2, forgoing polymer formation normally encountered with

cliarge-neutral components using such an approach. This lias given symrnctric ‘dimer

bridge-dirner’ complexes and asymmetric, rnono-substituted products with an available

carboxy group for incorporation of additional dimetal units. Complexes based on the

former, symmetric model can serve to evaluate the capacity of the (tpy)2Ru2 complex to

electronically couple such dimetal units, while the latter asymmetric models give

unprecedented access to a wide array of hetero-metallic systems. In addition, to
2+compensate for the higli-insolubuity of these dicarboxy-(tpy)2Ru complexes, an

expedient protocol for the preparation of a highly soluble dicarboxy-(tpy)2Ru2 complex

is described based upon the synthesis of the novel ligand, 4’-(4-carboxyphenyl)-4,4’ ‘-di

(tert-butyl) tpy. The solid-state structure of this soluble dicarboxy-(tpy)2Ru2 complex

displays serendipitous porosity.

Chapter 4. In an effort to address decomposition concems encountered with the systems

prepared in Chapter 2, both A1N’-dipropyl and AÇN’-diphenyl amidinate (tpy)2Ru2

analogues were prepared and characterized. The extent of this characterization includes

determination of their respective pKa values. In anticipation of a convergent approach

using these amidinate analogues in the same manner as that described in Chapter 2, the

polytopic ligand N,N’-di-(4’-phenyl-tpy)-forrnamidine was also prepared, but was found

to be quite susceptible to decomposition by hydrolysis. This reactivity is quite

unexpected and serves as a valuable lesson toward the creation of such polynuclear

assemblies incorporating amidinates. The incapability of both the NN’-dipropyl and

N,N’-diphenyl amidinate (tpy)2Ru2 to be grafted to the dirhodiurn(II,II) core via

numerous, well-known procedures forces the development of another approacli.

Chapter 5. This chapter describes a viable, divergent strategy based upon the Rh2(N,N’-

diphenylbenzarnidinate)4 motif, wherein synthetic modifications may be performed both

on the exterior of the complex and through the preparation of suitably modified

analogues to À’N’-diphenylbenzarnidinate. A range of cornplementary functionality is

introduced, and the resulting dirnetal complexes are fully characterized. To dernonstrate

the synthetic utility of such complexes, a covalently-assembled tetra-nuclear (tpy)2Ru2
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complex is prepared and its preliminaiy characterization is described. To further

dernonstrate the versatility of such buiÏding-blocks, covalently assernbled dinuclear

Rh2(II,II) and pentanuclear-Rh2(II,II) templates were assembled and characterized, both

of which have the potential for the creation of photoactive systems of very-high

nuclearity.

Chapter 6. This chapter will describe sorne of the possible future directions based upon

the work described in Chapters 2-5.
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Chapter 2: Polynuclear Ru(II) Complexes Self-Assembled

About a Rh-Rh Core

2.1 Introduction

Natural light harvesting systems (LHS) and the myriad of complex functions they

perform serve as inspiration for the development of artificial LH$ capable of performing

tailored functions ranging from catalysis to the development of efficient fuel and solar

ceils.’ Such functional systems present numerous challenges, the largest of which is

arguably the efficient connection of multiple photoactive units by means conducive to

energy and electron transfer. This need stems from two considerations. The first is that

the targeted function, particularly in catalysis, can involve multiple electron transfer and

so multiple photon absorption is required for evcry molecule produced. The second is that

energy transfer is neyer completely efficient, succumbing ofien to heat dissipation, and so

a high input of light energy is required.2 Nature utilizes many weak interactions in a true

supramolecular sense (H-bonding, dipole-dipole) to effect connectivity, recognition, and

energetic / electronic relay. The reversibility of such supramolecular interactions is

instrumental to the self-assembly process. Although elegant, constructing artificial LHS

in this mamer may flot be suitable to the photoactive unit employed and / or to the

conditions of operation for the device. Recent examples have focused on utilizing

elaborate ligand design and / or perfonning many iterative chemical transformations with

compromised efficiency and demanding purification.3 Although limitations of this nature

have been recognized,4 synthesis remains tedious and structures of high nuclearity ofien

possess a large degree of freedom which can preclude structural elucidation and frustrate

energy transfer processes. The covalent bond gives more durable, inert systems but low

yields and exceedingly labourious synthesis oflen precludes practical application. In

between lies the strongest supramolecular interaction, dative bonding, whose inherent

reversibility allows for pre-organization / self-assembly while offering bond strengths

suitable to afford robust systems. This approach can lead to simplified synthesis with
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readily accessible modification or installation of new physical properties simply with the

selection ofrnetallic connecting unit employed.

Dirhodium (11,11) tetra-carboxylates have found extensive application in catalysis,

including cyclopropanation,5 aikyne cyclopropenation,6 C-H insertion,7 and carbeonid

initiated C-C bond formation.8 The complex Rh2(OCCH3)4(L)2 lias been shown to bind

duplex DNA and inhibit DNA replication where L is a labile axially coordinated ligand

(e.g. water), while the use of nitrogen chelates such as l,lO-phenanthroline and 2,2’-

bipyridine as the axially coordinated ligand yields adducts capable of acting as

antibacterial agents and exhibit cytostatic activity against human oral carcinoma.10’

Complernentary to these applications was the report of a long-lived, non-ernissive lowest

excited state, determined by energy transfer experiments to lie between 1.34 and 1 .77 eV

witli a lifetime of up to 5 ps depending on the solvent used.12 Subsequently,

photoexcitation of Rh2(O2CCH3)4(L)2, in the presence of electron acceptors, has been

shown to catalyze the conversion of isopropanol to acetone and to cleave DNA,’3 while

the related solvato complex cis-[Rh2(O2CCH3)2(CH3CN)6]2 has been shown to serve as a

photoactivated cis-platin analogue.14

Dimetal paddlewheel complexes, including dirhodium (11,11) tetra-carboxylates,

have received mucli attention of late as building blocks for the creation of

electrochemically rich supramolecular architectures.15 More recently, we have identified

this motif as a suitable template for growth of polynuclear systems based upon

carboxylate-functionalized photoactive units (Figure 2.2) with potential excited-state

interaction as suggested by near-complete emission quenching of the appended

chromophore.’6 Herein, we elaborate on the nature of this interaction through the

preparation and characterization of a complete family of related, electron-deficient

triazine analogues (figure 2.3) as well as elaborate on factors affecting the overall

stability of such multi-metallic systems.
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Figure 2.1 The series of carboxy-appended ruthenium (II) complexes.
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II-la (PF6)2 trans-II-2a (PF6)4

cis-II-2a (PF6)4 II-3a (PF6)6

Figure 2.2 family of oligonuclear complexes based on II-5a (PF6)2.
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Figure 2.3 Family of oligonuclear complexes based on II-5b (PF6)2 / II-5c (PF6)2.

2.2 Synthesis

The mixed-metal polynuclear complexes are assembled following a classical

ligand exchange process according to Scheme 2.1, in which acetic acid is removed by

distillation ftom the reaction mixture. Considerable influence can be exerted on both the

rate and extent to which substitution proceeds simply by varying temperature,

concentration, stoichiometry, and rate of acetic acid distillation. Since these products are

strongly coloured and stable to chromatographic separation, the reaction process may be

monitored by TLC and the products of different nuclearity are easily separated by column

chromatography. The precursor complex II-5b (PF6)2 can be synthesized as was II-5a,16

by heating to reflux 4’-p-carboxyphenyl)-2,2’:6’,2”-terpyridine (La) and Ru(Lb)C13 (Lb

= 6-phenyl-2,4-di(2-pyridyl)-s-triazine) in EtOR I I-120 in the presence of the

dechiorinating agent AgNO3, which affords II-5h (PF6)2 in 41 % yield afler colurnn

II-4b (PF6)8
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purification. In a typical preparation ofthe oligonuclear complexes ofthe b series, II-lb

II-4b (PF6)2 can 5e prepared in 69 % overali yieid afier column chromatography, based

on recovered II-5b (PF6)2, which is very similar to that obtained for the series II-la-II

3a (PF6)2.16 Solvents other than acetonitrile were tried (e.g. DMF, benzonitrile); however,

in ail cases acetonitrile was found to be optimal with regard to controlling the reaction

and minimizing the number of unidentified decomposition side-products. Unfortunately,

traits-II-2h (PF6)4 and cis-II-2b (PF6)4 proved to be inseparable using the same

technique as that used to separate trans-1I-2a (PF6)4 and cis-II-2a (PF6)4. As such, the

spectroscopic, luminescence, and redox properties of the II-2h (PF6)4 complexes were

flot studied.

o
ho-I O

,.,Rh-Rh

o o
II-5a (PF6)2
II-5b (P F6)2 [Rh2(CH3COO)4(5) ](PF6)2
lI-5c (PF6)2 CH3CN, Reflux, - CH3000H where n = J - 4

Scheme 2.1 Synthesis ofoligonuclear complexes in acetonitrile.

To complete the family, it was desired to move the ligand component responsible

for the emissive 3MLCT state doser to the dirhodium(II,II) core, which was afforded by

synthesizing the novel ligand 6-(4-carboxyphenyl)-2,4-di(2-pyridyl)triazine (Lc) (see

Section 2.10). Preparation of the precursor complex II-5c (PF6)2 proceeded as with

complexes II-5a,’6 involving simple reflux of Lc with Ru(tpy)C13 in the presence of the

dechiorinating agent AgNO3 in a EtOH I HO mix, giving II-5c (PF6)2 in 36 % yield afier

column purification. The application of II-lc(PF6)2 in the same manner as depicted in

Scheme 2.1 does lead to a product distribution analogous to that for the series II-la-II-3a

(PF6)2, II-lb-II-4h (PF6)2. Instead, insignificant quantities of higher substitution

products were found, as determined by high-resolution mass spectrometry. The mono-

substitution product Il-ic (PF6)2 could be produced in 57 % yield, although this required

longer reaction times ( 7 days) than that needed to produce II-la (PF6)2 and II-lb
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(PF6)2 ( 1 day) using the same proportion of Rh2(OAc)4. These observations were flot

unexpected, since placement ofthe triazine moiety nearer to the carboxylate group would

be expected to reduce its dative bonding capacity to some degree. Nevertheless, Il-ic

(PF6)2 was stable to chromatographic separation and could be isolated cleanly for further

electrochemical and photophysical analysis.

2.3 Spectrophotometric and Spectrofluorometric Determination of Ground State

pKa Values for Complexes II-5a (PF6)2 and II-5c (PF6)2

The pKa values of complexes II-5a (PF6)2 and II-5c (PF6)2 were determined by

means common to analogous Ru(II) poiypyridyl complexes bearing secondary and protic

dative ftmctionality.’7 The experimental details are outlined in Section 2.10. In short, this

entailed monitoring the 1MLCT and ligand-centered transitions, observed in their

respective electronic absorption spectra, as well as the 3MLCT emission intensity as a

function of changing pH. These subsequent changes in intensity were plotted to give clear

inflection points that correspond to the pKa of the carboxylate fragment for the respective

complex.

In the case of complex II-Sa (Pf6)2, modest but clear diminution of the intensity

of the bands centered at 485 nm and 271 nm with decreasing pH gave, in both cases, pKa

values of 5.1$ from first derivative plots of the titration data (Figures 2.4 and 2.5).

Conversely, the emission intensity, centered at 650 nm, was augmented as a function of

decreasing pH (Figure 2.6). However, no clear inflection point could be obtained from

the subsequent emission data (Figure 2.7), and so we take the pKa determined from the

absorption data for consideration.

In the case of complex II-5c (Pf6)2, the absorption profiles are relatively

insensitive to changing pH (Figure 2.8). However, like complex II-5a (PF6)2, the

ernission intensity centered at 730 nm changed substantially, although this was found to

decrease with lower pH. As such, we take into consideration the pKa determined from a

first-derivative plot of the emission data in Figure 2.10, which corresponds to pKa = 3.75.
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Figure 2.10 Titration data for complex II-5c (PF6)2 from emission at 730 nm.

2.4 NMR and Solution Behaviour

In general, the 1H NMR of the parent complexes II-5a (PF6)2, II-5b (PF6)2, and

II-5c (PF6)2 are very similar to those of their dirhodium(II,II) adducts. However, some

notable differences are exhibited which lead to unambiguous identification of these

higher-order complexes.

Located between 1.7-2.0 ppm are resonances stemming from the acetates bound

to the dimetal unit. The number and proportion of these resonances is quite diagnostic as

to the degree of substitution. As more Ru(II) complexes are grafted to the dirhodium

core, the position of these resonances shifts slightly downfield. Interestingly, spectra of

the resolved isomers trans-II-2a (PF6)4 and cis-II-2a (PF6)4 show distinct methyl

singlets at 1.85 and 1.88 ppm, respectively. These singlets were located at almost the

exact same position for the unresolved isomeric mix cis/trans-II-2b (PF6)2, and their

relative integration gives a 3.3:1 cis/trans distribution. This is significantly greater than

the stafistical 2:1 cis/trans ratio expected in the absence of a difference in donor

capacities between acetate and the ligand II-5b (PF6)2. The labilizing trans effect, well

documented in mononuclear square planar and octahedral complexes, applies also to

dirnetal paddlewheel complexes)8 Here, one would expect a greater proportion of the
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trans isorner if ligand II-5b (PF6)2 is significantly more basic than acetate. That this is

flot the case suggests the opposite scenario. The origin of this occurrence may lie in

consideration of electrostatic factors, which will be elaborated on later in this section and

the section to corne.

A dramatic change in the phenyl doublets of th parent ligands is observed upon

complexation to the dirhodiurn core, indicating a strong electronic influence. The well

defined doublets of the parent carboxylate complexes merge into a singlet upon formation

ofthe mononuclear adducts (Figures 2.11, 2.15, 2.19), but gradually separate and resolve

with successive incorporation of the rnthenium complex. The conclusion of this effect is

illustrated by the tetranuclear adduct II-4b (Pf6)8 (Figure 2.18), which displays phenyl

resonances very sirnilar to that for its parent complex II-5b (PF6)2.

Lastly, the 3’, 5’ resonance of complexes II-5a (PF6)2 and II-5h (PF6)2 appears as

a singlet and is displaced very slightly (O.O5 ppm) upfield upon complexation to the

dirhodium unit, providing another diagnostic marker for adduct formation. However, the

contribution of this resonance has been rnost pronounced in the assignment of the tris

adducts II-3a (Pf6)6 and II-3h (PF6)6, where the presence of two distinct 3’, 5’ singlets

in 2:1 proportion firrnly supports the presence of symrnetrically non-equivalcnt

photoactive units.

Although the dirhodium adducts outlined in Figures 2.2 and 2.3 are stable in

acetonitrile solution and to chromatographic separation, higher substitution adducts based

on II-5e (PF6)2 were found to decompose significantly under the purification conditions

used, giving a mix of the desired product and the starting complex II-5c (PF6)2. The

dissociation of these higher substitution adducts is no doubt linked to the more forcing

conditions required to form even the mono-substituted adduct Il-ic (PF6)2 compared to

the conditions used to form the analogues II-la (PF6)2 and II-lb (Pf6)2. These

observations are rationalized by the relatively lower dative capacity of Il-ic (PF6)2,

owing to the proximity of the electron deficient triazine rnoiety (sec Section 2.3).

However, that this is also a firnction of the overall nuclear charge of the adduct points to

an electrostatic origin for this instability, which is made more problematic upon

comprornising the basicity of the complex / ligand employed. To further support this

argument, the preparation of complexes I1-1-3a was attempted using dirhodiurn(II,II)
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tetra-fluoroacetate as the dative substrate. Tetra-fluoroacetate dimetal complexes

typically undergo ligand exchange reactions with relatively more electron-rich chelates

mucli more quickly cornpared to those using a tetra-acetate dirnetal complex, owing to

the reduced basicity ofthc tetrafluoroacetates.19 Such exchange reactions have, until now,

exclusively involved neutral or anionic chelates. In this case, however, no substitution

whatsoever was observed under the same reaction conditions using Rh2(02C2F3)4. It is

unlikely that the dative capacity of II-5a (PF6)2 is lower than that of tetrafluoroacetate

and, if it was, its use in large excess should otherwise ensure some substitution product.

That this is not the case implies that installation of cationic complexes onto the already

electron deficient dirhodium core of Rh2(02C2F3)4 is highly unfavourable due to

Coulombic repulsion. This sort of decomposition is flot unprecedented for highly-charged

polynuclear coordination systems,2° but it is with regard to dirhodium (11,11) solution

behaviour.

To elaborate more on this point, dissolution of complex II-la (PF6)2 in d5-

pyridine and periodic monitoring of the 3’, 5’ proton resonance reveals graduaI

decomposition to give a dominant and minor intermediate at 9.36 ppm and 9.30 ppm,

respectively, along with the unbound complex II-5a (PF6)2 at 9.33 ppm (Figure 2.20).

This solution equilibrated afler 11 days to give complete decomposition of II-la (PF6)2.

Such behaviour denotes active competition between d5-pyridine and II-la (PF6)2 for

coordination to the dirhodium core. This has been demonstrated previously for

Mo2(02CCF3)4,2’ but it is the first such example for dirhodium carboxylates which are

otherwise known to be much more inert to ligand scrambling processes.l9a 22 The nature

of these intermediates can only be speculated upon, but it is likely that they are mono

dentate adducts en route to full dissociation of ligand II-5a (PF6)2, in accord with

previous observations of Mo7(07CCF3)4 in pyridine.2k The fact that there are two such

intermediates may be rationalized considering that a mono-dentate mode of coordination

of II-5a (PF6)2 leaves an oxygen atom available for simultaneous coordination to the

axial site of the dirhodium complex, albeit in competition with d5-pyridine. This is

supported by the generally accepted mechanism for ligand scrambling wherein the

incoming chelate coordinates axially first, followed by dissociative ring opening of the

leaving chelate which frees an equatorial site for coordination of the incorning chelate.23
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Figure 2.15 ‘H NMR spectrum of complex II-lb (PF6)2 displaying aromatic (left) and

acetate (right) resonances recorded in CD3CN.

JLuUuiLJ L
‘—.----“-—‘---, ‘—‘-—‘‘———-, ‘—‘ ‘—,——— ‘—,--—‘ -

-

909 6 700
1 ‘50 •6

(li)

Figure 2.16 NMR spectrum ofunresolved isomeric mix of complexes cis /ti’ans-II

2b (PF6)4 dispÏaying aromatic (lefi) and acetate (right) resonances recorded in CD3CN.
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Figure 2.19 ‘H NMR spectrum of complex Il-ic (PF6)2 displaying aromatic (lefi) and

acetate (right) resonances recorded in CD3CN.
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Figure 2.20 ‘H NMR spectrum of complex II-la (PF6)2 in ds-pyridine at r.t., exhibiting

decomposition and formation of dative intermediates after ta) 0 1w (b) 24 1w (c) 48 1w (d)

721w(e) 11 days.
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2.5 Crystal Structure Determination of II-5a (BPh4)2, II-5b (BPh4)(PF6), and trans

II-2a (CH3CN)2(BPh4)2(Bf4)2 (refer to pages II, VI, and XII of Appendix 2,

respectively, for X-ray data and parameters)

For ail crystal structures reported herein, single crystals of suitable quality for

diffraction studies were grown from acetonitrile solutions containing the complex (as

either the PF6 or BF4 sait) saturated witli NH4BPh4. Altliough complex II-5a lias been

reported previously,24 no X-ray structural data has been given until now. The structure is

depicted below in Figure 2.21. Like that of Ru(tpy)?, II-5a contains mutually

orthogonal ligands with a pseudo-octahedral geornetry about the ruthenium atom.25 The

phenyl ring bearing the carboxylic acid group is twisted with respect to the central

pyridyl ring by 44°. Each oxygen atom of the carboxylic acid group, and hence the acidic

proton as welÏ, can be found in two unique dispositions throughout the crystal lattice as

indicated by site occupancy factors of 0.5 for each. As expected, the C-O bond lengths of

this carboxylic acid group are 1.405(4) and 1.280(4) À, corresponding to C-O single and

double bonds, respectively. No hydrogen bonding is observed in the extended lattice

structure.

The structure of II-5b (Figure 2.22) possesses a characteristic distorted octahedral

geometry about the ruthenium atom with no relevant discrepancy in Ru-N bond lengths

associated with the two electronically distinct ligands (e.g. Ru-N = 1.975(3) À (central

I

Figure 2.21 X-ray crystal structure of complex II-Sa (BPh4)2 witli thermal ellipsoids at

30% probability. Solvent and counter-anions have been omitted for clarity.
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triazine ring) and Ru-N = 1.980(2) Â (central tpy ring). However, the phenyl ring of the

tpy ligand is twisted out of the plane of the central pyridyl ring by only 17°. Hydrogen

bonding of the phenyl protons to the triazine nitrogen lone-pair electrons has been found

to yield a near co-planar orientation in some instances,26 but here the phenyl ring is

twisted by 20° with respect to the central triazine ring. Also, unlike II-5a, complex II-5b

exhibits hydrogen bonding between molecular units with an oxygen donor-acceptor

distance of 2.630 (3) Â, a hydrogen-acceptor distance of 1.82 Â, and an O-H---0 angle of

166.7°

For adduct trans-II-2a (Figure 2.23), the two appended ruthenium complexes

possess structural features similar to that for II-5a with the exception that the phenyl ring

is twisted out of the plane of the tpy ligand to a lesser extent (26°). With respect to

dirhodiurn(II,II) tetra-carboxylates in general, the metal-metal bond has been found to

vary inversely with the basicity of the axially coordinated ligand and, to a lesser degree,

the electronic influence of the carboxylate bridging ligand)9’ 27 should also be noted

that packing forces have been implicated in minor changes of 0.01 Â.’9 The Rh

°(caboxylate) bond lengths are largely invariant among dirhodium carboxylates, with an

average length of 2.04 Â. Here, the Rh-Rh and Rh-N(CN3CN) bond lengths are 2.367(2) Â
and 2.200(15) Â, respectively, while the unique Rh-O bond lengths associated with the

ruthenium complex have been found to be 2.051(2) and 2.052(5) Â. These distances are

quite consistent with those found in other tetracarboxylate complexes of (bis)acetonitrile

adducts.28 However, the Rh-O bond length associated with the acetates is considerably

Figure 2.22 Ball-and-stick representation of the hydrogen bonding interaction in

complex II-5b (BPh4)(PF6). Solvent and counter-anions have been omitted for clarity.
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shorter with bond lengths of 1.86(1) and 1.936(11) Â. The discrepancy between these two

values is due to problems resolving one of these oxygen atoms, as evidenced by larger

anisotropic displacernent parameters. Regardless, the Rh-O bond of 1.936(11) Â is about

0.1 Â shorter than expected, well outside justifiable implication of packing effects. This

suggests that the acetates are bound more strongly than the mthenium complexes, which

is consistent with the solution behaviour discussed previously in Section 2.4. Any strong

electron donating/withdrawing affect exerted by the equatorially coordinated carboxylate

should have ramifications on the strength of coordination by the axial ligand which in

tum will affect the metal-metal bond 1ength.27a 29 However, these bond lengths are in

good agreement with related dirhodium carboxylates. For this reason, and in

consideration of the observations made in Section 2.4, we are convincingly led to believe

that the effect is flot inductive but rather eÏectrostatic in nature. In essence, we have

appended multiply charged cations to a cationic Rh24 core. To offset unfavourable

electrostatic repulsions, the anionic acetates have been subsequently drawn doser to the

dirhodium(II,II) unit.

C iuI1tiututi

• irgI1

• oxven

I rhoduim

Figure 2.23 X-ray crystal structure of complex trans-II-2a (CH3CN)2(BPh4)2(BF4)2 with

thermal ellipsoids at 30 % probabiÏity. Solvent and counter-anions have been omitted for

clarity.
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2.6 Electrochemistry

Cyclic voltarnmetry of complexes II-la-II-3a revealed little difference cornpared

to that of the parent complex II-5a (PF6)2 (Table 2.1). The absence of the

characteristically reversible Rh2514 process, normally observed at 1.02 V vs SCE,3°

was originally attributed to it being shifted outside the potential range of the solvent.

However, the cyclic voltammetry of complexes II-lb (PF6)2 and Il-ic (PF6)2 reveal two

distinct and reversible redox couples corresponding to one electron oxidations which, on

the basis of the oxidation behaviour of the mode! compounds Rh2(OAc)4, II-5b (PF6)2,

and II-5c (PF6)2 (Table 2.1), are assigned to the Rh24 and the Ru2 centers (see Figure

2.24 and Table 2.1). In II-lb (PF6)2 and Il-ic (PF6)2, the Rh254 couple is shifted to

higher potential by -0.2 V relative to that of the parent Rh2(OAc)4, as expectcd based on

the fact that the species is no longer neutral. It is therefore more likely that the Rh2574

couple is simply superimposed with the Ru3E2+ couple in II-la (PF6)2, but becomes
3+12+resolved in II-lb (PF6)2 and Il-ic (PF6)2 because ofthe higher potential for their Ru

couples, owing to their more electron deficient triazine-based ligands.

However, for the higher substitution products, only one oxidation process is

obsewed, and it is assigned as the Ru32 couple based upon similarity to that for the

respective Ru(IT) parent complex. Interestingly, this couple exhibits chemical

irreversibility in these higher adducts, the extent of which depends on thc degrec of

substitution (Table 2.1), such that the retum cathodic wave is diminished in intensity

relative to the corresponding anodic wave. The absence of the Rh2514 couple for these

higher nuclearity systems can be rationalized considering the observed 0.2 V anodic shifi

of the Rh254 couple upon incorporation of a single Ru(II) moiety to form both II-lb

(PF6)2 and Il-ic (PF6)2. As more Ru(II) units are connected to the dirhodium unit, it is

expected that this shifi will increase. Notably, this shifi need flot occur in a linear fashion,

considering in particular a point where the ruthenium(II) oxidation no longer lies at

higher potential relative to the Rh2514 couple, since this entails the generation of even

greater charge en route to oxidizing the dirhodium unit.

At negatively applied potentials lie ligand based reductions for aIl species.26 It is

noteworthy that the triazine analogues possess one more reduction process than those
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based solely on tpy, the first of which is assigned to a triazine-based reduction whose

position and reversibility depends upon the degree of substitution. For adducts II-3b

(PF6)6 and II-4b (PF6)s, this reduction becomes chemically irreversible in their

respective cyclic voltammograms, while their square-wave voltammograms show an

anodic shifi of 0.07 V (II-3b (PF6)6) and 0.15 V (II-4b (PF6)8) relative to the parent

complex II-5b (PF6)2. Such a shifi can be rationalized by the high positive charge of

these complexes, which should facilitate reduction. The second reduction process is tpy

based and is reversible for the complexes II-5b (PF6)2 and II-5c (PF6)2 but becomes

irreversible upon adduct formation (Table 2.1), being shifled to slightly higher potential

with increasing substitution / charge. This shifi is most pronounced for II-4b (PF6)s

relative to II-5b (PF6)2 (AE = 0.08 V). The final reduction process is triazine-based and

is cither flot observed or chemicalÏy irreversible by cyclic voltammetry (Table 2.1), with

the exception of II-5c (PF6)2 which shows a reversible process but with diminished

current response relative to the two preceding one-electron reductions. Enhanced

resolution inherent to the square wave experiment shows clearly this third reduction

process in all cases and, again, a pronounced anodic shifi (0.16 V) is obscrvcd for the

highly charged adduct II-4b (PF6)x relative to the parent complex II-5b (PF6)2.

r I I I r r I I I

2

Volts vs SCE Volts vs SCE

Figure 2.24 Cyclic voltammogram (lefi) and square-wave voltammogram (right) of

complex Il-ic (PF6)2 at 100 mVs*
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Table 2.1 Electrochemical Data for Ail Comp1exes.” b

C CPotential [V] vs SCE. AE (mV).a
Ic/Ia Ic/IaCrnpd

Ru32 Rh254 (Ru) (Rh2)
+ Red.

1.27 -1.21 -1.55II-la 0.70 -(100) - (irr) (irr) - -

1.43 1.23 -0.76 -1.33II-lb 0.72 0.95($0) (70) (60) (in-) - -

1.46 1.25 -0.74 -1.3711-ic 0.95 1.14(70) ($0) (60) (irr) - -

1.29 -1.18 -1.53cis-II-2a 0.95 -(80) - (irr) (in-) - -

1.29 -1.20 -1.4$trans-II-2a 1.06 -(80) - (irr) (ii-r) - -

1.29 -1.18 -1.53II-3a - 0.94 -(80) (irr) (in-) - -

1.44 -0.78 -1.31 -1.38 -1.70II-3b - 0.25 -(100) (in-) (1ff) (in-) (ii-r)
1.46 -0.73 -1.35 -1.66II-4b 0.19 -(90) — (ii-r) (in-) (irr) -

1.28 -1.24 -1.49
II-5a - 0.73 -(70) (in-) (in-) — —

1.43 -0.78 -1.43II-5h 0.67 -($0) - (60) (120) - -

1.46 -0.74 -1.41 -1.64II-5e 0.8$ -(70) - (60) (110) ($0) -

Rh2(OAc)4 - 1.02 -1.08
d

(irr) - - - - -

(tpy)Ru2+e 1.30
- -1.24 -1.49 - - - -

a) Scan rate 100 mV s1. £1,2 = ½ (Epa + EpC), where Epa and EpC are the anodic and

cathodic peak potentiai respectively. AE Epa — Reported values for in-eversible

processes, iabeled ir, are peak potentiais. Potentials are corrected by internai reference,

fen-ocene (395 mv); b) the cis and trans isomers of 2h couid flot be separated and

complex 4a was not obtained; c) I = cathodic peak cun-ent, ‘a = anodic peak current; d)

ref. (30); e) ref(31).

60
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2.7 Electronic Absorption

The absorption characteristics and profiles of these adducts are dominated by the

appended ruthcnium complex, resembling strongly the absorption spectra of other

ruthenium(II) polypyridyl complexes (Figure 2.25).26. 32 In the visible region at 480 nm

is found the spin-allowed metal-to-ligand charge transfer (MLCT) band, which is

assigned as a Ru(II)-to-tpy transition. The UV region is dominated by iu —* 7t* and n—* 31

processes with additional hands being resolved in some cases at 300 nm and 330 nrn,

owing to lower energy 7E — it transitions of the triazine ligand. The Rh2(O2CCH3)4

species is characterized by two hands in the visible region. The lower energy band (552

mn in CH3CN), has been assigned to the 31* (Rh2) — o (Rh2) transition and is shified

strongly to higher energy as a flinction of the solvent basicity owing to increased

destabilization of the (Rh2) a orbital.33’ The second, higlier energy hand (440 nrn)

assignment is stili debatable but has been attributed to a 7E (Rh-0) —* o (Rh-0)

transition.331’ 0f these transitions, only the lower energy hand is solvent dependent, owing

to the predominantly metal-based o (Rh2) component. Both of these hands are quite

weak ( = 235 M1cm’ and 112 M1cm1 for 71* (Rh2)
— a* (Rh2) and 7E (Rh-0) —* o (Rh

0), respectiveÏy) owing to poor orbital overlap, with the exception of a third observed

band in the UV region which has been assigned as a c (Rh2) — (Rh2) o transition (221

E = 18400 M cm’).331” C As such, the ‘ MLCT absorption intensity for these Rh2-

adducts occurs as near integral multiples in accord with the degree of substitution of the

appended Ru(II) complex onto the Rh2 core, with the exception ofadducts II-la-II-3a for

which the intensity is disproportionately high (see Table 2.2).
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(bold black line), II-4h (Pf6)8 (bold gray lime) and II-5h (PF6)2 (black une), in

acetonitrile solution.

Table 2.2 Electronic Absorption Data. [a] x = a, b, e.

‘MLCT
LC transitionsCpd

ax (nm) c (M1 cm’)
2rnax (nm), g (M1cm’)[ / II-5x]

a

330 307 281 273 230II-la 484 (19200), [1.8]
(34700) (63800) (45400) (46800) (49400)

307 285 - -II-lb 481 (23100), [1.0]
(49600) (61900) -

330 299 283 -Il-ic 480 (17800), [0.8]
(24400) (38400) (40300) -

330 308 281 274 230trans-
485 (43100), [4.0]

(83600) (139400) (93900) (96200) (88900)II-2a
330 307 281 274 230cts-H-

485 (39400), [3.6]
(76100) (136500) (101400) (103500) (98400)2a

330 307 281 274 230II-3a 485 (57200), [5.3]
(102800) (175000) (134800) (137600) (126700)

286 232 - -II-3h 482 (73600), [3.3]
(190100) (107200) -

285 231 -II-4b 482 (87100), [3.9]
(225100) (165800) - -

331 272 230 -II-Sa 484 (10800)
(15000) (34500) (39200) -

286 232 -II-5h 481 (22200)
(60000) (24500) - -

299 283 -II-5c 478 (22100)
(57600) (59100) - -

Figure 2.25 Absorption spectra of compounds II-lb (PF6)2 (gray une), II-3b (PF6)6
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2.8 Luminescence

Ail of the complexes emit at 77 K in butyronitrile matrix, whereas onÏy the

complexes containing the triazine-based ligand (i.e., the b and e series) show room

temperature emission in fluid solution. Luminescence energies, lifetimes, and quantum

yieÏds, along with comparison with suitable model compounds, identify the emitting level

as a 3MLCT state in ail cases.26’ 34 More specificaiiy, this state involves the phenyi-tpy

ligand for the a series, and the (bis)pyridyÏ triazine iigand for the b and c series.35 The

luminescence data is collected in Table 2.4, and the luminescence spectra of some

representative species is dispiayed in Figures 2.26 and 2.27.

Considering first the a series of complexes. the emissive state of II-5a (PF6)2 is

essentiaily quenched upon attachment to the Rh2 core. From the 77 K emission energy for

II-5a (PF6)2, we can determine a 0.18 eV lower-limit and a 0.61 eV upper-limit driving

force for energy transfer to the non-emissive state of the Rh2 moiety, based on the upper

iimit of 1.77 eV and the lower limit of 1.34 eV, respectiveiy, for its non-emissive state.12

However, this does not in itself preciude quenching by eiectron transfer, for which two

scenarios may be considered.

1. Reductive Quenching 2. Oxidative Quenching

tRh2]°’ & jRuJ IRuJ*+ C tRh2I°’

Scheme 2.2 Eiectron-transfer quenching scenarios for the adducts II-la-II-3a.

Unformnateiy, because the Rh254 redox couple is flot observed in the series II

la-II-3a, we cannot determine the thermodynarnic driving force for reductive quenching.

Any approximation to this end using the oxidation couple for Rh2(OAc)4 (Table 2.1)

would be severely flawed considering the likelihood that the Rh254 couple for II-2a-II-

3a lies outside the potential eut-off for the solvent (refer to Section 2.6). fortunately, the

process was observed in the adducts II-lb (PF6) and Il-ic (PF6)2, for which

reductive thermodynamic parameters may be caicuiated.35 For ail adducts, approximating

the reductive thermodynamic parameters was done based on the irreversible Rh24’3
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couple observed in the mode! compound Rh2(OAc)4 (Table 2.1). That this process cannot

be identified with any confidence in these Rh2-adducts places a cautionary note on such

approximation. However, the Rh243 couple for Rh2(OAc)4 is probably a tow limit for

the reduction of the dirhodium core in these adducts, so that the calculated AG is also a

Iow limit. These values are summarized below in Table 2.3. In all cases, both reductive

and oxidative quenching are energetically disfavoured, which makes energy transfer to

the non-emissive Rh2 motif more plausible for the a series of adducts. Moreover, the fact

that a part of the ernission is recovered for these a series adducts at 77 K points to a

significant nuclear barrier to energy transfer and a Dexter- type, electron exchange

mechanism.36

Table 2.3 Approximate thermodynamic parameters for electron-transfer quenching.

AG (eV)
Complex

Red. Ox.a

II-la - 0.41

II-lb 0.23 0.71

11-Ic 0.00 0.77

trans-II-2a - 0.41

cis-II-2a - 0.42

II-3a - 0.42

II-3b - 0.73

II-4b - 0.73

[a] Calculated based on the Rh2473 couple (-1.08 V vs SCE) for Rhz(OAc)4.

The triazine analogues II-5b (Pf6)2 and II-5e (PF6)2 possess ernissive 3MLCT

states (1.80 and 1.78 eV, respectively, from 77 K emission maxima) considerably lower

in energy relative to that for II-Sa (PF6)2 (1.95 eV, from 77 K emission). This is

attributable to the electron-deficient triazine moiety which lowers the emissive 3MLCT
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state, thus reducing thermal population and deactivation from upper lying 3MC states.37

In fact, their incorporation into the Rh2 motif entails a reduction in the driving force for

energy transfer to the non-emissive state of Rh2, corresponding to lower-limits of only

0.03 eV and 0.01 eV for the b and c series, respectively. The fact that the emissive state

for the e series is slightly lower in energy relative to that for the b series accounts for this

difference and may be due to direct incorporation of the electron-withdrawing carboxy

group onto the (bis)pyridyl triazine ligand in the e series.37 Regardless, such a large

reduction in driving force for energy transfer in both cases accounts for the solution

emission observed at both room temperature and 77 K for the b and e series, and

reinforces the invocation of energy transfer in the a series of Rh2-adducts. Moreover, by

taking into account the non-negligible nuclear barrier for the energy transfer process, as

inferrcd by the 77 K emission properties of the a series, it is reasonable that energy

transfer from the Ru-based 3MLCT states to the dirhodium excited states does not occur

appreciably at room temperature in the b and e series. More specifically, inspection ofthe

emissive state lifetimes for the b series of adducts relative to that for the parent complex

II-5b (PF6)2 at 77 K indicates that energy transfer to the Rh2 core is partially effective.

However, there is essentially no real difference in the emissive state lifetimes at 77 K

between II-le (PF)6 and the parent complex II-5c (PF6)2, which indicates the complete

absence of energy transfer to the Rh2 core. This dismisses spin-orbit coupling by the

dirhodium unit as a basis to explain the partial decay of the 3MLCT in adducts of series a

and b relative to their respective parent complexes. Since the acceptor ligand for the

MLCT state extends to the carboxylate moiety for adducts of both series a and e, it is

possible that they will have larger inner reorganization contributions to their respective

nuclear barriers to energy transfer. Considering that complexes of series e possess a

slightly lower energy emissive state than their b series counterparts, the absence of

energy transfer to the Rh2 unit in series e can be attributed to both lowered driving force

and a relatively higher nuclear barrier to energy transfer.

That emission is still observed for the b and e series suggests that the non

emissive state of the dirhodium unit lies at or near the upper limit of 1.77 eV, since

proximity to the lower limit of 1.34 eV would entail driving forces of 0.46 eV and 0.44

eV for energy transfer, respectively, and so likely render emission quenching analogous
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to the a series at room temperature. It is highly unlikely that the nuclear barrier to energy

transfer would be large enougli in both cases to preclude energy transfer if in fact the

excited-state of the Rh2 core lied at or near 1.34 eV, considering that inner sphere

reorganization energy (the principle component of the nuclear barrier for energy transfer)

has been detennined to be small for Ru(II) polypyridine complexes.36 In addition,

for systems where electronic coupling is weak (coupling cannot be negligible in this case,

otherwise energy transfer in the a complexes would be impossible) barriers on the order

of 0.25 eV are readily bypassed at room temperature when a considerable exothermic

driving force is present.36

Energy transfer rate constants can 5e calculated from the equation ken 1/tj —

l/t0, where t1 and r0 are the 77 K emission lifetimes ofthe compound in question and of

the model compound, respectively. from the data in Table 2.5, the rate constants of the

compounds of the a series are close one another, as expected because of the roughly

identical donor / acceptor pair involved. Small differences in rate are stili appreciable,

and they can be tentatively attributed to small modifications in the energy of the Rh2-

based excited state (with subsequent modification to the driving force for energy transfer)

or to small changes in the reorganization energy within the acceptor unit as a function of

the different arrangements ofthe appended Ru(II) chromophore.

Interestingly, the rate constants for energy transfer at 77 K for the b series adducts

is similar to those of the a series. This is somewhat odd, considering the aforementioned

large difference in driving-force for energy transfer to the Rh2 excited-state. Electronic

coupling cannot 5e held responsible for this effect. The MLCT state in the a series of

adducts is directed toward the Rh2 unit, while in the b series it is directed toward the

periphery. As such, electronic coupling should 5e higher for the a series, since the donor /

acceptor distance is smaller. This should lead to the reverse effect. So the decisive effect

has to be linked to nuclear factors. It should be considered that the acceptor ligand of the

MLCT state of the a series also extends to the carboxylate moieties. Reorganization

energy within the Ru(II) partner of the energy transfer process would therefore be larger

for a compounds than for b compounds. Larger reorganization energy can compensate

for larger driving forces in Dexter-type energy transfer processes, and could explain the

similarity in energy transfer rate constants between a and b complexes at 77 K.
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I,

Figure 2.27 Uncorrected emission spectra of cornpounds Il-ic (PF6)2 (bold black line),

II-3a (PF6)6 (black une), II-4b (Pf6)8 (gray une) in butyronitrile rigid matrix at 77 K.

For corrected values see Table 2.4.

Figure 2.26 Uncorrected emission spectra of cornpounds II-la (PF6)2 (black une), II-lb

(PF6)2 (gray une), Il-ic (PF6)2 (bold black line) in acetonitrile fluid solution at room

temperature. For corrected values see Table 2.4.
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Table 2.4 Spectroscopic and photophysical data in de-aerated CH3CN solutions at 298 K,

unless otherwise stated.a

Luminescence, 298 K Luminescence, 77 K b

cpd max (nm) t, (ns) (D 2max (nm) r, (‘is)
(xlO-4)

II-la - - - 639 2.50

II-lb 731 4.3 1.2 690 0.75

Il-ic 750 14.3 0.7 703 1.30

cis-II-2a - - - 636 0.80

trans-II-2a - - - 634 1.2

II-3a - - - 635 0.80

II-3b 731 5.8 1.1 692 0.86

II-4b 733 5.3 1.3 692 0.77

II-Sa 666 9.5 0.8 635 13.2

II-5b 735 5.3 1.2 689 1.37

II-5c 745 14.4 1.9 698 1.38

Ru(tpy)22 629 0.25 0.05 - -

Ru(Ph-tpy)22 715 1.0 0.4 - -

a) the cis and trans isomers of II-2b could not be separated and complex II-4a was not

obtained; b) in butyronitrile rigid matrix; c) ref(38).

(a) Calculated values are based on the 77 K lifetimes given in Table 2.4. Reference

species are II-Sa (PF6)2 for the a series and II-5b (PF6)2 for the b series.

Table 2.5 Calculated rate constants ofthe Ru-to-Rh2 energy transfer processes at 77 K.a
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2.9 Conclusion

The capacity of the dirhodium(II,II) tetra-carboxylate motif to serve as a template

for convergent and controlled synthesis of polynuclear photoactive compounds has been

demonstrated, based upon suïtable carboxy-functionalized Ru(tpy)22 photoactive units.

To this end, inherent advantages of the dirhodium(TI,II) tetra-carboylate unit regarding its

relative inertness to ligand scrambling and its diamagnetic nature make it arnenable to

such a synthetic approach. In addition to this, it appears that there exists some difficulty

to append such cationic complexes onto the Rh24 core, the origins of which are likely

electrostatic in nature, as evidenced by the crystal structure of trans-II-2a and non

reactivity to ligand dispiacement when employing the relatively electron-deficient

Rh2(O2CCF3)4. The net resuit is control over the extent of substitution en route to

polynuclear species. Contributions of electron transfer to the efficient quenching

obsewed in the series II-la-II-3a are precluded on thermodynamic grounds and through

the preparation of relatively electron-deficient triazine analogues II-lb-II-4b and Il-ic,

which have enabled direct observation ofthe Rh245 couple (II-lb and Il-ic) previously

unobserved for II-la. Moreover, the triazine analogues emit almost unperturbed relative

to their respective parent complexes II-5b and II-5c subsequent to initial photo

excitation, which places the non-emissive state of the dirhodium(II,II) tetra-acetate near

the previously reported upper limit of 1.77 eV. Considering the recent elucidation of

other long-lived dirnetal photo-excited states,39 more evolved examples of these systems

should prove to be ideal models for study of energy and electron transfer processes.
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2.10 Experimental

2.10.1 Materials and Methods Solvents used in the preparation and purification

of complexes II-la-5a, II-lb-5b, and Il-ic and II-2c were reagent grade. The

preparation of II-5a,24 2, 2’: 6’, 2” -terpyridine,4° 2-para-tolyl-4,6-di(2-pyridyi)triazine,26

(2-phenyi-4,6-di(2-pyidyi)triazine)RuCl3,26 and 4’ -(4-carboxyphenyl)tpy ‘ have been

described previousiy. Silica used for chromatographic isolation of ail complexes was

400-450 Â mesh. The starting materials Rh2(O2CCH3)4(MeOH)2,42

Rh7(07CCf3)4(MeOH)2,43 and (tpy)RuCl3 were prepared and purified according to

established procedures.

2.10.2 Physical Measurements Ail ‘H NMR spectra were recorded using a

Bruker 400RG at 400 MHz. Electrochemical data was recorded using a BAS Epsilon

potentiostat using argon-degassed, spectroscopic grade acetonitrile solutions of 0.1 M

tetrabutylammonium hexafluorophosphate (TBAPf6) as supporting electrolyte. A three

electrode set-up was empioyed using a working Pt button electrode, a Pt wire auxiliary

electrode, and a Ag wire pseudo-reference electrode with addition of ferrocene as an

internai reference. Ail data is coffected to the Fc/Fc couple vs SCE. Single crystal X-ray

diffraction data for II-5a, trans-II-2b, and II-5b were coliected on a Bruker Apex at

100 K using Cu-KŒ radiation ()= 1.54178 Â) and refined by Francine Béianger-Gariépy.

Mass spectrometry was performed by direct injection using an LC-MSD TOF (Agilent)

spectrorneter with eiectrospray ionization.

The ground-state pKa values for complexes II-5a (PF6)2 and II-5c (PF6)2 were

determined by UV-Vis (Cary 500i spectrophotorneter, 1 cm path length quartz ceil) and

emission measurements (Cary Eclipse spectrophotometer) over the range of pH = 2-13

for air-equilibrated solutions. Stock solutions (II-5a (PF6)2, 5.1 x 1 0 M; II-5c (PF6)2,

6.1 x 1 0 M) were prepared in 100 mL of F120 containing 20% DMSO and 0.1 M KC1.

The addition of DMSO ensured complete dissolution of the complexes over the measured

pH range. The pH of the solution was initially adjusted by addition of 0.2 M NaOH(aq)

and subsequently lowered by carefui addition of HC1(aq) solution. The acid solution was

added such that the total volume change was negligibie, and the solutions were allowed

to equiiibrate for 5 min. prior to recording the UV-vis spectrum.
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2.10.3 Synthesis and Purification

Note: Single crystals of compound II-5a, suitable for structure determination by X-ray

diffraction, were grown upon vapour diffusion of isopropyl ether into an acetonitrile I

toluene solution of II-5a (PF6)2, wherein the titie compound crystaÏlized as II-5a

(BPh4)2.

2-(4-Carboxyphenyl)-4,6-di(2-pyridyl)triazine (Lc) In a typical preparation, KMnO4

(6.3 g, 40 mmol) is dissolved in H20 (250 ml) made basic to pH 14 with addition of

KOR. 2-(p-Tolyl)-4,6-di(2-pyridyl)triazine (1.0 g, 3.1 mmol) is then added and the

mixture heated to reflux for 16 h, afier which a 10% solution of Na2S2O3 is added until

coloration ceases to ensure removal of excess KMnO4. filtration over celite of the stiil

hot solution, followed by adjustment to pH = 5 with dropwise addition of HC1, forms a

colourless precipitate on standing ovemight that is collected by filtration and dried in

vacuo. Yield: 75 %. H NMR (400 MHz, d6-DMSO) ppm 7.73 (m, 2H), 8.15 (m, 2H),

8.23 (d, J = 8.6 Hz, 2H), 8.79 (d, J = 7.9 Hz, 2H), 8.83 (d, J = 8.6 Hz, 2H), 8.93 (d, J =

4.6 Hz, 2H). 13C (300 MHz, d6-DMSO) ppm 126.23, 128.24, 130.24, 131.21, 135.99,

138.84, 140.26, 151.54, 154.02, 168.15, 172.48, 172.62. ESI-MS: [M + H] cald. for

C20H14N502, 356.1 1475; found, 356.11437.

[(2-Phenyl-4,6-di(2-pyridyl)triazine)(4‘-(4-carboxyphenyl)tpy)Ru] (PF6)2 (II-5b) In a

typical preparation, (2-phenyl-4,6-di(2-pyidyl)triazine)RuC13 (0.20 g, 0.39 mrnol), 4’-(4-

carboxyphenyl)tpy (0.136 g, 0.39 mrnol), and AgNO3 (0.197 g, 1.16 mmol) are triturated

briefly in ethanol (60 mL), then refluxed under ambient conditions for 12 h. The crude

mix is filtered hot over celite to remove AgC1(s) and the solvent is removed by

distillation. The residue is dissolved in a 2:1 mix of CH3CN I H70 and eluted on silica

using 7:2 CH3CN / KNO3 (sat, aq) as eluent. The coflected fractions are combined in a

separatory funnel with addition of CH3CN, H20 and NH4PF6, followed by enough

CH2CI2 to effect phase separation. Afier removal of the aqueous phase, the process is

repeated again until no colouration of the aqueous phase persists, at which point the

organic layer is washed with two 100 mL portions of H20 The organic layer is then
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rernoved and dried, then dissolved in a minimal amount of CH3CN and precipitated in

1120 to remove excess NH4Pf6. The precipitate is removed by filtration and dried in

vacuo. Yield: 41 %. Rf = 0.37 (Si02 substrate, 7:2 CH3CN / KNO3 (sat, aq) as eluent).

Single crystals suitable for structure determination by X-ray diffraction were prepared by

vapour diffusion of isopropyl ether into an acetonitrile solution of II-5b (PF6)2 saturated

with ammonium tetraphenylborate, wherein the title compound crystallized as II-5b

(PF6)(BPh4). ‘H NMR (400 MHz, CD3CN) ppm 7.17 (rn, 2H), 7.45 (m, 2H), 7.50 (d, J

= 5.5 Hz, 2H), 7.67 (d, J = 5.4 Hz, 2H), 7.87 (m, 3H), 7.9$ (m, 2H), 8.15 (m, 2H), 8.33

(d, J = 8.4 Hz, 2H), 8.40 (d, J 8.4 Hz, 2H), 8.70 (d, J = 8.0 Hz, 2H), 9.10 (m, 6H). ESI

MS: [M]2 cald. for C41H28N802Ru, 383.06894; found, 383.06886.

[(2-(4-Carboxyphenyl)-4,6-di(2-pyridyl)triazine)(tpy)Ru](PF6)2 (II-5c) Prepared and

purified as for II-5b (PF6)2, using 2-(4-carboxyphenyl)-4,6-di(2-pyridyl)triazine (0.20 g,

0.56 mmol), (tpy)RuC13 (0.25 g, 0.56 mmol), and AgNO3 (0.29 g, 1.6$ mmol) in a 1:1

ethanol / H20 mix (60 mL). Yield: 36% (Rf= 0.35). ‘H NMR (400 MHz, CD3CN) ppm

7.15 (m, 2H), 7.45 (m, 2H), 7.47 (d, J = 5.6 Hz, 2H), 7.62 (d, J = 5.6 Hz, 2H), 7.96 (m,

2H), 8.17 (rn, 2H), 8.44 (d, J 8.5 Hz, 2H), 8.52 (t, J = 8.1 Hz, 1H), 8.54 (d, J = 7.2 Hz,

2H), 8.83 (d, J = 8.2 Hz, 2H), 9.13 (d, J = 8.0 Hz, 2H), 9.1$ (d, J = 8.5 Hz, 2H). ESI-MS:

[M]2 cald. for C3sH24N8O2Ru, 345.05328; found, 345.05267.

General Procedure for II-la-II-3a and II-lb-II-4b The product distribution and extent

ofreaction depends on the quantity ofthe carboxy complexes II-5a / 5b (Pf6)2 relative to

Rh2(OAc)4, in addition to reaction temperature and duration, and the rernoval of acetic

acid. In a typical preparation, II-5a (PF6)2 (0.175 g, 0.18 mmol)) and Rh2(OAc)4(CH3

011)2 (0.022 g, 0.043 mmol) are refluxed in acetonitrile (40 mL) for 5 days. During the

course ofthe reaction, the solvent was removed periodically (afier 24 h) and acetic acid

was removed by sublimation. After this time, the intensities of the hands corresponding

to the substitution products II-la-3a were deemed to be sufficiently intense, and the

reaction mix was concentrated and applied to a short plug of silica for elution under

pressure to separate excess II-5a. Adducts II-la-II-3a were collected as one band and

then converted to their PF6 saits as outlined above for II-5b (PF6)2. Afier filtration and
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washing with water on the frit, the material was re-dissolved in CH3CN and applied to a

silica colurnn using 7:1 CH3CN / KNO3(sat, aq) as eluent. The collected fractions are

converted to their respective PF6 saits as ouflined above. The organic layer is then dried

and the residue taken up in a minimal amount of CH3CN and added to a minimal amount

of H20 giving a precipitate which is then flltered and dried in vacuo, affording II-la

(PF6)2 (24 mg, Rf= 0.56), trans-II-2a (PF6)4 (28 mg, Rf= 0.45), cis-II-2a (PF6)4 (35 mg,

Rf = 0.43), II-3a (PF6)6 (39 mg, R- = 0.34), 11 mg of unreacted II-5a (PF6)2. Overali

yield=63%.

As above, but using II-5b (PF6)2 (0.20 g, 0.19 mmol) and Rh2(OAc)4(CH3OH)2 (0.016 g,

0.032 mmol), which afforded: II-lb (PF6)2 (30 mg, Rf= 0.5 1), cis/trans-II-2b (PF6)4 (15

mg, R,= 0.38), II-3b (PF6)6 (21 mg, Rf= 0.30) and II-4b (PF6)8 (19 mg, Rf= 0.20) along

with 95 mg of II-5b (Pf6)2. Overail yield = 69 %. Note: the cis / trans isorners of II-25

could not be resolved despite numerous efforts with various eluents and solid supports.

[(tpy)Ru(tpy-ph-C02)Rh2(O2CCH3)3](PF6)2 (II-la): ‘H NMR (400 MHz, CD3CN) 6

ppm 7.17 (rn, 4H), 7.36 (d, J = 5.1 Hz, 2H), 7.41 (d, J = 5.2 Hz, 2H), 7.95 (m, 4H), 8.21

(s, 4H), 8.43 (t, J 8.2 Hz, 1H), 8.50 (d, J = 8.0 Hz, 2H), 8.65 (d, J 8.0 Hz, 2H), 8.76

(d, J 8.2 Hz, 2H), 9.00 (s, 2H), 1.82 (s, 3H), 1.86 (s, 6H). % Cald. for

C43H38N6O8RuRh2P2f,22 F120: C (36.90), H (3.02), N (6.00). % found: C (36.36), H

(3.20), N (5.92). ESI-MS: [M(3F4)] cald. for C43H34N6O8BF4RuRh2, 1156.96; found,

1155.00. [M]2 cald. for C43H34N6O8RuRh2, 534.98; found, 534.22.

I(tpy)Ru(tpy-ph-C02)2Rh2(O2CCH3)21(PF6)4 (trans-II-2a): ‘H NMR (400 MHz,

CD3CN) 6 ppm 7.18 (m, 8H), 7.37 (U, J = 5.2 Hz, 4H), 7.42 (d, J = 5.1 Hz, 4H), 7.95 (m,

8H), 8.26 (m, 8H), 8.43 (t, J = 8.2 Hz, 2H), 8.51 (d, J = 8.0 Hz, 4H), 8.66 (d, J = 8.0 Hz,

4H), 8.77 (d, J = 8.2 Hz, 4H), 9.02 (s, 4H), 1.85 (s, 6H). % Cald. for

C78H60N,2O8Ru2Rh2P4F243 1-120: C(40.12), H (2.85), N (7.20). % Found: C (40.09), H

(2.97), N (7.17). ESI-MS: [M(BF4)3] cald. for C78H56N,208B3f,2Ru2Rh2, 1959.06;

found, 1956.8 1. [M(BF4)2]2 cald. for C78H56N,208B2f8Ru2Rh2, 936.03; found, 934.08.

Single crystals suitable for structure determination by X-ray diffraction were grown upon

diffusion of isopropyl ether into an acetonitrile solution of trans-II-2a (8F4)4 saturated
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with ammonium tetraphenylborate, wherein the titie compound crystallized as the (bis)

acetonitrile adduct trans-II-2a (CH3CN)2(BPh4)2(BF4)2.

[(tpy)Ru(tpy-ph-C02)2Rh2(02CC113)2J (Pf6)4 (cis-II-2a): ‘H NMR (400 MHz, CD3CN)

pprn 7.15 (rn, 8H), 7.35 (U, J 5.3 Hz, 4H), 7.39 (U, J = 5.5 Hz, 4H), 7.92 (m, 8H), 8.23

(m, 8H), 8.42 (t, J = 8.2 Hz, 2H), 8.49 (U, J = 8.0 Hz, 4H), 8.63 (d, J = 8.2 Hz, 4H), 8.75

(d, J 8.2 Hz, 4H), 8.98 (s, 4H), 1.88 (s, 6H). % Cald. for C78H60N,2O8Ru2Rh2P4F242

H20: C (40.43), H (2.78), N (7.25). % Found: C (40.51), H (2.80), N (7.22). E$I-MS:

[M(BF4)3] cald. for C78H56N, 208B3f ,2Ru2Rh2, 1959.06; found, 1955.13. [M(BF4)2]2

caïd. for C78H56N,2O8B2F8Ru2Rh2, 936.03; found, 934.28.

[(tpy)Ru(tpy-ph-C02)3Rh2(O2CCH3)I (PF6)6 (II-3a): ‘H NMR (400 MHz, CD3CN)

ppm 7.17 (m, 12H), 7.35 (m, 6H), 7.41 (m, 6H), 7.93 (m, 12H), 8.27 (m. 12H), 8.43 (m,

3H), 8.49 (m, 6H), 8.65 (m, 6H), 8.75 (m, 6H), 8.97 (s, 2H), 9.01 (s, 4H), 1.92 (s, 3H). %

Caïd. for C,,3H82N,8O8Ru3Rh2P6F363 H20: C (41.72), H (2.73), N (7.75). % Found: C

(41.77), H (2.81), N (7.70). ESI-MS: [M(BF4)3]3 cald. for C,,3H78N,808B3F,2Ru3Rh2,

862.39; found, 861.74. [M(Bf4)2]41 cald. for C,,3H78N,8O8B2F8Ru3Rh2, 625.04; found,

624.26.

I(2-phenyl-4,6-di(2-pyidyl)triazfne)Ru(tpy-ph-C02)Rh2(O2CCH3)31 (PF6)2 (II-lb): ‘H

NMR (400 MHz), CD3CN) ppm 7.16 (m, 2H), 7.44 (m, 2H), 7.49 (U, J = 5.4 Hz, 2H),

7.66 (U, J 5.3 Hz, 2H), 7.86 (m, 3H), 7.98 (m, 2H), 8.14 (m, 2H), 8.23 (s, 4H), 8.69 (U,

J = 8.1 Hz, 2H), 9.06 (s, 2H), 9.10 (m, 4H), 1.83 (s, 6H), 1.86 (s, 3H). E$I-MS:

[M(PF6)f’ cald. for C47H36N8O8PF6RuRh2, 1292.94; found, 1292.49. [M]2 caïd. for

C47H36N8O8RuRh2, 573.99; found, 574.17.

[(2-phenyl-4,6-di(2-pyidyl)triazine)Ru(tpy-ph-C02)2Rh2(02CC113)2] (PF6)4 (cis/trans

II-2b): ‘H NMR (400 MHz, CD3CN) pprn 7.14 (m, 4H), 7.41 (m, 4H), 7.48 (m, 4H),

7.64 (m, 4H), 7.86 (rn, 6H), 7.96 (m, 4H), 8.13 (m, 4H), 8.26 (rn, 8H), 8.68 (m, 4H), 9.04

(s, 4H), 9.10 (m, 4H), 1.85 (s, trans-CH3COO), 1.89 (s, cis-CH3COO). ESI-MS:
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[M(Pf6)3] cald. for C86H60N, 608P3f 8Ru2Rh2, 228$ .99; found, 228$ .61. [M(PF6)2J2

cald. for C86H60N,608P2f,2RuRh2, 1072.01; found, 1071.71.

[(2-pheny1-4,6-di(2-pyidy1)triazine)Ru(tpy-ph-CO2)3Rh2(O2CCH3)(PF6)6 (II-3h): ‘H

NMR (400 MHz), CD3CN) pprn 7.14 (m, 6H), 7.42 (m, 6H), 7.4$ (m, 6H), 7.64 (m,

6H), 7.25 (rn, 9H), 7.96 (rn, 6H), 8.12 (m, 6H), 8.29 (m, 12H), 8.67 (m, 6H), 9.02 (s, 2H),

9.06 (s, 4H), 9.09 (m, 12H), 1.92 (s, 3H). ESI-MS: [M(PF6)4]2 cald. for

C,25H84N24O8P4F24Ru3Rh2, 1570.04; found, 1569.26. {M(PF6)3]3 cald. for

C,25H84N2408P3f, gRu3Rh2, 998.37; found, 997.83.

(2-pheny1-4,6-di(2-pyidy1)triazine)Ru(tpy-ph-CO2)4Rh2J (Pf6)8 (II-4h): ‘H NMR (400

MHz, CD3CN) ppm 7.13 (m, 8H), 7.40 (m, 8H), 7.48 (d, J = 5.5 Hz, 8H), 7.64 (d, J =

5.4 Hz, 8H), 7.85 (m, 12H), 7.96 (m, 8H), 8.12 (m, 8H), 8.2$ (d, J = 8.5 Hz, 8H), 8.36 (d,

J = 8.5 Hz, 8H), 8.68 (d, J = 8.3 Hz, 8H), 9.05 (s, 8H), 9.08 (m, 16H). ESI-MS:

[M(Pf6)6]2 caïd. for C,64H,08N32O8P6F36Ru4Rh2, 2068.06; found, 2068.66. [M(Pf6)5]3

caïd. for C64H0$N37O$P5F30Ru4Rh2, 1330.39; found, 1330.36.

j(tpy)Ru(2-(4-carboxyphenyl)4,6-di(2-pyridyl)triazine)Rh2(O2CCH3)3] (PF6)2 (II-1 c):

Preparation and purification followed as described previously for II-la-3a and II-lh-4b,

but with some notable exceptions. In a typical preparation, lI-ic (PF6)2 (0.115 g, 0.12

mmol) and Rh2(OAc)4(CH3OH)2 (0.015 g, 0.03 mmol) are refluxed in CH3CN (25 mL)

for 7 days with periodic removal of solvent and acetic acid, giving a range of products

analogous to the series II-la-3a but heavily favouring the mononuclear adduct.. Yield:

0.040 g with 0.050 g of II-5c (PF6)2 recovered. Overali yield = 57 %. R = 0.30. ‘H

NMR (400 MHz, CD3CN) pprn 7.13 (m, 2H), 7.44 (m, 2H), 7.47 (d, J = 5.3 Hz, 2H),

7.62 (d, J = 5.3 Hz, 2H), 7.95 (m, 2H), 8.16 (rn, 2H), 8.28 (d, J = 8.4, 2H), 8.52 (t, J = 8.2

Hz, 1H), 8.57 (d, J = 8.1 Hz, 2H), 8.86 (d, J = 8.2 Hz, 2H), 9.06 (d, J 8.4 Hz, 2H), 9.10

(d, J 8.0 Hz, 2H), 1.84 (s, 6H), 1.88 (s, 3H). E$I-MS: [M(PF6)] caïd. for

C4,H32N5O8PF6RuRh2, 1216.91; found, 1217.11. (Mj2 cald. for C4,H32N8O8RuRh2,

535.98; found, 536.19.
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Chapter 3: A Novel Series of Linear Dicarboxylate “Ligands”

Based on the Ru(tpy)22 Motif: Asymmetric and

Symmetric Rh2(II,II)-Capped Complexes and an

Unexpected Porous Structure

3.1 Introduction

Polytopic carboxylic acids, and their anionic counterparts, are heavily valued in

the dornain of supramolecular chemistry owing to their amenability toward formation of

both discrete and extended coordination-based structures with promising applications.” 2

Within this reaim, supramolecular architectures based upon the classical paddlewheel

motif exhibited by metal-dimer complexes pioneered by Cotton and co-workers have

emerged as a valued building-block from which to design such frameworks.3 From an

architectural perspective, this is evident since the motif is highly symmetric and rigid.

However, such an approach is also well-suited for the design of fiinctional

supramolecular materials since most transition metals have been found to adopt such a

dimeric motif, and thus a wide range of electronic and magnetic properties are accessible

for exploitation.4

With respect to these points, we have demonstrated the utility of the dimetal

paddlewheel motif of dirhodium(II,II) tetraacetate toward generation of polynuclear

ruthenium(II) bis-terpyridyl systems wherein the ruthenium(IT) complexes have been

equipped with peripheral carboxylic acid functionality to allow for conventional ligand

displacement on the dirhodium core.5 These systems are structurally well-defined and

sufficiently robust, attributable to the inherent kinetic inertness of dirhodium(II,TT)

carboxylates. Moreover, we have demonstrated efficient energy transfer to the non

emissive state of the dirhodium(II,II) unit that may 5e attenuated by modification of the

emissive state of the appended ruthenium(II) complex.6 In this respect, the dimeric unit

may act as an energy reservoir and thus serve dual structural and functional roles, the

latter of which is underscored by the recent elucidation of the emissive and non-emissive

states ofrelated dimeric units.7
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Bu-t

Figure 3d. Series ofdicarboxylate Ru(TI) complexes and their methyl ester precursors.

As an extension of this work, we have prepared a series of homoleptic,

dicarboxylïc acid fiinctionalized (tpy)2Ru2 complexes (Figure 3.1) suitable for binding

dimetal units in a linear fashion. Sucli “dimer of dimer” complexes have been heavily

investigated by Chishoim and Cotton, particularly in the context of the relatively

kineti cally labile dimolybdenum(II,II) tetracarboxylate and ditungsten(II,I1)

tetracarboxylate motifs, owing to their ideal nature for studying electronic coupling and

mixed-valency.8 To our knowledge, no examples of such complexes have been reported

utilizing a cationic bridging ligand, nor have non-symmetric complexes bearing just one

dimetal unit connected the bridge. Herein we show how utilizing the former can yield

surprising reaction control to give both symmetric and non-symmetric dimetal-bridging

systems by means typically unsuited to the formation of discrete structures using

dicarboxylates. Moreover, to counter the high degree of insolubility of such dicarboxylic

acid complexes, an expedient synthetic protocol for installation of solubilizing t-butyl

groups at the 4,4”-pyridyls ofthe terpyridine ligand is described.

The synthesis of bridged dimeric complexes of the form M2-bridge-M2 (where M

= Mo or W) is most commonly accomplished by stirring the M2(O2CR)4 precursor (where

R is commonly tBu) with the HO2C-R’-CO2H bridge in a non-coordinating solvent in the

absence ofoxygen, during which time the desired M2-bridge-M2 species precipitates from

solution (Eqn. 3.1). Considering that this reaction is in equilibrium, one can either

OR

)R

t-Bi

III-la (PF6)2, R = -CH3 III-2a (PF6)2, R = -CH3 III-3a (PF6)2, R = -CH3 III-4 (PF6)2
III-lb (PF6)2, R = H III-2b (PF6)2, R H III-3b (PF6)2, R = H
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remove acetic acid or precipitate the product to arrive at acceptable yieids. Given the

sensitivity of the dimeric materials, one must rely on precipitating the M2-bridge-M2

species, and so solvent selection (and aise bridge selection) is critical. In addition, Mo2

and W2 dimeric units readily undergo ligand dispiacement I scrambling of their

carboxyiates and,9 considering the possibility for cis / ti-ans substitution, uncontrolled

poiymer/oligorner formation may proceed)° Thus, the reaction is typicaiiy performed at

room temperature and requires a considerable arnount of time (- 1 week). Moreover,

once isolated, the M2-bridge-M2 species must be handied with care, considering its

oxygen sensitivity and its susceptibility to ligand scrambiing and disproportionation.

toluene

2 M2(O2CR)4 + HO2C-R-CO2H - (O2CR)3M2(02C-R-C02)M2(O2CR)3 + 2 HO2CR
rt.

Equation 3.1. ‘One-pot’ dimer-bridge-dimer formation from a dicarboxylic acid.

Considering that amidinates are relatively more basic than carboxyiates and are

not subject te ligand scrambling, Cotton and co-workers have prepared mixed dimeric
n-i-li 12units of the forms [M2(am)4(CH3CN)20] , [M2(am)4n(X2n)], and M2(am)4(O2CR)

(am = amidinate, X = monodentate anion).13 Such building blocks have enabled the

controlled synthesis of various robust supramolecuiar architectures,3’ 14 including M2-

bridge-M2 species,’5 without the deleterious production of oligomeric species. Here,

monodentate soivent or anionic equatorial ligands are selectively displaced during

metathesis reactions with suitable dicarboxyiate salts (Eqn. 3.2), or labile carboxylates

are displaced in a manner akin te Eqn. 3.1, but at elevated temperature and with reduced

reaction times.

2 [M2(am)3(CH3CN)2JfBF4) + [tBuN][OCRCOJ
- (am)3M2(02C-R-C02)M2(am)3

+ 2 [tBuNI(BF) + 4 CHCN

Equation 3.2. Dimer-bridge-dimer formation by metathesis with a dicarboxylate sait.

However, the cationic dicarboxylic acid ligands III-2b and III-3b, III-4 are net

amenable te the metathesis procedures mentioned above for two main reasons. The first

is the inability te cleanly prepare suitable dicarboxylate saits owing te the presence of
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requisite counter-anions associated with the ruthenium(II) complex. The second reason

stems from electrostatic considerations in that cationic precursors of the form [M2(am)4

(CH3CN)2] have proven to be essentially non-reactive to carboxy-functionalized

cationic ruthenium(II) complexes. Such non-reactivity is consistent with observations

made previously regarding appendage of related complexes to Rh2(O2CCF3)4.6 In this

regard, precursors of the form M2(am)4(O2CR) are likely more suited as building

blocks for polynuclear arrays based upon ruthenium(II) polypyridyls since the presence

ofamidinates may serve to buffer such electrostatic effects.

3.2 Synthesis and Characterization of Diacid Precursor Complexes (refer to page

XVIII of Appendix 3 for X-ray data and parameters for complex III-lb (PF6))

Though the dimethyl ester precursors III-la-II-3a (PF6)2 could be prepared in

modest to high yield upon reflux of the appropriate methylcarboxy-tpy ligand with 0.5

eq. of RuC13 and 3 eq. of AgNO3, the high degree of insolubility of the related

dicarboxylic acids III-Ib-III-3b (PF6)2 precludes their direct formation by complexation

of the carboxy-tpy Iigands. However, solubility of III-lb (PF6)2 was sufficient to grow

single crystals suitable for structure determination by X-ray diffraction. The ratio of

counter-anions to ruthenium(II) complex is 1:1 and denotes a formaI de-protonation. The

molecular structure is depicted below in Figure 3.2, along with selected bond lengths and

angles. Partial packing diagrams are shown below in Figures 3.3 and 3.4, wherein an

inversion center relates oppositely propagating polymeric chains based upon a hydrogen

bonding interaction. Reasonably close association of the pendant pyridyl rings with the

phenyl spacer of adjacent molecules suggests potential “face-to-face” (3.5-3.7 Â) and

“edge-to-face” (3.0 À) 7t-Zt interactions that may play a role in the intimate packing

(Figure 3.2, b) reminiscent of the “tpy embrace” noted for other M(tpy)22 type

complexes.’6
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0120

-J

Selected Bond Angles (°)

C110-C111-C119-C124 -35.5(8)

C210-C211-C219-C220 -9.1(7)

N18-Ru-N21 102.11(14)

79.11(13)

Selected Bond Distances (À)
0127-C 1.229(6), 0126-C 1.277(6)

0227-C 1.222(6), 0226-C 1.299(6)

N18-Ru 1.978(3)

N21-Ru 2.077(3)

Hydrogen Bondmg

HA(À)

1.68

1.69

D-H”A(°)

166.6

161.7

Figure 3.2 ORTEP of III-lb (PF6) (asymmetric unit). Carboxyl proton is disordered over

0226 and 0126. Thermal ellipsoids at 50 % probability. Aromatic hydrogen atoms are

omitted for clarity. Oppositely propagating chain (related through inversion) defined by i,

D-H”A

0126—H12602261

0226-H226°,26

D-H (À)

0.83

0.83

D”A(À)

2.491(4)

2.491(4)

11.

A B

Figure 3.3. A: Partial packing diagram for complex III-lb (PF6). B: End-on view

exhibiting “tpy embrace”. Counter-anions have been omitted for clarity.
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Figure 3.4 Simplified representation of hydrogen-bonding network in III-lb (PF6)

depicting intra ( 7.1 Â) and inter-unit ceil Q- 3.7 Â) relationships. Green aromatic rings

denote possible “face-to-face” 7t interactions while red aromatic rings denote possible

“edge-to-face” interactions with a perpendicular “green” neighbor. Protons and counter

ions are omitted for clarity.

With the exception of complex III-3b (PF6)2, insolubility of the diacid complexes

outlined in figure 3.1 precluded their characterization by 1H NMR. However, their

corresponding dimethyl ester analogues are abundantly soluble and hence amenable to

such characterization. Two ofthese spectra are depicted below in figures 3.5 and 3.6.

3.3 Synthesis and Characterization of Mono- and Bis-Rh2(II,II) Appended

Complexes (refer to page XXV of Appendix 3 for X-ray data and parameters for

complex III-5b (CH3CN)4(PF6)2)

Using a mix of either DMf / H20 or CH3CN / F120 provided sufficient solubility

of these dicarboxylic acids to permit appendage of dirhodium(II,II) units at elevated

temperatures and with reasonable reaction durations (Scheme 3.3) to give the symmetric

and asymmetric dimer-capped complexes shown in figure 3.7, aIl of which are

sufficiently stable for column purification on silica gel.
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Figure 3.5 ‘H NMR spectrum of complex
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Figure 3.6 ‘H NMR spectrum ofcomplex III-3b (PF6)2 in CD3CN (aromatic region).
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III-5b (PF6)2

Figure 3.7. Series ofRh2-appended dicarboxylate complexes.

‘H NMR ofthese symrnetrically and asymmetrically Rh2-appended complexes are

shown in figures 3.8-3.13. These spectra provide unambiguous assignment of their

identity and degree of substitution, which is aided in particular by relative integration of

the acetate resonances located between Ï-2 ppm.

III-5a (PF6)2 (44%)
III-lb (PF6)2 6:1 DMFIH2Oa III-5b (PF6)2 (28%)
III-2b (PF6)2 + 2 Rh2(0200H3)4(CH3QH)2 III-6a (PF6)2 (39%)
III-3b (P F6)2 CH3CN b III-6b (PF6)2 (26%)

III-7 (PF6)2 (56%)c

Equation 3.3 Synthesis of Rh2-appended dicarboxylate complexes. ta) 100°C for 24 h,

used for complexes III-5a (PF6)2, III-5b (PF6)2 and III-6a (PF6)2, III-6b (PF6)2. (b) At

reflux temperature for 40 h, used for complex III-7 (PF6)2. (e) For which $ equivalents

Rh2(O2CCH3)4(CH3OH)2 were used. Yields are based on recovered diacid complexes.

oo
• oIo

Rh—Rh

o’

III-5a fPF6)2

o

III.6a (PF6)2 1114b (PF6)2 III-7 (PF6)2
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Figure 3.8 ‘H NMR spectrum ofIII-5a (PF6)2 in CD3CN (aromatic region).
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Figure 3.10 1H NMR spectrum of III-5b (PF6)2 in CD3CN (aromatic region). Methyl

resonances at 1.86 ppm (6 H) and 1.82 ppm (12 H) flot shown.
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Coordination of the dimer leads to pronounced electronic effects, as evidenced by

the asymmetry of the spectra for the partially substituted species III-5a (PF6)2. Here, the

resonances ofthe 3’, 5’ protons ofthe central pyridyl ring and those of the phenyl group

(between 9.10-8.90 ppm and 8.50-8.10 ppm, respectively) are split, with components

stemming from proximity to the dirhodium(II,II) unit being located downfield by 0.1

ppm relative to those of the non-coordinated carboxy group, indicating an electron

releasing effect by the dimer. Moreover, the phenyl doublets occur as a characteristic

‘doublet of doublets’ at 8.35 ppm for an uncoordinated rnoiety but are merged into a

single peak at 8.20 ppm upon complexation to the dimer. As expected, the spectra of the

symmetric species III-5b (PF6)2 is relatively simplified.

Complexes III-5h and III-6a could be crystallized as their PF6 salts from

acetonitrile / toluene solutions upon vapour diffusion of isopropylether. However, single

crystals of suitable quality could only be obtained for complex III-5h (PF6)2, the

structure of which is depicted below as the acetonitrile adduct (Figure 3.14) wherein the

molecular unit lies on a mirror plane.

Figure 3.14 X-ray crystal structure of complex III-5h (CH3CN)4(PF6)2 with thermal

ellipsoids at 50 % probability. Solvent and counter-ions have been omitted for clarity.

Bond lengths and angles related to the (tpy)2Ru2 fragment are, as expected,

essentially unchanged relative to that for the precursor diacid complex discussed in

Section 3.2. The absence of an inversion center gives two unique Rh2 units, each of

which dispÏays a paddlewheel motif typical of other Rh2(O2CR)4 complexes.4 In addition,

two unique tpy-phenyl torsion angles exist, corresponding to 28.3 (4) ° and 33.5 (3) 0

ruthenium I nitrogen
I rhodium oxygen
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The Rh-Rh bond lengths are 2.3933 (9) Â and 2.3913 (9) Â, while the RhN(axjal) bond

distances to ligated CH3CN are, respectively, 2.231(6) À and 2.233 (7) À.
It was noted in Chaptcr 2 that there existed a significant difference in the Rh-O

bond lengths associated with the acetates and the carboxy-appended Ru(II) complex, such

that the former was significantly shortened ( 0.1 À) relative to values typically reported

for similar complexes. The origin ofthis was ascribed to electrostatic effects, wherein the

acetates are drawn doser to the dimetal core to help buffer electrostatic repulsion

between the cationic Rh24 core and the (tpy)2Ru2 moiety. In this case, the Rh-O bond

lengths are relatively uniforni considering that variations on the order of 0.01 À have

been attributed to packing effects. The Rh-O bond distances to the bridging Ru(II)

complex are, for each unique dimetal unit, 2.036 (3) À and 2.023 (3) Â. The RhOacetate

bond distances range from 2.034 (4) - 2.042 (3) À in the former case, and from 2.009 (4)-

2.027 (5) À in the latter. This should not discount the aforementioned explanation,

considering that the formai overali charge here in compiex III-5b (PF6)2 is oniy half that

of complex II-3aQrans) (PF6)4. As such, any real variation may be lost in the

consequence of such packing effects.

3.4 Electrochemistry

It bas been ascertained that the principal bonding interactions responsible for

electronic coupling in such dimer-bridge-dimer complexes involve the M2 and bridge it

molecular orbitals.’7 Since the M2 -orbita1 is also the HOMO for quadruply-bonded

metal-dimer species, it is involved in electrochemical oxidation and reduction processes.

As such, inter-dimer electronic coupling in symmetric systems based upon

dimolybdenum(II,II) and ditungsten( 11,11) are ideaily suited to electrochemical

assessment. With regard to dirhodium(II,II) systems, the M2—based HOMO is of doubiy

degenerate it symmetry which, along with their kinetic resilience to ligand scrambling

and affinity for axial ligation, highlights their primarily structural role with regard to

polynuclear dimer-based systems.3e’ 14a,b,d Here, electrochemical investigation using

cyclic and square-wave voltammetry provides additional confirmation as to the

composition of these complexes since the appended Ru(II) bis-terpyridyl complex

undergoes a characteristic reversible / quasi-reversible Ru3 / 2+ process in the vicinity of

the Rh25 / couple (sec Figures 3.15-3.19). Ail electrochemicai data for both the
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precursor and dimer-appended complexes is summarized in Table 3.1. WhiÏe the Ru3’ 2±

and Rh25 couples were flot resolved for the mixed-metal complexes III-5a (PF6)2 and

III-5b (PF6)2, they were for the analogous triazine complexes III-6a (PF6)2 and III-6b

(PF6)2, as well as for complex III-7 (PF6)2. The parentage of the metal-centered

processes in these mixed-metal complexes is made based on similarity to those for the

parent homometallic complexes and based on their relative integration for reversible one

electron processes (Table 3.1). In some cases, additional irreversible reduction processes

in the range of -0.5 to -1.0 V appear (see Figures 3.15, 3.16, 3.19). These may be due to

trace impurities adsorbed onto the electrode surface, but are more likeÏy due to the

presence of water and / or the emergence of the characteristically irreversible Rh2413

couple.

The mthenium(II) complexes incorporating a triazine moiety are electron

deficient relative to their purely tpy-based analogues, resulting in a somewhat reduced

ligand field and an anodically displaced Ru3 / 2+ couple.18 This is valuable in helping to

resolve the metal-centered processes (Figures 3.17 and 3.18). In addition, the first one

electron triazine-based reduction at -0.7 V (vs SCE) is well resolved into two processes

in the homoleptic complex III-2b (PF6)2 (AE = 170 mV), indicating significant

stabilization of a reductive intermediate, the electronic-coupling contribution of which is

very likely supported by co-planarity induced through hydrogen-bonding between the

nitrogen lone-pairs of the triazine moiety and the 2,6 protons of the phenyl ring.’8 Such

spiitting is also evident for complex III-6b (PF6)2 ((AE = 190 mV), and suggests that

such a bridging unit may provide for efficient electronic coupling between termini despite

a tip-to-tip distance of - 22 Â.’9 This is additionally significant considering the scarcity

of such long-range coupling found in the literature.2° Lastly, the chemical reversibility of

the metal-centered processes for the mixed-metal complexes is indicative of their

integrity in general. However, it should be noted that complex III-5h (PF6)2 did exhibit a

degree of chemical irreversibility upon repeated cycling of the metal-centered processes

such that a shoulder becarne increasingly apparent on the retum anodic sweep (Figure

3.16). The origin is uncertain but may be due to decomposition at oxidation potentials at

or exceeding that for the Ru3 / 2+ couple, considering that variation of the magnitude of

the cathodic switching potential had no effect. Complexes III-6h (Pf6)2 and III-7 (PF6)2,

however, did not exhibit such behaviour.
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V vs SCE

Figure 3.15 Cyclic voltammogram (lefi) and Square-wave voltammogram (right) of

complex II1-5a (PF6)2 at 100 rnVs’.

V vs SC E

Figure 3.16 Cyclic voltammogram (lefi) and square wave voltammogram (right) of

complex II1-5b (PF6)2 at 100 mVs1 with cycled decomposition shown as inset.

20 15 10 &5 -0.5 -1.0 -1.5 -2.0 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

Vvs SCE

1 50 1 25 1 00 075 050

2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

V vs SC E
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7 I.I.I,r.I’II.r, I

2.0 1.5 1.D 0.5 0.0 -0.5 -1.0 -1.5 -2.0 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

VvsSCE VvsSCE

Figure 3.17 Cyclic voltammogram (lefi) and square wave voltammogram (right) of

complex III-6a (PF6)2 at 100 mVs’.

2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

VvsSCE VvsSCE

Fïgure 3.18 Cyclic voltammogram (left) and square wave voltammogram (right) of

complex III-6b (PF6)2 at 100 mVs1.

I IIlI’II’II’ I

2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -ZO 2.0 1.5 1.0 0.5 0.0 -0,5 -1.0 -1.5 -2.0

VvsSCE VvsSCE

Figure 3.19 Cyclic voltammogram (left) and square wave voltammogram (right) of

complex III-7 (PF6)2 at 100 mVs*
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Table 3.1 Electrochemical Data.

Potential [V] vs SCE. AE (mV)a
Cpd

Ru3’2 l/ Ligand Red.

III-la 1.22 (90) - -1.27 (70) -1.51 (90) -1.70 (80) -

III-2a 1.56 ($0) - -0.6$ (60) -0.85 (60) -1.47 (80) -1.70 (80)

III-3a 1.42 (70) - -0.99 (60) -1.25 (60) - -

III-3b 1.40 ($0) - -1.37 (60) -1.61 ($0) - -

III-4 1.22 (70) - -1.25 (60) -1.45 (in-) -1.52 (70) -

III-5a 1.26 (130) - -1.24 (in-) -1.46 (in-) -1.60 (in-) -

III-5b 1.22 (110)’ - -1.1$ (in-) -1.35 (in-) -1.63 (in-) -

III-6a 1.60 (60) 1.26 (90) 1.8 -0.69 (in-) -0.89 (in-) -1.52 (in-) -

III-6b 1.58 (70) 1.23 (120) 0.5 -0.70 (in-) -0.89 (in-) -1.59 (in-) -1.84 (in-)

III-7 1.42 (70) 1.28 (70) 0.5 -1.09 (in-) -1.36 (in-) -1.63 (in-) -

a) Cyclic voltammogram scan rate is 100 mV E112 Y2 (Epa + where Epa and

are the anodic and cathodic peak potential, respectively. AE = Epa —
Reported values

for in-eversible processes, labeled in-, are peak potentials taken from the corresponding

square-wave voltammograms. Potentials are con-ected by internai reference to fen-ocene

(395 mV vs SCE). Data was recorded in 0.1 M TBAPF6 / CH3CN solution.

b) In-eversible shoulder observed in cathodic scan direction at 1.25 V for single scan.

c) Ru312 / Rh25’4 current ratios determined by relative integration of current responses

observed in their respective square-wave voltammograms.
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3.5 Electronic Absorption

The electronic absorption data is summarized in Table 3.2 below. The

distinguishing absorption features nonnally associated with Rh2(OAc)4 21 are two bands

in the visible at 552 nm and 437 nm in CH3CN, both of which are quite weak ( = 235

and 112 M’cm’, respectively) and have been assigned to lt*(Rh2) _÷*(Rh2) and it (Rh

O) — a*(RhO) transitions, respectively. Relatively more intense bands can be found at

250 tm-i ( 6000 M1cm’) and 220 nm ( 18000 M1cm’), the former of which has flot

been assigned while the latter has been attributed to a o(Rh2) _*(Rh2) transition. As

such, the absorption characteristics and profiles of these adducts are dominated by the

appended ruthenium complex, resembling strongly the absorption spectra of other

ruthenium(II) polypyridyl complexes.22 A spin-allowed metal-to-ligand charge transfer

(MLCT) band, assigned as a Ru(II)-to-tpy transition, is found in the visible region at

—490 nm for those complexes derived from tpy and at 500 nm for those derived from

the triazine analogue. The UV region is dominated by ligand centered (LC) transitions of

7t
>

and n—* parentage, stemming from the tridentate ligand coordinated to Ru(II).

The rutheniurn(I1) complexes incorporating dirhodium(II) acetate units show no

significant shifis in band maxima relative to the methylcarboxy ruthenium(II) complexes

from which they derive. However, a marked change in the intensity ofthese transitions is

noted upon incorporation of the dimetal units which is well beyond that arrived at from

summation of contributions from the individual components. This is attributable, in part,

to changes in the spectral envelope for certain transitions upon complexation to the

dimer. This is apparent when comparing the MLCT hands of complexes III-la (PF6)2

and III-5b (PF6)2, for which incorporation of the dimer has significantly sharpened the

MLCT profile (Figure 3.20). However, the spectral profiles of complexes II1-5a (PF6)2

and III-5b (PF6)2 are quite similar, as are those of III-6a (PF6)2 and III-6b (PF6)2

relative to the related complex III-2a (PF6)2. As such, marked changes in intensity are

interpreted as reflecting, to sorne degree, electronic mixing between the dimeric units and

the bridging complex ligand. This is particularly noted uppn comparing complexes III-5a

(PF6)2 and III-5b (PF6)2, where incorporation of a second dimetal unit leads to an

increase in absorption for both MLCT and ligand-centered transitions by — 7000 and

15000 M’cm’, respectively (Table 3.2).
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Figure 3.20 Absorption spectra of complexes III-la (PF6)2 (black trace) and III-5b

(PF6)2 (red trace).

Table 3.2 Electronic Absorption a

‘MLCT

Complex max (nm) LC transitions max (nm), (W1cm1)

(M1cmj

III-la 492(13300) 336sh(l5600) - 272 (31300) -

III-2a 500 (14600) - - 270 (37600) -

III-3a 489(12400) 336sh(l6i00) 306(20900) 272(31700) -

1114 494(14400) 332sh(21300) 309(27400) 280 (39200) -

III-5a 492 (14300) 331sh (23600) 307 (34600) 285 (35200) 278sh (33000)

III5b 492 (21200) 330sh (36800) 308 (51300) 285 (51000) 27$sh (48600)

III-6a 504 (12900) 325sh (17500) - 280 (41600) -

III6b 504 (15200) 325sh (24400) 280 (44600) -

1117 492 (14000) 333sh (19500) 317 (28300) 280sh (26600) 274 (30100)

E
C.,

20000

o
400 600

a Ail spectra recorded in air-equilibrated acetonitrile solutions.
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3.6 Synthesis and Characterïzation of 4’-(4-carboxyphenyl)-4,4”-di-(tert-butyl) tpy

and the Corresponding Homoleptic Complex III-4 (Pf6)2 (refer to page XXXV of

Appendix 3 for X-ray data and parameters for complex III-4 (PF6)1.5)

The general insolubility of the precursor diacid complexes prompted us to

investigate the installation of solubilizing functionality in the 4,4” positions of the

peripheral pyridyl rings. Symmetrically substituted 4,4’,4”-trialkyl terpyridines have

been valued for their noted electron donating effect upon formation of their complexes

and for their accessibility to other functionalities.23’ 24 Such ligands have typically been

prepared upon reflux of the appropriate 4-aikyl pyridine over activated Pd(O) with non-

trivial purification owing to formation of higher-order polypyridines.25 The synthesis of

symmetrically and asymmetrically 4,4’ ‘-disubstituted terpyridines is inherently more

complicated.26 Recent reports to this end have relied on modified Krobnke synthesis to

selectively produce such ligands.27’ 28 However, these syntheses are multi-step and time

consuming relative to the “one-pot” protocols normally followed to produce 4’-aryl-tpy

ligands using two equivalents of 2-acetyl pyridine and one equivalent of the aromatic

aldehyde in basic alcoholic media. Thus, we opted to synthesize 2-acetyl-4-tert-

butylpyridine in an expedient fashion. This has previously been accomplished via a

tedious tbree-step synthesis starting from 4-tert-butylpyridine,29 requiring the preparation

of 2-cyano-4-tert-butylpyridine from the N-oxide precursor.3° Instead, the in situ

generation of aikyl radicals by silver(I) catalyzed de-carboxylation of the corresponding

carboxylic acid provides a rapid “one-pot” route to 2-and 4-alkylated pyridines.31 While

this method lias been used with success for acetylation of 4-substituted pyridine,2sa C the

presence of a deactivating tert-butyÏ group in the 4 position lcd us to take the inverse

approach wherein 2-acetylpyridine was alkylated using pivalic acid (Scheme 3.1).

AgNO3, 10% H2SQ4(aq)

(CH3)3C-CO2H, -CC2

27 %

Scheme 3.1 Synthesis of 4-tert-butyl-2-acetylpyridine. Yield obtained after

chromatographic purification.

C



100

The relatively low yield of the reaction is comparable to that obtained for the

related synthesis of4-isopropyl-2-acetylpyridine and is compensated by its simplicity and

amenability to scale-up.32 With 4-tert-butyl-2-acetylpyridine in hand, the “one-pot”

protocol outÏined in Scheme 3.2 could be undertaken to produce 4’-(4-carboxyphenyl)-4,

4”-di-(tert-butyl)tpy. However, owing to the increased solubility afforded by the tert

butyl groups, extended reaction times along with chromatographic purification were

necessary since the product does not precipitate in appreciable quantity during the course

ofthe reaction.

2ÇI
EtOH, KOH, NH4OH

Scheme 3.2 Synthesis of 4’-(4-carboxyphenyl)-4,4’ ‘-di-(tert-butyl)tpy. Yield obtained

afier chromatographic purification.

Figure 3.21 ‘H NMR spectrum of 4’-(4-carboxyphenyl)-4,4”-di-(tert-butyl)tpy in d6-

DMSO. Methyl resonance at 1.42 ppm (s, 18H) flot shown.

34 %
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Complexation ofthe target ligand with 0.5 eq RuC13 and 3 eq AgNO3 in refluxing

ethanol gave the homoleptic diacid complex III-4 (PF6)2 in 52 % yield after column

chromatography and anion exchange. Since the diacid complex is quite soluble in a wide

range of both polar and non-polar soivents (e.g. DCM, CHC13), prior conversion of the

ligand to the methyl ester was unnecessary. While there is a great enhancement of

soiubility relative to the structural analogue III-lb (PF6)2, there is no difference in their

respective Ru3’2 couples, which suggests no significant dative enhancement by the

presence ofthe tert-butyl groups. This is in tum supported by crystallographic data which

indicates no significant discrepancy in the Ru-N bond iength involving the pendant

pyridyl ring for complexes III-la (PF6)2 and III-4 (PF6)2 (Figures 3.2 and 3.23).

Moreover, the invariance of the MLCT hand (Table 3.2) of III-4 (PF6)2 (494 nm)

compared to that for the related complex III-la (PF6)2 (492 nm) further reinforces this

assessment considering that incorporation of electron releasing groups generaily leads to

some degree of red-shiffing of the MLCT band, for which destabilization of Ru-based d

orbitais has been invoked.33’ 23b

t-Bu, tBu (PF6),
-

3Ç,
‘)“ )—N N —i,

Q D’ \, ,f=\ ,?

H
N P u

OH
=N N=

3”J6”

t-Bu 5 Bu-t

3,3”

5. 5”

Y Y 41

Q QQ Li

Y

c.

T J r —--— T

900 850 800 750 700
PP ttl)

Figure 3.22 ‘H NMR spectrum of complex III-4 (PF6)2 in CD3CN (aromatic region).

Methyl resonance at 1.33 ppm (s, 36H) not shown.
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Single crystals suitable for structure determination by X-ray diffraction could be

grown from an acetonitrile solution of the complex by vapour diffusion with isopropyl

ether. The structure (Figure 3.23, below) conflrms the spectroscopie assignmcnt (Figure

3.22) of the tert-butyl group position and, like complex III-lb (PF6)2, exhibits a

polymeric framework based upon hydrogen-bonding interactions.

Selected Bond Distances (Â)

023C22 1.215 (7)

024-C22 1.327 (6)

063-C62 1.267 (5)

Ru-N5 1.982 (3)

Ru-N3 2.069 (4)

Selected Bond Angles (°)

C50-C49-C56-C61 -35.5 (6)

C10-C9-C16-C21 21.0 (7)

N5-Ru-N3 98.78 (13)

N5-Ru-N6 78.52 (13)

Hydrogen Bondmg

024H24 0.82 Â

064H24 1.74 Â

024-064 2.552(4) Â

024H24064 167.8 °

Figure 3.24 X-ray crystal structure of complex III-4 (PF6)1.5 showing propagation oftwo

polyrneric chains 180° relative to one another based upon hydrogen bonding interactions.

Solvent and counter-ions have been omitted for clarity.

C2 I

C17

58

Figure 3.23 ORTEP of III-4 (PF6)1.5 with thermal ellipsoids at 50% probability.

Counter-anions are omitted for clarity.
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The empirical formula for this structure gives a counter-anion:ruthenium(II)

complex ratio of 1.5:1, indicating proton removal which may be understood considering

the representation in Figure 3.24. Here, the asymmetric unit (complex III-4) generates its

equivalent about a two-fold axis, wherein connectivity stems from sharing of a single

proton between equivalent carboxy groups. This is supported by the length and similarity

ofthe C-O bonds associated with these carboxy groups (1.267 (5) Â and 1.233 (5) Â for

063-C62 and 064-C64, respectively) which indicates a strong anionic character. from this

intersection extends polymeric chains based upon a hydrogen-bonding interaction like

that seen with complex III-lb (PF6)2 , but whose 180° relationship produces a 2-D grid,

depicted in Figure 3.25 below.

A

Figure 3.25 X-ray crystal structure of complex III-4 (PF6)1.5 depicting three layers ofthe

grid in a top-down (A) and side-on (B) view leading to channel formation, the

propagation of which is indicated by the dashed arrow. Protons and counter-anions are

omitted for clarity.

B

‘ç
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The cavities arising from this 2-D grid are approximately 15 Â x 14 Â, edge to

edge. Successive layers are slightly offset, leading to charmel formation in spite of the

bulky tert-butyl groups (figure 3.25, B). These channels are occupied by acetonitrile and

isopropyl ether solvent molecules. Such occupation typically does flot preclude

incorporation of complementary guest molecules. Counter-anions may lead to such

interference, but the Pf6 anions in this case are located within close proximity to the

intersection formed by the Ru(II) complexes and so do not overly obstruct these cavities.

Although polypyridyl complexes of the form (tpy)2M2 have been used as components to

forrn discrete cavities,34 this is, to the best of our knowledge, the first porous structure

obtained exclusively from such units.

3.7 Concluding Remarks

A series of linear dicarboxylate complexes based upon the Ru(tpy)22 motif have

been prepared and used to bridge Rh2(II,II) acetate units in a controlled manner to yield

both asymmetric, singly-substituted Rh2(II,II)-appended complexes as well as the

symmetric Rh2(II,II)-bridge-Rh2(II,II) systems. This is the first known report of a cationic

bridging ligand used to span metal dimers, the use of which likely reinforces the relative

inert nature of Rh2(II,II) acetate units to permit straight-forward synthesis by direct

complexation without need for elaborate, pre-organized starting materials. The

asymmetric complexes are interesting in that they readily permit access to more diverse

heterometallic complexes by direct complexation with dimeric units more substitutionally

labile relative to Rh2(II,II), such as Mo(II,II) and W2(II,II). Moreover, symmetric dimer

bridge-dimer systems based upon Mo2(II,II) and / or W2(II,II) are of interest to help

ascertain the potential of these Ru(tpy)22 complexes in mediating electronic coupling

between such dimeric units. These systems are currently under investigation in our

laboratory. Lastly, to address solubility problems generally encountered with the

dicarboxylate complexes used, a dicarboxylate complex was prepared possessing

solubilizing tert-butyl groups in the 4-pyridyl position of the peripheral rings of tpy. The

structure of this diacid analogue reveals a porous network sustained by hydrogen

bonding, with cavities devoid ofcounter-anions and spanning —15 Â.
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3.8 Experimental

3.8.1 Materials and Methods. Solvents used in the preparation and purification

of ligands and complexes were reagent grade and used without further purification. The

preparation and characterization of 2-fliryl terpyridine,35 4’-(4-methylcarboxyphenyl)

tpy,36 and 4’-(4-carboxyphenyl)tpy have been described previously. Silica used for

chrornatographic isolation of ail complexes was 400-450 Â mesh. Rh2(OAc)4(MeOH)2

was prepared and purified according to an established procedure.38

3.8.2 Physical Measurements All ‘H NMR spectra were recorded using a Bruker

400 RG at 400 MHz.

Electrochemical data was recorded using a BAS Epsilon potentiostat using argon

degassed, spectroscopie grade acetonitrile solutions of 0.1 M tetrabutylammonium

hexafluorophosphate (TBAPf6) as supporting electrolyte. A three electrode set-up was

ernployed using a working Pt button electrode, a Pt wire auxiliary electrode, and a Ag

wire pseudo-reference electrode with addition of ferrocene as an internai reference. Ail

data is corrected to the fc/Fc couple vs SCE. Single crystal X-ray diffraction data for

III-lb (PF6) and III-4 (PF6)2 were collected on a Bruker Apex at 100 K using Cu-KŒ

radiation (?= 1.54178 Â) and refined by francine Bélanger-Gariépy. Single crystal X-ray

diffraction data for III-5h (PF6)2 was collected on a Microstar Apex 2 at 100 K using Cu

KŒ radiation (?.= 1.54178 Â) and refined by Marie-Pierre Santoni. Mass spectrometry

was perforrned by direct injection using an LC-MSD TOF (Agilent) spectrometer with

electrospray ionization.

3.8.3 Synthesis and Purification:

4’-carboxy-tpy In a typical preparation, 2-fuiyl terpyridine (2.0 g, 6.7 mmol) and

KMnO4 (4.2 g, 26.7 mrnol ) are combined in F120 (100 mL) made basic (pH = 10) with

addition KOH and heated to reflux for 2 hr. The reaction mix is cooled to room

temperature and filtered to remove Mn02. The pH of the fiitrate is adjusted to pH = 5

with addition of HC1 (aq, conc.), forming an initial precipitate. Further precipitation was

encouraged by reducing the volume of the filtrate under reduced pressure. The precipitate

was then removed by filtration and washed with copious amounts of diethyl ether to

obtain apure white solid. Yield: 1.3 g (68%). ‘H NMR (400 MHz, d6-DMSO) ppm 8.88
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(s, 2H), 8.77 (d, J = 4.8 Hz, 2H), 8.67 (d, J = 7.9 Hz, 2H), 8.05 (m, 2H), 7.55 (rn, 2H). ‘3C

NMR (300 MHz, d6-DMSO): 167.35, 157.21, 155.49, 150.71, 141.86, 138.77, 126.03,

122.10, 120.87. ESI-MS: [M + H] cald. for C,6H,2N302, 278.09295; found, 278.09376.

4-tert-butyl-2-acetylpyridine In a typical preparation, a 10% H2S04 (aq) solution (140

mL) is charged with AgNO3 (2.00 g, 11.8 mrnol), pivalic acid (18.4 g, 180.4 mmol), and

2-acetylpyridine (7.2 g, 59.4 mmol ). The solution is heated to 70 °C, at which point

(NH4)2S208 (26.0 g, 114 mmol) in H20 (60 mL) is added at once. The reaction mix is

stirred at 70 oc until the evolution of C02 (g) ceases (- 15 mm). The temperature is then

raised to 90 oc and the solution stirred for an additional 10 min. Afler cooling, the

reaction mix is made basic (pH 10) with addition of Na2CO3 (aq, sat). Repeated

extraction of the aqueous mix with DCM (3 x 100 mL), followed by washing of the

cornbined organic extracts with brine and drying over Mg$04, gave a dark oil upon

removal of the DCM under reduced pressure. This ou is dissolved in a minimal amount

ofeluent (7:3 mix ofhexanes / diethyl ether) and applied to a large silica column (1 = 30

cm, w = 8 cm). The product is obtained as a lightly coloured yellow ou (Rf = 0.38).

Yield: 2.84 g (27%). ‘H NMR (400 MHz, cDcl3) ppm 8.61 (d, J = 5.2 Hz, 1 H), 8.08

(d, J 2.0 Hz, I H), 7.48 (dd, 3J = 5.2 Hz, 4J = 2.0 Hz), 2.75 (s, 3H), 1.36 (s, 9H). EST

MS: [M±NaÏ cald. for c,,H,5NONa, 200.10513; found, 200.10453.

4’-(4-carboxyphenyl)-4,4’ ‘-di-(tert-butyl)tpy In a typical preparation, 4-tert-butyl-2-

acetylpyridine (1.75 g, 9.87 mmol) is added to a stirred solution of 4-carboxy

benzaldehyde (0.74 g, 4.93 mmol), KOH (0.8 g, 14 mmol), and NH4OH (20 mL) in 150

mL ethanol. The reaction mixture is stirred at room temperature while open to air for 48

hr, after which the solution is made slightly acidic (pH 5) with addition of HC1 (aq,

conc.). To the reaction mix is added 300 mL DcM, and the resultant solution is washed

twice with 100 ml portions of H20. The organic phase is dried under reduced pressure,

then dissoÏved in a minimal amount of eluent (4:1 ethyl acetate / methanol with 5%

triethylamine) and applied to a silica column (1 = 10 cm, w = 7.5 cm) to obtain a nearly

pure off-white solid (Rf = 0.23) which can be crystallized from hot DMSO. Yield: 0.78 g

(34%) ‘H NMR (400 MHz, d6-DMSO) ppm 8.76 (d, J = 1.5 Hz, 2H), 8.74 (s, 2H),

8.6$ (d, J = 5.1 Hz, 2H), 8.15 (d, J = 8.2 Hz, 2H), 8.07 (d, J = 8.2 Hz, 2H), 7.59 (dd, 3J =

5.1 Hz, 4J = 1.5 Hz, 2H), 1.42 (s, 18H). ‘3c (300 MHz, d6-DMSO): 161.91, 157.04,
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156.01, 150.69, 131.66, 128.50, 123.20, 119.16, 118.56, 36.03, 31.40. ESI-MS: [M +

H] cald. for C30H32N302, 466.24945; found, 466.25001.

1(4 ‘-(4-methylcarboxyphenyl)-tpy)2Ru] (Pf6)2 (III-la (PF6)2): Typically, 4’ -(4-

rnethylcarboxy phenyl)-terpyridine (0.20 g, 0.54 mmol), RuC13 (0.056 g, 0.27 mmol), and

AgNO3 (0.14 g, 0.81 mmol) were refluxed in 1VN’-DMF for 2 hr. The reaction mix was

filtered over celite to remove AgC1(s), ami the filtrate then decanted into an equal volume

of NH4PF6 (aq). The resulting precipitate was filtered and washed with water, then

dissolved in acetonitrile and applied to a silica column for elution with a mix of 7:2

CH3CN / KNO3 (sat, aq). The column fractions are combined and to this added NH4Pf6,

H20, and enough DCM to effect a phase separation. The aqueous layer is removed and

the process is repeated, followed by a final washing with water alone. The organic layer

is dried and the residue dissolved in a minimal amount of acetonitrile, which is decanted

into water to form a heavy precipitate. Filtration and drying of the solid in vacuo gives

0.22 1 g (72%) of III-la (PF6)2. 1H NMR (400 MHz, d6-DMSO) ppm 9.23 (s, 4H), 8.65

(d, J = 8.0 Hz, 4H), 7.96 (m, 4H), 7.35 (d, J = 5.3 Hz, 4H), 7.19 (m, 4H), 4.20 (s, 6H).

ESI-MS: [M]2 cald. for C46H34N6O4Ru, 418.08425; found, 418.0840 1.

[(4’-(4-carboxyphenyl)-tpy)2Ru](PF6)2 (III-lb (PF6)2) This compound was prepared

upon saponification of III-la (PF6)2. Typically, III-la (PF6)2 (0.20 g, 0.18 mmol) is

dissolved in a 2:1 mix of CH3CN / 1-120 (30 mL) to which is added NaOH(s) (0.29 g, 7.2

mmol). Afler stirring for 1 hr at room temperature, the solution is decanted into 100 mL

1120 and made acidic (pH = 2) with HPF6 (aq) to give a heavy precipitate. The solid is

filtered and washed with water, followed by copious amounts of diethyl ether, then dried

in vacuo. This material is pure by TLC (7:2 CH3CN / KNO3 (sat, aq), silica, Rf = 0.19).

Yield: 0.183 g (94%). Limited solubility in most solvents precludes characterization by

NMR, and the material is used “as is” for subsequent complexation. Single crystals

suitable for structure determination by X-ray diffraction could be grown by slow

cvaporation of a CH3CN / 1120 solution of III-lb (PF6)2, wherein the titie compound

crystallized as III-lb (PF6) ESI-MS: [M]2 cald. for C44H30N6O4Ru, 404.06860; found,

404.06827.
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j(2-(4-methylcarboxyphenyl)-4,6-di(2-pyridyl)trïazine)2Ru] (PF6)2 (III-2 a (PF6)2)

Typically, 2-(4-carboxyphenyl)-4,6-di(2-pyridyl)triazine (1.0 g, 2.81 mrnol) is heated to

reflux in thionyl chloride (30 mL) for 0.5 hr, after which no solid suspension remains.

The excess thionyl chloride is removed by distillation and the residue is dried under

vacuum. The flask containing the residue is then purged with argon and dry methanol (60

mL) is charged via cannulae. The reaction mix is then equipped to a dry condenser with

drying tube and heated to reflux until no sohd suspension remains ( 2 h). The solution is

cooled to room temperature and tipped into F120 (300 mL) forming a voluminous

precipitate of the methyl ester ligand which is filtered off and dried in vacuo without

further purification. Typically, the ligand (0.25 g, 0.68 mmol) is heated to reflux in DMf

with RuC13 (0.07 g, 0.34 mmol) and AgNO3 (0.173 g, 1.02 mmol) afler which the

solution is filtered to remove AgC1(s). The filtrate is then decanted into a solution of

NH4PF6 (aq) (300 mL), and the resultant heavy precipitate is filtered off and washed with

water, then dissolved in a minimal amount of acetonitrile for chromatographic

purification using silica and a 7:2 (CH3CN / KNO3 (aq, sat) mix as eluent. The collected

fractions are combined, and to this added NH4PF6 and enough DCM to effect a phase

separation. After washing the organic phase, the aqueous phase is discarded and the

process repeated, with a final washing with water alone. The organic phase is dried and

the residue taken up in a minimal amount of acetonitrile, then poured into H20 (300 mL)

to give a heavy precipitate which is filtered and dried in vacuo. Yield: 0.263 g (69%), Rf

= 0.55 (silica, 7:2 CH3CN / KNO3 (sat, aq) as eluent). ‘H NMR (400 MHz, CD3CN)

ppm 9.19 (d, J = 8.4 Hz, 4H), 9.14 (d, J = 7.7 Hz, 4H), 8.44 (d, J = 8.4 Hz, 4H), 8.16 (m,

4H), 7.73 (d, J = 5.3 Hz, 4H), 7.41 (m, 4H), 4.02 (s, 3H). ESI-MS: [M]2 cald. for

C42H30N10O4Ru, 420.07475; found, 420.07499.

I(2-(4-carboxyphenyl)-4,6-di(2-pyridy])triazine)2Ru] (PF6)2 (III-2b PF6)2) Typically,

1II-2a (PF6)2 (0.20 g, 0.177 mmol) is dissolved in a 2:1 mix ofCH3CN / H20 (40 mL) to

which is added NaOH(s) (0.20 g, 5.0 mmol). Afier stirring at room temperature for 2 hr,

the mix is decanted into F{20 made acidic with HPF6 (aq) (pH 2). The resultant

precipitate is filtered and washed with H20 followed by a small amount of CH3CN, then

dried in vacuo. Yield: 0.183 g, (94%) Rf = 0.17 (silica, 7:2 CH3CN / KNO3 (sat, aq) as

eluent). This compound is pure by TLC but, like III-lb (PF6)2, is sparingly soluble in a

wide range of solvents, precluding NMR analysis. This compound is used “as is” for
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2+subsequent complexation. ESI-MS: [M] cald. for C40H26N,0O4Ru, 406.05910; found,

406.05867.

I(4’-methylcarboxy-tpy)2Rul(PF6)2 (III-3a (PF6)2) Typically, 4’-carboxy-tpy (1.0 g,

3.60 mrnol) is converted to the methyl ester analogue using the procedure already

outlined. This material is used without further purification for subsequent reaction.

Complexation and purification followed identical procedures to that discussed previously

for III-2a (PF6)2, using the methyl ester ligand (0.20 g, 0.72 mmol), RuC13 (0.075 g, 0.36

mmol), and AgNO3 (0.184 g, 1.08 mmol), giving the dimethyl-ester complex III-3a

(PF6)2 (Rf = 0.56, silica, 7:2 CH3CN / KNO3 (sat, aq) as eluent). Yield: 0.23 8 g (68%).

‘H NMR (400 MHz, CD3CN) ppm 9.23 (s, 4H), 8.65 (d, J = 8.0 Hz, 4H), 7.96 (m, 4H),

7.35 (d, J = 5.1 Hz, 4H), 7.19 (m, 4H), 4.20 (s, 6H). ESI-MS: [M]2 cald. for

C34H26N6O4Ru, 342.05295; found, 342.05255.

t(4’-carboxy-tpy)2Ru](PF6)2 (III-3b (PF6)2) Here, the dicarboxy complex is generated

analogously to complex III-2h (PF6)2, using III-3a (PF6)2 (0.20 g, 0.21 mmol) and

NaOH (s) (0.42 g, 10.5 mmol), while stirring at room temperature for lhr in a 2:1 mix of

CH3CN / H20. Rf 0.04 (silica, 7:2 CH3CN / KNO3 (sat, aq) as eluent). Yield: 0.20 g

(98%). ‘H NMR (400 MHz, CD3CN) ppm 9.22 (s, 4H), 8.65 (d, J = 8.2 Hz, 4H), 7.95

(m, 4H), 7.34 (d, J = 5.3 Hz, 4H), 7.19 (m, 4H). ESI-MS: [MJ2 cald. for C32H22N6O4Ru,

328.03730; found, 328.03721.

[(4 ‘-(4-carboxyphenyl)-4,4’ ‘-di-(tert-butyl) tpy)2Ru] (PF6)2 (III-4 (PF6)2) The ligand

4’-(4-carboxyphenyl)-4,4”-di-Qert-butyl) tpy (0.10 g, 0.22 rnmol) is combined with

RuC13 (0.023 g, 0.11 mmol) and AgNO3 (0.056 g, 0.33 mmol) is heated to reflux in

ethanol (40 mL) for 24 hr, afler which the solution is filtered over celite to remove

AgC1(s). The filtrate is dried and the residue taken up in a minimal amount of

acetonitrile, then applied to a silica column for elution with a 7:2 CH3CN / KNO3 (sat,

aq) mix. The anion exchange is performed on the collected fractions analogously to that

for III-2a (PF6)2 with a final precipitation in water from an acetonitrile solution of the

complex followed by drying in vacuo. Yield: 0.076 g (52%). Rf = 0.46 (silica, 7:2

CH3CN / KNO3 (sat, aq)). Single crystals suitable for structure determination by X-ray

diffraction were grown upon vapour diffusion of isopropyl ether into an acetonitrile
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solution of the complex, wherein the title compound crystallized as III-4h (PF6)1.5. H

NMR (400 MHz, CD3CN) pprn 9.12 (s, 4H), 8.62 (d, J = 2.0 Hz, 4H), 8.38 (m, 8H),

7.30 (U, J = 6.0 Hz, 4H), 7.19 (dU, 3J = 6.0 Hz, 4J = 2.0 Hz, 4H), 1.33 (s, 36H). ESI-MS:

[M]2 caïd. for C60H62N604Ru, 516.19380; found, 516.19312.

[(CH3CO2)Rh2(02C-ph-tpy)Ru(tpy-ph-CO2HI(PF6)2 (III-Sa (PF6)2)

[(CH3CO2)3Rh2(02C-ph-tpy)Ru(tpy-ph-C02)Rh2(O2CCH3)3](PF6)2 (III-5b (Pf6)2)

In a typical reaction, the diacid complex III-lb (PF6)2 (0.10 g, 0.091 mmol) is dissolved

in a 6:1 DMF / 1-120 mix (20 mL) to which is added Rh2(OAc)4(CH3OH)2 (0.091 g, 0.18

rnmol). The mixture is heated to 100°C for 24 hr, afier which the solution is dried under

vacuum ai-id the residue dissolved in a minimal amount of acetonitrile. The solution is

then applied to a silica column (1 15 cm, w 4 cm) and eluted using a mix of 14:3

CH3CN / KNO3 (sat, aq). Both III-5a (PF6)2 (Rf = 0.3 5) and III-Sb (PF6)2 (Rf = 0.59),

along with some starting material III-lb (Pf6)2, are recovered and anion exchange to

their PF6 saits is done as described previously for complex III-2a (PF6)2. Owing to their

partial water solubility, particularly for complex III-5h (PF6)2, the residue of each

compound is triturated in a small amount of water and filtered to remove excess NH4Pf6.

Yield (III-5a (PF6)2): 0.050 g (44%). Yield (III-5h (PF6)2): 0.042 g (28%). ‘H NMR

(III-Sa (PF6)2) (400 MHz, CD3CN) ppm 9.06 (s, 2H), 9.01 (s, 2H), 8.65 (m, 4H), 8.40

(d, J = 8.2 Hz, 2H), 8.30 (d, J = 8.2 Hz, 2H), 8.21 (s, 4H), 7.96 (m, 4H), 7.44 (m, 4H),

7.19 (m, 4H), 1.86 (s, 3H), 1.82 (s, 6H). ESI-MS: [M]2 cald. for C50H38N60,0RuRh2,

594.98959; found, 594.98916. ‘H NMR (III-5b (PF6)2) (400 MHz, CD3CN) ppm 9.00

(s, 4H), 8.65 (U, J = 8.0 Hz, 4H), 8.21 (s, 8H), 7.95 (m, 4H), 7.42 (d, J = 5.2 Hz, 4H), 7.18

(m, 4H), 1.86 (s, 6H), 1.82 (s, 12H). ESI-MS: [M]2 cald. for C56H46N60,6RuRh4,

785.91114; found, 785.91355. Single crystals suitable for structure determination by X

ray diffraction were obtained upon vapour diffusion of isopropyl ether into an acetonitrile

/ toluene solution of III-5b (PF6)2, wherein the title compound crystallized as III-5b

(PF6)2.

I(C113C02)Rh2(02C-ph-diazotpy)Ru(diazotpy-ph-CO2HI (Pf6)2 (III-6a (PF6)2)

[(CH3CO2)Rh2(02C-ph-diazotpy)Ru(diazotpy-ph-C02)Rh2(02CC113)3J(Pf6)2 (III-6b

(PF6)2) Identical protocols to those employed for the preparation and purification of III

5a (PF6)2 and III-5h (Pf6)2 were undertaken here for the preparation of the triazine
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analogues III-6a (PF6)2 and I1I-6b (Pf6)2, with the exception of using a 7:2 CH3CN /

KNO3 (sat, aq) mix as eluent. Quantities used are as follows: III-2b (PF6)2 (0.10 g, 0.090

rnrnol) and Rh2(OAc)4.(CH3OH)2 (0.0911 g, 0.1$ mmol) in 6:1 N,N-DMF / F120 (20

mL). Yield (III-6a (PF6)2): 0.041 g (39%), Rf 0.4 1. Yïeld (III-6b (PF6)2): 0.035 g

(26%), Rf= 0.62. ‘H NMR (6a) (400 MHz, CD3CN) ppm 9.13 (m, 8H), 8.42 (d, J = 8.0

Hz, 2H), 8.28 ta, J = 8.2 Hz, 2H), 8.15 (m, 4H), 7.72 (d, J = 5.1 Hz, 4H), 7.40 (m, 4H),

1.86 (s, 3H), 1.82 (s, 6H). ESI-MS: [M]2 cald. for C46H34N,00,0RuRh,, 596.98009;

found, 596.98031. ‘H NMR (III-6b (PF6)2) (400 MHz, CD3CN) ppm 9.11 (d, J 8.1

Hz, 4H), 9.07 (d, J = 8.6 Hz, 4H), 8.28 ta, J = 8.5 Hz, 4H), 8.15 (m, 4H), 7.71 (d, J = 5.1

Hz, 4H), 7.39 (m, 4H), 1.86 (s, 6H), 1.82 (s, 12H). ESI-MS: [M]2 cald. for

C52H42N,00,6RuRh4, 787.90 164; found, 787.90224.

I(CH3C02)3Rh2(02C-tpy)Ruttpy-C02)Rh2(O2CCH3)3] (PF6)2 (III-7 (PF6)2) In a typical

reaction, III-3h (PF6)2 (0.095 g, 0.100 mmol) ana Rh2(OAc)4.(CH3OH)2 (0.405 g, 0.8

rnrnol) are heated to reflux in CH3CN (25 mL) for 40 hr. The reaction mix is dried and

the residue purified by column chromatography using silica (1 = 15 cm, w = 4 cm) and an

eluent mix of 7:2 CH3CN / KNO3(sat, aq). Procedures for subsequent anion exchange and

treatment of the collected fractions containing 7 have been described previously for III

5a (PF6)2 / III-5h (PF6)2 and III-6a (PF6)2 I III-6h (PF6)2. Yield: 0.092 g (56%) Rf =

0.58. ‘H NMR (400 MHz, CD3CN) ppm 9.03 (s, 4H), 8.67 (d, J = 8.1 Hz, 4H), 7.92 (m,

4H), 7.26 (d, J = 5.0 Hz, 4H), 7.2 (m, 4H), 1.8$ (s, 6H), 1.86 (s, 12H). E$I-MS: [M]2

cald. for C44H38N60, 6RuRh4, 709.87984; found, 709.88001.
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Chapter 4: Synthesis and characterization of a series of

polytopic 4’-(amidinato)-tpy ligands and their

subsequent heteroleptic Ru(II) complexes

4.1 Introduction

The synthetic versatility of amidines makes them an appealing class of

cornpounds for use as ligands in coordination chernistry.’ Mononuclear complexes are

known with metals ofboth high and low oxidation states, spanning much of the periodic

table. The subsequent reaction chemistry of these complexes, and the degree to which it

may be tiined through derivatization of the amidine ligand, lias shown promise for a

multitude of catalytic applications.2 Polytopic amidines have received attention in this

respect,3 and in the preparation of extended structures based upon their hydrogen-bonding

interactions with complementary anions such as carboxylates and phosphates.4 The

repeating dative unit in these cases is invariably the amidine chelate, the vast majority of

which are bis-amidines. While polytopic amidines incorporating secondary and unique

dative functionality are attractive from both a medicinal and coordination based

perspective, such ligands have very rarely been reported.5

Amidinates are capable of exhibiting coordination motifs analogous to

carboxylates, but are, in general, more basic and possess fewer lone-pair electrons which

are thought to play a role in ligand displacement.6 The kinetic and thermodynamic

advantages of utilizing amidinates in place of carboxylates are well known with regard to

ligand displacement in metal dimers.6a As we have seen previously in Chapter 2,

decomposition ofpolynuclear assemblies based on carboxylate-derived Ru(tpy)22 occurs

in the presence of competing ligands, the extent of which is directly related to the

nuclearity and overali charge of the assembly. Thus, amidine-derivatized Ru(tpy)?

complexes offer a potential solution to this problem if they can be appended to the

dirhodium(II,II) core.

Ruthenium(II) polypyridyl complexes have long been studied as dye sensitizers

for solar ceIl applications, owing to their charge separated photo-excited state.7 Such dye
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molecules are grafied to the oxide surface by installing suitable secondary flrnctionality

on the exterior of the dye sensitizer capable of coordinating to the oxide surface, allowing

for charge injection into the conduction band upon photo-excitation of the dye

molecule.7’8 Selection of such functionality is critical with regard to 1) efficient electronic

communication and charge injection, and 2) physical robustness related to conditions of

operation of the device. To this end, there is a plethora of carboxylate and phosphonate

derived Ru(II) polypyridyl complexes. However, such amidinate-derived dyes have not,

to date, been explored in this regard. This is unfortunate considering that the basicity of

the amidinate moiety can be readily tuned by selection and installation of various N

bound substituents.

Thus, for the purposes of creating more robust Rh2-templated multinuclear

Ru(tpy)22 assemblies and potentially interesting solar cell dyes, we endeavoured to

prepare the targets depicted in figure 4.1 below.

Figure 4.1 Targets: [{4 ‘-(AÇN’ -dipropylbenzamidine)-tpy} (tpy)Ru] (Pf6)2 (IV-1)(PF6)2

and [{4 ‘-(N,N’ -diphenylbenzamidine)-tpy} (tpy)Ru] (PF6)2 (IV-2)(PF6)2.

(PF6)2

N

(P F6)2

Iv-J IV-2
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In addition, it was also desired to prepare the polytopic ligand (Figure 4.2) as sucli

a ligand holds much potcntial for the creation ofpolynuclear Ru(tpy)? systems based on

templation to metal centers.

4.2 Synthesis and Characterization of Complexes IV-1 (PF6)2 and IV-2 (PF6)2 (refer

to page XLIX of Appendix 4 for X-ray data and parameters for complex IV-1

(PF6)(BPh4)2)

The novel tpy-amidine ligands 4’-(N,N’-dipropylbenzamidine)-tpy and 4’-(N,N’-

diphenylbenzamidine)-tpy were prepared in modest to excellent yields using a

conventional approacli wherein chlorination of the corresponding 4’-(4-carboxyphenyl)-

tpy and subsequent addition of the appropriate amine leads to the N-substituted amide

ligand (Scheme 4.1 )•9 The amide is isolated cleanly by precipitation in basic media and in

tum chlorinated for reaction with a second equivalent of the amine to form the symmetric

arnidine.

67 % R = n-propyl

93 % R = phenyl

Scheme 4.1 Synthesis of 4’ -(N,N’ -dipropylbenzamidine)-tpy

diphenylbenzamidine)-tpy. (a) Yield obtained afier chromatographic

Yield obtained afier crystallization.

Figure 4.2 Target: A’N’-Di-(4’-pheny1-tpy) formamidine.

H
N-R

1 SOCI2 I reflux

2. NH2-R
3. CH3OH / KOH(q)

1. PC/ DCM

2. NH2-R

3. KOHq

H
R—N N-R

N

79% R=n-propyI

84 % R = phenyl b

and 4’-(N,A-

purification. (b)
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Heteroleptic complex formation proceeds in modest yields in refluxing ethanolic

solutions where the side products are mostly homoleptic amidine complexes, provided

that the reaction time is kept to a minimum (Scheme 4.2). It is highly Iikely that the

amidine moiety competes with tpy for coordination to Ru(II), as harsher reaction

conditions gave rise to a large amount of dark material that does not move under various

chromatographic conditions. Initially, this problem was approached by utilizing various

N-protecting strategies,’° but the problems encountered in each case did not justify the

time invested, and so this approach was abandoned. Typically, a reaction time of 4 h in

refluxing ethanol was found to be optimal.

(PF6)2

(tpy)RuCI3 I 3 AgNO3

EtOH / reflux

Scheme 4.2 Synthesis of complexes IV-1 (PF6) and IV-2 (PF6)2.

Single crystals suitable for X-ray structure determination were obtained for

complex IV-1 from acetonitrile in the presence of ammonium tetraphenylborate and

reveal a protonated arnidine moiety adopting a trans disposition of its N-propyl

substituents. Two distinct molecules are found within the unit ceil (P21), differentiated

according to the twist of the phenyl spacer and the arrangement of their N-propyl groups,

though both maintain the transoid arrangement of substituents. One of these is depicted

below in Figure 4.3, along with selected bond lengths and angles.

R-

45 % R = n-propyl

35 % R = phenyl
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Selected Parameters

N, j-Ru-N21 = 96.1(2)0

N, j-Ru-N,8 79.9(2)0

tpy-ph( torsion) = 44.0 0(av)

Nj8-Ru = 2.038(5) À
N, j-Ru = 2.083(6) À
C,25-N,30 = 1.318(8) À
C,25-N,26 = 1.313(8) À

Figure 4.3 ORTEP of one of the two unique complexes of IV-1 (PF6)(BPh4)2 with

thermal ellipsoids at 50 % probability. Solvent and counter-ions are omitted for clarity.

The ‘H NMR in CD3CN of complex IV-1 (PF6)2 (figures 4.4, 4.5) is

unambiguous, wherein ail pyridyl and aliphatic signais are well resolved and give relative

integration in agreement with the proposed structure. It is interesting to note that, at room

temperature, the amidine-proton resonance occurs as two distinct signais, as does each

multiplet of the N-propyl substituents. Moreover, each arnidine-proton resonance

corresponds to one proton from relative integration. However, at elevated temperature the

amidine proton resonances coalesce to give a signal integrating to one proton, whule the

N-propyl multiplets remain unchanged (Figures 4.6, 4.7). In the case of IVN’

disubstituted benzamidines bearing an aryl group on the imino nitrogen, an E

configuration about the C-N double bond has been found to be dominant.”1’ Considering

the invariance of the N-propyl amidines at elevated temperature, we postulate that

rotational isomerism about the C-N single bond has differentiated the amidine proton

resonance within the context of an E geometrical isomer, given the substantial steric

encumbrance imposed about the amidine moiety.

At room temperature, the ‘H NMR spectrum of complex IV-2 (PF6)2 in CD3CN

(Figure 4.8) is less clear, owing to severe broadening of the N-phenyl and amidine proton

resonances along with an unobserved phenyl doublet. At elevated temperature (330 K),

the broad amidine resonance at 9.68 ppm was lost completely while the missing phenyl

doublet was shified downfield and resolved from the multiplet arising from the 4, 4’

protons of tpy at 8.0 ppm. The origin of this doublet is assigned to the phenyl protons

/
/

4



121

nearest the arnidine on the basis of large shifts observed for this resonance upon

protonation with HPf6. The dynamic solution behaviour of the N-phenyl groups is

evidenced by partial resolution, at elevated temperature, of the broad resonance that

occurs at room temperature between 7.60-7.30 ppm. At 330 K, this broad resonance

separates into two components, one of which is a broad doublet at 7.5 pprn and the other

of which is coincident with the 6,6” tpy resonances. The combined integration of these

signais corresponds reasonabiy well to ten protons, as anticipated for the two N-phenyl

groups.

5 4 (PF6)

t4” t5” 6” \ / 3”

Figure 4.4. ‘H NMR spectrum ofcomplex IV-1 (PF6)2 in CD3CN (aromatic region).

3’, 5’

t3’, t5’

-7K
a)

t5b)

t3, t3” 2”, 6”

511 41?

44” 55”
+ 3111 510 +

t4, t4”
‘ 6, 6” t6, t6” t5, t5”

(a) (b)

ppm(tl)
9.00 8.50 8.00 7.50 700

H20

- J

3.50 300 250 200 1.50 1 .00
m (t I)

Figure 4.5 ‘H NMR spectrum of complex IV-1 (PF6)2 in CD3CN at r.t. (aliphatic region).
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3’, 57

t3’, t5’

(a)

10.00 9.50 9.00
ppmQl)

5 4 (PF6)2

t4t5 6\/3 ci

t4RKJ//H

4 4??
5, 5??

t3, t3” + ÷
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5fl?
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Figure 4.8 1H NMR spectmm of complex IV-2 (PF6)2 in CD3CN at r.t.

JJiLLUL

r’..

7.50 7.00

9 D0
)m0I)

,1J LrJ ‘rr ‘,, I LrJ
— —

— o — 0J0
o o o r.’, o O O o e..’ o
O fl k) Q’ ‘J N’ 0 10

850 8,00 7.00

Figure 4.9 ‘H NMR spectrum ofcomplex IV-2 (PF6)2 in CD3CN at 330 K.
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4.3 Spectrophotometric and Spectrofluorimetric Determination of Ground-State

pKa Values for Complexes W-1 (PF6)2 and IV-2 (PF6)2.

Complexes IV-1 (PF6)2 and IV-2 (PF6)2 exhibit electronic absorption profiles

characteristic of (tpy)2Ru2 complexes.’2 A metal-ligand charge transfer (MLCT) band

occurs in the visible at 486 nm for both complexes (Figures 4.10 and 4.15, respectively),

while the UV region is dominated by ligand-based transitions of it —÷ it and n —*

origin at 271 and 331 nm, respectively, for complex W-2 (PF6)2. For complex IV-1

(PF6)2, these bands appear to be split into components at 275 and 2$ 1 nm, and at 305 and

330 nm.

As with carboxylate and phosphonate-appended Ru(II) dye sensitizers, monitoring

the intensity of the MLCT and / or ligand centered transitions of complexes IV-2 (Pf6)2

and IV-1 (PF6)2 as a function of pH (pH = 2-13) produced clear inflection points for both

complexes (Figures 4.12, 4.13, and 4.17) corresponding to their respective pKa values.’3

In general, very little if any dispiacement of the absorption maxima was observed as a

function of pH. Likewise, the emission intensity of these complexes also produced very

clear inflection points as a fiinction of pH (Figures 4.14 and 4.18) that showed only minor

(4-8 nm) shifis in the emission maxima at pH values bracketing the pKa. First-derivative

plots of these data sets gave ground-state pKa data, which is summarized in Table 4.1

along with absorption and emission data recorded at pH values where the appended

amidine moiety ofthe complex exists as the free-base.

Here, the intensity of the absorption and ernission bands increases with decreasing

pH for these amidine complexes. However, while the absorption maxima do not deviate

as a function of pH, a slight red-shift is observed in the emission maxima corresponding

to AX = 4 nm for IV-1 (PF6)2 and z\7. = $ nrn for IV-2 (PF6)2. These observations are in

accord with a previous report by Barigelletti and co-workers, which showed that

protonation of appended, uncomplexed tpy ligands enhances emission from (tpy)2Ru2

units through stabilization of the 3MLCT state, likely due to electrostatic influence.’4

However, in the absence of excited-state pKa values (pKa*) for the amidine complexes

here, it is difficult to assess the degree of electronic mixing of the amidine fragments with

that of the MLCT state. As sucli, it is quite possible that these amidines behave simply as
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spectators, the protonation of which may serve to reduce energetic barriers to charge

separation, and hence the slight red-shift observed here in the emission spectra. To this

end, numerous detailed studies have been reported for various polypyridyl-based

sensitizers bearing secondary, protonable fiinctiona1ity.’5 With regard to variation of

emission intensity with pH, quite oflen protonation of such secondary groups entails

dirninished emission, for which proton-induced quenching lias been invoked.

Interestingly, the opposite effect is observed for these amidine complexes.

The large difference in the measured pKa values for complexes IV-1 (PF6)2 and

IV-2 (PF6)2 underscore the effect that the N-substituents have on the basicity of the

amidine chelate. Here, it is clear that the N-propyl groups have a relatively large electron

releasing effect relative to the N-phenyl groups.

Lastly, it is interesting to note that the measured pKa for complex IV-2 (PF6)2 is

comparable to that for N,N’-diphenylbenzamidine (pKa = 6.15 ± 0.04),16 although the

near unitary difference suggests an electron releasing effect by the appended (tpy)2Ru2

moiety. However, discrepancies in the conditions and manner in which these parameters

were determined must be taken into consideration, and so flO definitive effect may yet be

attributed in this regard. This will be addressed further in Section 4.4.

Table 4.1 Absorption, Emission, and pKa Data for Complexes IV-1 (PF6)2 and IV-2

(a) Absorption and emission data taken at pH = 12.80 in 0.1 M KC1 faq) soin. (4:1 (v/v)

H20 / DM$O).

(b) Absorption and emission data taken at pH 8.88 in 0.1 M KC1 (aq) soln. (4:1 (v/v)

H20 / DMSO).

(PF6)2
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Figure 4.10 Absorption overlay ofcomplex IV-1 (PF6)2 at pH values bracketing the pKa.

—pH 10.21
pH11.65

——-pH12.09
pH12.80

Wavelength (nm)

Figure 4.11 Emission overlay ofcomplex W-1 (PF6)2 at pH values bracketing the pKa.
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Figure 4.12 Spectrophotometric titration ofcomplex IV-1 (PF6)2 at 486 nm.
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Figure 4.13 Spectrophotometric titration of complex IV-1 (PF6)2 at 275 nm.
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Figure 4.16 Emission overlay for complex IV-2 (PF6)2 at pH values bracketing the pKa.
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Figure 4.17 Spectrophotometric titration of complex W-2 (PF6)2 at 486 nm.
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Figure 4.1$ Spectrofluorimetric titration ofcomplex IV-2 (PF6)2 at 655 nm.

4.4 Electrochemistry of Complexes IV-1 (PF6)2 and IV-2 (Pf6)2.

Sumrnarized in Table 4.2 is the electrochemical data for complexes IV-1 (PF6)2 and

IV-2 (PF6)2 obtained from their respective cyclic voltammograms (Figure 4.19). The

profiles of these voltammograms are largely characteristic of (tpy)2Ru2 complexes in

general, in that one finds a reversible Ru32 couple at oxidizing potential and two

subsequent ligand-based reductions on the retum cathodic scan.12 AlI sucli redox

processes here are both electrochemically and chemically reversible. Comparison of the

half-wave potentials for both the metal-based and tpy-based redox processes indicate a

strong electron releasing effect by the N-propyl substituents. This effect is most

pronounced for the Ru3’2 couple, for which the E1/2 is cathodically displaced by 0.10 V

relative to that for IV-2 (PF6)2, and is consistent with a significantly more basic AN’

dipropyl benzamidine moiety as indicated by their respective pKa values (Table 4.1).

Amidines themselves are known to be electro-active, though very few reports exist

in the literature conceming their electrochemistry.17 The related compound N,N

diphenylbenzamidine has been reported to possess two irreversible oxidations at 0.73 V

and 1.93 V (vs SCE) and two irreversible reductions at -0.4 and -2.46 V (vs SCE), the

former of which is very weak. With the exception of this higher-potential reduction, sucli

processes are characteristic of most amidines. Complexes IV-1 (PF6)2 and IV-2 (PF6)2
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both possess similar irreversible and broad oxidations in their cyclic voltammograms at

0.85 and 0.94 V, respectively, the difference of which (0.09 V) is consistent with the

electron releasing effect of the N-propyl substituents and analogous to that noted for the

processes of the two complexes. However, only complex W-2 (PF6)2 was found

to possess more than two reduction processes, of which a relatively weak and irreversible

cathodic wave occurs at -0.90 V. These irreversible oxidations and reduction processes

are tentatively assigned to the amidine fragment.

If we assume, then, that the irreversible oxidations observed at 0.85 and 0.94 V for

complexes IV-1 (PF6)2 and IV-2 (PF6)2, respectively, correspond to that at 0.73 V for

IVN-diphenylbenzamidine, it is interesting to note that there is an anodic shifi of 0.21 V

upon appendage of the (tpy)2Ru2 moiety to NN’-dipheny1benzamidine. This may be

rationalized considering the charged nature of the complex and / or an electron

withdrawing effect upon attachment of an extended aromatic system (tpy). This effect is

contrary to that noted in Section 4.3 regarding comparison of the pKa values measured

for complex IV-2 (PF6)2 (pKa = 7.12) and that reported in the literature for 1’4N’-

diphenylbenzamidine (pKa = 6.15). Considering that the difference in pKa values is

modest and that discrepancies may arise from the manner in which they were determined,

we place much more confidence in this electrochemical interpretation.

Table 4.2 Electrochemical Data for Complexes IV-1 (PF6)2 and IV-2 (PF6)2.

Potential [V] vs SCE. AE (mV)Complex
Ru3’2 R-NCN-R tpy

IV-1 (PF6)2 1.25 (90) 0.85 (ir)b
- -1.24 (70) -1.48 (70)

IV-2 (PF6)2 1.35 (80) 0.94 (ir)b -0.90 (ir)C -1.18 (60) -1.45 (60)

a) Scan rate 100 mV s’. E112 = 4 (Epa + where Epa and are the anodic and

cathodic peak potential respectively. AEp = Epa —
Reported values for irreversible

processes, labeled ir, are peak potentials. Potentials are corrected by intemal reference,

ferrocene (395 mV). b) anodic wave peak potential. c) cathodic wave peak potential
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A) O]

figure 4.19 Cyclic voltammograms of IV-1 (PF6)2 (A) and IV-2 (PF6)2 (B) in 0.1 M

TBAPF6 CH3CN solution at 100 mVs*

4.5 Synthesis and Characterization of N,N’-Di-(4’-phenyl-tpy) formamidine (refer to

page LXVIII of Appendix 4 for X-ray data and parameters of complex IV-3 (BPh4)2)

Synthesis of symmetric formamidines is typically accomplished by reaction of an

aromatic or aliphatic amine with a trialkyl-orthoformate, such as triethyl-orthoformate,

under distillation conditions to remove the alcohol by-product.’8 To this end, the

precursor 4’-(4-aminopheny)-tpy was desired. Although this is a known compound, we

have outlined a modified route based upon formation and reduction of the 4’-(4-

nitrophenyl)-tpy precursor.’9 This nitro intermediate can be formed by reaction of 4-

nitrobenzaldehyde with two equivalents of 2—acetylpyridine, either in the presence of

NH4OH(aq) in methanolic solution or using solvent-less conditions. The former route

gives a black tar-like residue that is difficuit to manipulate prior to reduction to the

amino, while a solvent-less approach proceeds much more rapidly and with slightly

improved yield. In both cases, while flash chromatography of the crude reaction mix

affords pure 4’-(4-nitrophenyl)-tpy, reduction was typically performed directly on the

crude reaction mix to save time considering that column purification of the desired 4’-(4-

aminopheny)-tpy is required anyway.

2.0 1.5 1.0 0.0 -d.s-i.a-i.s -.o
V vs SCE

2O151:DO:5O:D.51.O1.5 -2.0

Vvs SCE
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Scheme 4.3 Synthesis of4’-(4-nitrophenyl)-tpy. Yield obtained after chromatography.

Pouring the reaction mix, obtained in the final step outÏined in Scheme 4.3, into

water gave a crude precipitate which was filtered off and reduced according to Scheme

4.4 below. Neutralization of the reaction mix, followed by extraction with DCM and

purification by column chromatography, gave the desired amino starting material in

sufficient yield (31%) considering the ease with which the reaction may be scaled-up.

Scheme 4.4 Synthesis of4’-(4-aminophenyl)-tpy. Yield is based on 4-nitro-benzaldehyde

afier column purification.

Reaction of 4’-(4-aminophenyl)-tpy with triethyl orthoformate (Scheme 4.5) at

sufficiently elevated temperatures to distili ethanol by-product did flot lead to the desired

symmetric formamidine. Instead, thin-layer chromatography (TLC) revealed several

species among which vas a large amount of the amine starting material. This was

invariant of whether the reaction was performed without solvent, by melting first the

amine ligand (m.p. = 250 °C), or with solvent such as dry toluene.

2
NO2

OH

NO2

1. KOH, grind 15 min.

2. NH4OAc,HOAc
Reflux 4h

22 %

NO2 NH2

1 SnCI2, HCI

70°C 5h

2. KOH I HO

crude
31 %
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H

EtO+OEt
OEt

-3 EtOH

Scheme 4.5 first attempt to synthesize the symmetric formamidine upon distillation of

ethanol by-product.

Another approach which may be taken to form symmetric formamidines involves

reaction with s-triazine (Scheme 4.6 below).2° Here, an excess of 4’-(4-aminophenyl)-tpy

was heated to reflux in toluene with s-triazine. However, only starting materials were

seen by TLC.

In light of the synthetic roadblocks outlined above, we were prompted to

investigate ways in which one may instali a formamidine moiety that would permit

subsequent formation of the tpy ligands. The compound AÇN’-di(4-formylphenyl)

formamidine (Scherne 4.8) was therefore pursued.

Aldehyde fiinctionality is accessible by mild oxidation of the corresponding

benzyl alcohol,2’ and so the precursor N,N’-di(4-hydroxymethyl phenyl) formamidine

was desired. However, the surprisingly high cost of 4-aminobenzyl alcohol motivated us

2

6 N N

-3 NH3

Scheme 4.6 Second attempt using s-triazine in refluxing toluene.
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to synthesize it in an expedient manner from the much less costly 4-nitrobenzyl alcohol.

Reduction of 4-nitrobenzyl alcohol with sodium borohydride, followed by solvent

extraction, gave pure 4-aminobenzyl alcohol in nearly quantitative yield (Scheme 4.7).

With this material in hand, however, high temperature distillation protocols like those

discussed previousÏy proved to be too harsh for the benzyl functionality. Symmetric

formamidines are also accessible from triaikyl orthoformates in the presence of a weak

acid, which permits mild reaction conditions, although reaction tirnes are considerably

longer.22 Such a protocol proved to be ideal for the 4-aminobenzyl alcohol substrate,

wherein the use of DCM afforded the formamidine product as a pure precipitate from the

reaction mix in decent yield (Scheme 4.7).

H

+ OH OHHO
NaBH4 / CuCI

HOE

EtC
CEt

MeOH, r.t., 30 min. p-toluenesulfonic acid H
NO2 NH2 DCM, r.t., 3d

54 %
98 %

Scheme 4.7 Synthesis ofAÇN’-di(4-hydroxymethylphenyl) formarnidine.

Mild oxidation ofthe dibenzyl formamidine proceeded srnoothly using activated Mn02 to

give the desired dialdehyde formamidine precursor (Scheme 4.8).

OH OH O 0

H
Mn02, THF

H H H

r.t.,30 min NN

89%

Scheme 4.8 Synthesis ofAÇN’-di(4-formylphenyl) formamidine.

Subsequent condensation of this dialdehyde with 2-acetylpyridine in a methanolic

solution containing NH4OH gave, afier stirring at room temperature for 7 h, a heavy

white precipitate which, when dissolved, looked to be mostly 4’-(aminophenyl)-tpy by
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TLC. This was confirmed by mass spectrometry and ‘H NMR, both of which also

suggested thc presence of 4’-(N-phenylfoniiamide)-tpy. The only explanation for the

occurrence ofthese species is hydrolysis ofthe target amidine molecule once formed.

However, A’N’-diaryl amidines are generally regarded as being exceptionally

stable to hydrolysis (Scheme 49)18 21 To be certain, 4’-(N-phenylformamide)-tpy was

prepared independently according to the protocol outlined in Scheme 4.10. Inspection of

this compound by 1H NMR (Figure 4.20) reveals minor resonance components that were

initially thought to arise from contamination by impurities. Relative integration, however,

indicates that these are actually resonance contributions from another geometric

arrangement in solution. It is known that the related compound N-phenylformamide

exhibits a cis / trans distribution in solution at room temperature.23 This is most evident

by distinct carbonyl resonances in its ‘3C NMR spectrum, which indicates a cis / trans

ratio of 1.8:1. Here, preference for a cisoid structure is suggested by 13C NMR (Figure

4.2 1), for which the carbonyl resonances agree almost exactly to that of the

aforementioned reference compound, indicating a 2.7:1 cis / trans distribution.

H20

NH2

H

1=0

+

Scheme 4.9 Hydrolysis ofA’N’-di-(4’-pheny1-tpy)-formamidine.

NH2

Nfl

N

OH

H

NH

flyNfl

ÇN

98 %

1 h, r.t.

Scheme 4.10 Synthesis of 4 ‘-(N-phenylforrnarnide)-tpy.
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Such decomposition is easier to ascertain if one is capable of obtaining the target

molecule in a pure form. To this end, 4’-(arninophenyl)-tpy was revisited but using

instead the acid-promoted conditions with triethyl orthoformate that were successful for

the sensitive 4-aminobenzyl alcohol substrate. In this case, solvent selection was found to

be critical. Using DCM as solvent in this manner (Scheme 4.11) afforded a heavy

precipitate which was found to be pure 4’-(N-phenylformamide)-tpy, while the filtrate

was found to contain large arnounts of4’-(aminophenyl)-tpy and smalÏer quantities ofthe

formarnide and the desired N,N’-di-(4’-phenyl-tpy)-formamidine. Changing the solvent to

THF provided much enhanced solubility for both 4’-(aminophenyl)-tpy and 4’-(N-

phenylformamide)-tpy, and so it was hoped that any precipitate that formed during the

reaction wouÏd have a greater likelihood of being the target amidine. Over the course of

several days, a precipitate indeed developed which was pure by TLC and found to be

neither the amine nor the formamide.

NH2

EtO+OEt
NÇ

CEt

CX acid

18%

Scheme 4.11 Synthesis of]VN’-di-(4’-pheny1-tpy)-formamidine.

This material was found to be appreciably soluble in DMSO solutions only. Mass

spectrornetry of such a solution was dominated by the presence of the target amidine

along with the formamide and amine materials. Initially, the ‘H NMR of this material

(figure 4.22) showed no presence of the formamide or the amine decomposition

products, but on standing rapidly decomposed over several days to give one or more

species resembling strongly 4’ -(N-phenylformamide)-tpy (Figure 4.23). Interestingly, this

decomposition material does not correspond exactly to 4’-(N-phenylformarnide)-tpy that

was prepared independently. This is consistent with the absence of 4’-(arninophenyl)-tpy
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in solution, which is evident by the absence of the characteristic -NH2 resonance

normally observed at 5.64 ppm. At this point, however, chromatography ofthe ‘H NMR

solution on silica substrate reveals exclusively 4’-(N-phenylformamide)-tpy and 4’-

(aminophenyl)-tpy. Thus, it appears that this compound hydrolyses incompletely to give

one or more species that readily decompose on silica to yield 4’-(aminophenyl)-tpy and

4’-(N-phenylformamide)-tpy. Regardless, the clean production of both components is in

itselfstrong evidence for the synthesis ofthe target A’N’-di-(4’-phenyl-tpy)-formamidine.

LJ
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Figure 4.20 ‘H NMR of 4’-(N-phenylformamide)-tpy in d6-DMSO at r.t.
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Figure 4.21 13C NMR of4’-(N-phenylformamide)-tpy in d6-DMSO at r.t.
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Figure 4.22 ‘H NMR ofmaterial from Scheme 4.11 in d6-DMSO. Time 0
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10.’3 8.0 7.0 60
(t;)

Figure 4.23 ‘H NMR ofmaterial from Scheme 4.11 in d6-DMSO afler standing for

two weeks at r.t.

An obvious question is whether complexation of the tpy ligands could exert a

stabilizing influence on the formamidine moiety. To this end, however, there are

synthetic limitations imposed by the charged nature of a potential precursor complex such

as [(4’-(4-aminophenyl)-tpy)Ru(tpy)J(Pf6)2 if one adopts the synthetic protocols followed

to this point. It was therefore opted to complex the material isolated from the reaction

outlined in Scheme 4.11, believed to be AÇN’-di-(4’-phenyl-tpy)-formamidine, directly

with Ru(tpy)C13 in the hopes that complexation would precede decomposition of the

ligand if there were to be such a stabilizing influence. The reaction is outlined in Scheme

4.12 below.

o .- o o o o o o
h i,

U) b b O h O O
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(NO3)2

N
N

H
Ru(tpy)C13)3AgNO3

I
NN CH3OH / reflux 30 min

Scheme 4.12 Atternpted complexation of A’N ‘-di-(4 ‘-phenyl-tpy)-formamidine.

b help deter ligand decomposition, anhydrous conditions were used and reaction

duration was minimized to 30 min at reflux temperature. Although TLC revealed two

separable Ru(II) complexs and no starting ligand, their resolution by coiumn

chrornatography using the sarne conditions (silica, 7:2 CH3CN / KNO3(sat, aq) as eluent)

was unsuccessfiul. This isolated materiai was found, by ‘H NMR and ESI-MS, to be a mix

of both [(4’ -(N-phenyiformamide)-tpy)Ru(tpy] (PF6)2 and [(4’ -(4-aminophenyl)-

tpy)Ru(tpy)J(PF6)2, the former of which gave suitable crystais for structure determination

as a di-tetraphenylborate sait upon diffusion of isopropyl ether into an acetonitrile

solution of the complex, saturated with NH4BPh4. The structure, depicted in figure 4.24

below along with selected bond lengths and angles, was found to crystailize exclusively

in a cisoid geornetry with respect to the formamide group. The structural parameters are

flot particulariy noteworthy, as they are typical for reiated complexes.’2 As the moiecule

lies on a two-fold axis, oniy one representation is shown in Figure 4.24. Both

representations resuiting from this two-fold symmetry are differentiated only by their

respective 4’-N-phenylformamide substituents, as evidenced by partial occupancies of 0.5

for these atoms.

(NO3)2
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Selected Bond Lengths (À) and Angles (°):

Ru-N 18 = 1.995 (5)
Ru-Ni 1 = 2.066 (4)
Ru-N21 = 2.078 (4)

N18-Ru-N21 = 100.92(11)
N18-Ru-N11 =78.81(10)

C126-0127 = 1.179 (16)
C126-N125 = 1.457 (9)

Phenyl torsion (avg) = 40.9

Figure 4.24 ORTEP depiction of one (of two) unique IV-3 (BPh4)2 units at 30% thermal

ellipsoid probability. Solvent, counter-anions, and aromatic protons have been omitted

for clarity.

Although such unusual susceptibility to hydrolysis precludes the use of this

formamidine, it is quite conceivable that analogous compounds based upon A’N-di

(terpyridyl) aiyÏarnidines (Figure 4.25, below) may show resiliency in this regard. This is

particularly true considering the large extent to which such arylamidines may be

electronically modified with appropriate functionalization, using the same or similar

synthetic protocols outlined herein.

NÇRQ

Figure 4.25 Proposed AN’-Di-(4’-phenyl-tpy) arylamidine as potentially more robust

alternatives.
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4.6 Attempts to Append the Complexes IV-1 (Pf6)2 and IV-2 (PF6)2 to the

Dirhodium(II,II) Unit

The appendage of amidinates in a r-bidentate fashion to a dimeric unit is, in

general, accornplished by either 1.) ligand exchange / metathesis with a suitable dimeric

precursor possessing readily displaced mono or ii-bidentate ligands, or 2.) in-situ

reductive generation of the dirneric unit in the presence of an amidine.24 Although

variations exist within each general approacli, one factor which lias remained invariable

to date is the use of purely organic amidine ligands. The following summarizes the

synthetic strategies attempted using the amidine complexes IV-1 (PF6)2 and W-2 (PF6)2

toward the convergent development of polynuclear complexes akin to those discussed in

Chapter 2.

The simplest reactions performed in the context of the first category involve high

temperature displacement with a pre-formed dimeric unit possessing relatively more

labile carboxylates. The reaction is performed in a donor solvent with high-boiling point,

such as DMF, in the presence of a strong base, typically triethyl amine. However, no

reaction was observed after several days at reflux temperature for both the JVN’-dipropy1

and N,N’-diphenyl amidine complexes (Scheme 4.13). This was somewhat surprising,

particularly in the case of the N,N’-diphenyl amidine complex since this was found to

have a modest pKa of 7.12.

Rh2(O2CCH3)4

DMF I Et3N / reflux

n

(PF6)2
(PF6)2

R = n-propyl
R = phenyl

R

[ 4-n

Scheme 4.13 Direct displacement approach at high-temperature.
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A second approacli in this first category, and by far the most utilized, involves

metathesis betwcen an appropriate amidinium sait and the pre-formed dimetai unit.

Depending on the basicity of the amidine, either an alkoxide or lithiating reagent may be

used, such as n-BuLi (Scheme 4.14), to prepare the amidinium sait in situ. Metathesis

may be carried out either with a tetracarboxylate dimer or a soivato complex thereof, the

latter ofwhich typically shows much enhanced reaction rates. Solvent selection is critical,

to ensure both soiubility of starting materials and to ensure precipitation of the sait by

product, with THF being the mot commoniy used. In this case, both iVN’-dipropyl and

AN’-diphenyi amidine complexes were sufficiently soluble in THF. Addition of

equimolar amounts of either NaOMe or n-BuLi gave noticeabie coiour changes at -40°C.

Upon warming of the solution to room temperature, addition of either Rh2(O2CCH3)4 or

cis[Rh2(O2CCH3)2(CH3CN)eq](Bf4)2 resuited in solutions that revealed only the

uncompiexed amidine over time. The presence of counter-anions in these amidine

compiexes iikely compiicates the clean formation of the required amidinium saits in

solution, and so the same approach was taken using excesses of base. However, in ail

cases, only starting materials were observed.

1. NaOMe/THF

2. n-BuLi /THF

X
Rh2fO2CCH3)4 or

n
cis-[Rh2(O2CCH3)2(CH3CN)2](6F4)2

Scheme 4.14 Metathesis approach using both tetraacetate and cis-soivato Rh2 precursors.

Finally, reductive generation of a dimetal “paddiewheei” compiex may be formed

in the presence of a suitable ji-bidentate starting from the mononuclear sait of the

(PF6)2

(PF6)2.

R = n-propyl
R = phenyl 4-n
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transition metal. This reaction is outlined in Scheme 4.15 below, and was attempted using

only the ÀÇN’-dipropyl amidine complex. This reaction, if successful, permits only a

tetrameric Ru(II) complex. Afier purging the combined reagents with three fteeze-purnp

thaw cycles, refluxing over an argon atmosphere for 24 h resulted in a solution which still

contained a fairly large amount of starting amidine complex, along with two new species.

The first of these to elute was found by ‘H NMR to be very clean but contained no

resonances associated with n-propyl groups, while the second did contain the propyl

resonances. ESI-MS indicated that both species were 2+ complexes, but formulations of

their structures could flot be proposed to account for their observed m/z peaks.

Regardless, the recovery of starting material and the presence of 2+ species showed

clearly that the desired reaction was not working.

(PF6)2

RhCI3

Et3N / EtOH f reflux

n

Scheme 4.15 Atternpt to reductively form the dirhodium paddlewheel motif in situ.

4.7 Concluding Remarks

The incapability of the amidinato Ru(IT) complexes IV-1 and IV-2 to self-

assemble about the Rh2(II,II) core by conventional, well-established means necessitates a

more elaborate, divergent strategy. The success of such an approach should be more

likely considering the lessons leamed from the unanticipated decomposïtion of N,N’-di

(4’ -phenyl-tpy) formamidine.

(PF6)2

R = n-propyl

R

L 4-n



146

4.8 Experimental

Note: Although 4’-(4-nitro-phenyl)-tpy ami 4’-(4-amino-phenyl)-tpy have been

previously prepared and characterized,’9 their synthesis and purification in this work

differs considerably, and so they are described herein.

4.8.1 Materials and Methods Solvents used for ligand synthesis were freshly

distilled, whule those used in the subsequent purification and complexation steps were

reagent grade. The reagents N-propylamine and aniline were distiiied over sodium sulfate

and stored over activated 3Â molecular sieves. The preparation of 2,2’:6’,2”-terpyridine

(tpy),25 Ru(tpy)C13,26 Rh2(O2CCH3)(CH3OH)2,27 and 4’-(4-carboxyphenyl)-tpy 28 have

been described previously. $ilica used for chromatographic purification of ail complexes

was 400-450 Â mesh.

4.8.2 Physical Measurements Room-temperature 111 NMR spectra were recorded

using a Bruker 400RG at 400 MHz spectrometer, while those at 333 K were recorded

using a Bruker 500RG at 500 MHz spectrometer.

Electrochemical data was recorded using a BAS Epsilon potentiostat using argon

degassed, spectroscopie grade acetonitrile solutions of 0.1 M tetrabutylammonium

hexafluorophosphate (TBAPF6) as supporting electrolyte. A three electrode set-up was

employed using a working Pt button electrode, a Pt wire auxiliary electrode, and a Ag

wire pseudo-reference electrode with addition of ferrocene as an internai reference. Ail

data is corrected to the Fc / Fc couple vs SCE.

UV-Vis and emission spectra were recorded in a 1 cm path length quartz ceil

using a Cary 500i and Cary Eclipse spectrophotometer, respectively, using air

equilibrated solutions. Emission spectra were recorded upon excitation of the sample

according to its respective lowest energy MLCT band observed in the absorption

spectrum. The ground-state pKa values for complexes W-1 (PF6)2 and IV-2 (PF6)2 were

determined by UV-Vis and emission measurements over the range ofpH 2-13. Stock

solutions (IV-1 (PF6)2, 4.6 x 1 0 M; IV-2 (PF6)2, 5.1 x 1 0 M) were prepared in 100 mL

of H20 containing 20% DMSO and 0.1 M KC1. The addition of DMSO ensured the
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complete dissolution of the complexes over the measured pH range. The pH of the

solution was initially adjusted by addition of 0.2 M NaOH(aq) and subsequently lowered

by careful addition of HC1(aq) solution. The acid solution was added such that the total

volume change was negligible, and the solutions were allowed to equilibrate for 5 min.

prior to recording the UV-Vis spectrum.

Single crystal X-ray diffraction data for IV-1 (PF6)2 was collected on a Bruker

Apex at 100 K using Cu-Ka radiation (2= 1.54178 Â) and refined by Francine Bélanger

Gariépy. Mass spectrometry was performed by direct injection using an LC-MSD TOF

(Agilent) spectrometer with electrospray ionization.

4.8.3 Synthesis and Purification

4’-(4-N-propylbenzamfde)-tpy In a typical preparation, 4’-(4-carboxyphenyl)-tpy (1.2 g,

3.4 mmol) is refluxed in neat thionyl chloride (30 mL) for 1.5 hr. Excess thionyl chloride

is then removed by distillation and the residue is dried in vacuo. The residue is then

charged with neat N-propylamine (25 mL) and the mix is stirred under an argon

atrnosphere at room temperature for 1 hr. The reaction mix is then poured into a 1:1 H20

/ CH3OH mix (400 mL), made basic (pH = 12) with KOH, to give a heavy precipitate

which is isolated by filtration. The product is then triturated in H20 and re-filtered.

Dissolution of the solid in DCM, followed by drying over MgSO4 and filtration, gave 0.9

g of the product afier drying in vacuo. Yield: 67 %. ‘H NMR (400 MHz, CDC13) ppm

8.76 (s, 4H), 8.70 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 8.3, 2H), 7.92 (m, 4H), 7.39 (m, 2H),

6.30 (t, J = 5.2 Hz, 1H), 3.49 (m, 2H), 1.71 (m, 2H), 1.04 (t, J = 7.4 Hz, 3H). ‘3C NMR

(300 MHz, d6-DMSO) ppm 166.82, 157.07, 156.12, 150.67, 149.97, 141.08, 138.83,

136.66, 129.52, 128.17, 125.93, 122.28, 119.35, 42.35, 23.694, 12.80. ESI-MS = [M+H]

cald. for C25H23N40, 395.187 19 ; found, 395.18638

4’-(N-phenylbenzamide)-tpy In a typical preparation, 4’-(4-carboxyphenyl)-tpy (2.0 g,

5.7 mmol) is heated to reflux in thionyl chloride (35 mL) for 1.5 hr. Excess thionyl

chloride is then removed by distillation and the residue is dried in vacuo. To the residue

is charged, via cannulae, dry DCM (60 mL) followed by dry triethylamine (1.2 g, 12

mrnol) under an argon atmosphere. The mix is cooled to -10 oc and charged with dry
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aniline (5.16 g, 55.4 mmol) afier which the solution is brought to room temperature and

heated to reflux for 12 hr. The reaction mix is poured into a 2:1 CH3OH / F120 mix (400

mL) made basic with KOH (pH 12) to give a heavy precipitate which is isolated by

filtration. The product is then triturated in H20 and re-filtered. Dissolution of the solid in

DCM, followed by drying over MgSO4 and filtration, gave 2.25 g of the product afler

drying in vacuo. Yield: 93 %. H NMR (400 MHz, d6-DMSO) ppm 10.40 (s, 1H), 8.77

(m, 4H), 8.68 (d, J 7.8 Hz, 2H), 8.19 (d, J 8.2 Hz, 2H), 8.09 (d, J = 8.2 Hz, 2H), 8.05

(m, 2H), 7.84 ta, J = 7.8 Hz, 2H), 7.54 (m, 2H), 7.39 (m, 2H), 7.14 (t, J = 7.3 Hz, 1H).

‘3c NMR (300 MHz, d6-DMSO) ppm 166.26, 157.03, 156.04, 150.61, 149.81, 141.60,

140.34, 138.85, 136.84, 130.04, 129.94, 128.27, 125.94, 125.12, 122.32, 121.80, 119.39.

ESI-MS: [M+HJ cald. for C28H21N40, 429.17 154; found, 429.16993.

4 ‘-(N,N’-dipropylbenzamidine)-tpy In a typical preparation, PCi5 (1 .1 g, 5.1 mmol) is

stirred in dry DCM (100 mL) under an argon atmosphere at -10 °C for 10 min. The

solution is then charged with 4’-(4-N-propylbenzamide)-tpy (1.0 g, 2.5 mmol) and stirred

for 15 min., then slowly brought to room temperature and stirred an additional 3 hr. The

solution is again cooled to -io oc and N-propylamine (1.44 g, 24.0 mmol) is then added

slowly over the course of 5 min. The solution is slowly brought to room temperature and

stirred an additional 6 hr. The solid suspension which has developed is removed by

filtration and discarded. The filtrate is washed with an aqueous solution of KOH (100

mL, pH = 12) and then with H20 alone (100 mL). Drying of the DCM layer over Mg$04,

followed by filtration and drying in vacuo gave an orange oil which is applied to a plug

of alumina and eluted under pressure with ethyl acetate to rernove any unreacted 4’-(4-N-

propylbenzamide)-tpy. The desired product is then recovered by elution under pressure

using a 4:1 mix of ethyl acetate / methanol. The residue is dried and then dissolved in

DCM for subsequent filtration to ensure complete removal of any dissolved alumina

particulates. The filtrate is dried in vacuo to give 0.87 g of the arnidine. Yield: 79 %. ‘H

NMR (400 MHz, CDCI3) 6 ppm 12.95 ts,br, 1H) 8.78 (s, 2H), 8.75 (d, J = 4.8 Hz, 2H),

8.72 (d, J = 8.0 Hz, 2H), 8.08 (d, J = 8.2 Hz, 2H), 7.93 (m, 2H), 7.45 (d, J = 8.2 Hz, 2H),

7.41 (m, 2H), 2.95 (m, 4H), 1.59 (m, 4H), 0.86 (t, J = 7.4 Hz, 6H). 13C NMR (300 MHz,

d6-DMSO) 6 ppm 175.85, 157.04, 156.04, 151.83, 150.60, 149.68, 140.91, 138.72,
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130.10, 129.51, 128.53, 128.06, 125.87, 124.74, 122.21, 119.34, 24.77, 23.70, 12.56.

ESI-MS: [M+H] cald. for C28H30N5, 436.25012; found, 436.24861.

4’-(N,N’-diphenylbenzamidine)-tpy In a typical preparation, PCi5 (1.94 g, 9.3 mmol) is

stirred in dry DCM (100 mL) under an argon atmosphere at -10 oc for 10 min. The

solution is then charged with 4’-(N-phenylbenzarnide)-tpy (2.0 g, 4.7 mmol), stirred cold

for 20 min., then brought to room temperature and stined for an additional 12 hr. The

solution is cooled to -10 °C and dry aniline (5.16 g, 55.4 mrnol) is then added slowly over

the course of 5 min. The solution is brought to room temperature and stirred for an

additional 8 hr, afler which the mix is poured into a 2:1 CH3OH I H20 mix (400 mL) to

form a heavy precipitate which is collected by filtration, triturated in H20, and re-filtered.

The solid is re-dissolved in DCM, dried over MgSO4. filtered, and dried in vacuo.

Dissolution of the crude materiai in CHC13 (40 mL), followed by addition of 20 mL

CH3OH, ied to crystallized product upon slow evaporation of the mix. Yield: 24 %. tH

NMR (400 MHz, d6-DMSO) ppm 9.35 (s, 1H), 8.75 (d, J 4.6 Hz, 2H), 8.66 (m, 4H),

8.03 (m, 2H), 7.92 (d, J = 7.4 Hz, 2H), 7.87 (d, J = 8.2 Hz, 2H), 7.52 (m, 4H), 7.32 (m,

2H), 7.09 (m, 2H), 7.00 (t, J = 6.7 Hz, 1H), 6.79 (t, J = 7.0 Hz, 1H), 6.67 (J 7.4 Hz,

2H). ‘3C NMR (300 MHz, d6-DMSO) ppm 157.05, 156.08, 155.47, 151.75, 150.66,

149.96, 142.54, 139.21, 138.81, 137.04, 131.31, 129.69, 127.88, 125.92, 123.57, 123.319,

122.44 122.24, 120.84, 119.22. E$I-MS: [M+Hj cald. for C34H26N5, 504.21882; found,

504.21824.

I {4 ‘-(N,N’-dipropylbenzamidine)-tpy}(tpy)RuJ (PF6)2 (IV-1 (PF6)2) In a typical

preparation, tpyRuCI3 (0.16 g, 0.36 mmol) and 4’-(N,A”-dipropylbenzamidine)-tpy (0.16

g, 0.36 mmol) are combined with AgNO3 (0.185 g, 1.09 mmol) in ethanol (40 mL). The

mix is triturated briefly and then heated to reflux for 4 hr under ambient conditions. The

reaction solution is then filtered hot over a plug of celite, and the filtrate is dried. The

residue is re-dissolved in acetonitrile and applied to a silica column using a 7:2 (CH3cN /

KNO3 (sat., aq.) mix as eluent. The product (Rf = 0.48) is collected and extracted

repeatedly with a CH3CN / DCM I KPf6 mixture. The organic layer is removed and

dried, then dissolved in a minimal amount of CH3CN and precipitated in H20 to remove
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excess KPf6. The precipitate is removed by filtration and dried in vacuo. Yield: 0.173 g

(45 %). Single crystals suitable for structure determination by Xray diffraction were

prepared by vapour diffusion of isopropyl ether into an acetonitrile solution of IV-1

(PF6)2 saturated with ammonium tetraphenylborate, wherein the titie compound

crystallized as IV-1 (PF6)(BPh4)2. Note: sample for elemental analysis prepared by

precipitation from an aqueous solution made acidic with HPF6 (aq, 60 wt %). 1H NMR

(400 MHz, CD3CN, 298 K) ppm 9.05 (s, 2H), 8.79 (d, J = 8.2 Hz, 2H), 8.68 (d, J = 8.1

Hz, 2H), 8.53 (d, J 8.2 Hz, 2H), 8.46 (t, J = 8.2 Hz, 1H), 8.42 (d, J = 8.6 Hz, 2H), 7.97

(m, 4H), 7.91 (d, J = 8.6 Hz, 2H), 7.85 (br, 1H) 7.63 (br, 1H), 7.43 (d, J = 5.6 Hz, 2H),

7.40 (d, J 5.6 Hz, 2H), 7.20 (m, 4H), 3.45 (m, 2H), 3.34 (m, 2H), 1.84 (m, 2H), 1.69

(m, 2H), 1.12 (t, J 7.3 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H). % Calcd. for C43H42N8F18P3Ru:

C (42.80), H (3.5 1), N (9.29). % Found: C (43.32), H (4.60), N (9.14). ESI-MS: [M]2

cald. for C43H40N8Ru, 385.12097; found, 385.11986.

t{4’-(N,N’-diphenylbenzamidine)-tpy}(tpy)Ru](PF6)2 (IV-2 (PF6)2) In a typical

preparation, tpyRuCl3 (0.22 g, 0.50 mmol) and 4’-(N,N’-diphenylbenzamidine)-tpy (0.25

g, 0.50 mmol) are combined with AgNO3 (0.26 g, 1.50 mmol) in ethanol (50 mL). The

mix is triturated briefty and then heated to reflux for 2.5 hr under ambient conditions.

Purification and treatment followed that for IV-1 (PF6)2, giving the desired product (R1- =

0.56). Yield: 170 mg (35 %). 1H NMR (400 MHz, CD3CN, 298 K) ppm 9.68 (br, 1H),

9.01 (s, 2H), 8.79 (d, J = 8.2 Hz, 2H), 8.66 (d, J = 8.1 Hz, 2H), 8.53 (d, J = 8.1 Hz, 2H),

8.46 (t, J 8.2 Hz, 1H), 8.32 (d, J = 8.2 Hz, 2H), 7.96 (m, br, 6H), 7.50 (br, 10 H), 7.42

(d, J 5.4 Hz, 2H), 7.39 (d, J = 5.3 Hz, 2H), 7.20 (m, 4H). % Calcd. for

C49H38N8f18P3Ru: C (46.16), H (3.00), N (8.79). % Found: C (45.75), H (3.65), N (9.10).

ESI-MS: [M(Pf6)2 + HJ cald. for C49H37F12N8P2Ru, 1129.14683; found 1129.14381;

[M(PF6) + H]2 cald for C49H37F6N8PRu, 492.09132; found, 492.09093. [M]2 cald. for

C49H36N8Ru, 419.10532; found, 419.10394.

4’-(4-Nitrophenyl)-tpy 4-nitrobenzaldehyde (4.0 g, 26.5 rnmol) and 2-acetyl pyridine

(6.4 g, 53.0 mmol) are combined in a large mortar and ground for 10 mm, afler which

time the mix solidifies. The solid is ground for an additional 5 mi then transferred to a
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flask containing acetic acid (40 mL) and NH4OAc (16.0 g, 208 mmol). The mix is heated

to reflux for 4 h, afier which the solution is diluted to 250 mL with water, forming a

heavy precipitate which is removed by filtration. The solid is triturated in hot methanol

(500 mL) and filtered over celite. The methanol filtrate is discarded while the solid

residue is rernoved from the celite plug upon washing with DCM (500 mL).

Concentration of the DCM filtrate (60 mL) followed by application to a plug of neutral

alumina and elution with ethyl acetate under pressure gave 2.1 g of pure product in 22 %

yield.

4’-(4-aminoplienyl)-tpy In the course of preparing 4’-(4-nitrophenyl)-tpy, the crude

solid obtained prior to column purification is added to HCI (conc., 300 mL), followed by

SnC12 dihydrate (15 .0 g, 66.5 mmol). The mix is stirred at 70°C for 5 h, then decanted

into water (600 mL) and made basic (pH = 10) by slow addition of KOH(), forming a

heavy brown precipitate. The solution is decanted into a large separatoiy fimnel and

extracted five times with DCM (400 mL). The DCM washings are combined and filtered

over a plug of celite, then washed with a saturated, aqueous solution of [EDTA]Na2. The

organic layer is separated and dried over Na2SO4. Flash chromatography over a pÏug of

neutral alumina using ethyl acetate as eluent afforded 2.6 g of pure product in 31 % yield.

4’-(N-phenylformamide)-tpy The formic acetic anhydride solution was prepared by

cooling a dry flask containing acetic anhydride (4.6 mL) to -15°C in an ice/methanol

mixture and then adding of formic acid (5.5 mL) drop wise over the course of 1 h with

stirring. The mix is stirred for 3 h under an argon atmosphere at -5°C, afier which the

solution is transferred via cannulae to a dry flask containing 4’-(4-aminophenyl)-tpy

(0.52 g, 1.6 mmol). The solution is brought to room temperature and stirred for I h, after

which it is decanted into water and extracted three times with DCM (100 mL). The DCM

extracts are reduced to dryness to give an orange ou which is triturated with toluene (150

mL) to give 0.55 g of pure product as an off-white solid suspension. R = 0.27 (Si02

substrate, ethyl acetate as eluent). 1H NMR (400 MHz, d6-DMSO) ppm [10.46 (s) +

10.39 (d, J = 10.8 Hz), 1H], [8.95 (d, J = 10.8 Hz) + 8.36 (s), 1H], 8.77 (d, J 4.4 Hz,

2H), 8.70 (s, 2H), 8.67 (d, J = 8.3 Hz, 2H), 8.04 (m, 2H), 7.93 (d, J = 8.6 Hz, 2H), [7.82
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(d, J = 8.6 Hz) + 7.42 (d, J = 8.3 Hz), 2H], 7.53 (m, 2H). ‘3C NMR (300 MHz, d6-DMSO)

ppm 163.79, 161.16, 156.89, 156.28, 150.60, 150.11, 141.01, 140.79, 138.71, 133.61,

129.34, 128.85, 125.78, 122.21, 121.03, 119.09, 118.69. ESI-MS: [M + H] 353.3.

Calcd.(%) for C22H,6N40: C 74.9$, H 4.58, N 15.90. Found (%): C 74.72, H 4.61, N

15.74.

4-aminobenzyl alcohot A flame-dried flask is charged with dry methanol (100 mL)

followed by 4-nitrobenzyl alcohol (4.0 g, 26 mniol) and CuC1 (anhydrous, 7.8 g, 79

mmol). The mix is stirred briefly, then NaBH4 (7.0 g, 185 mmol) is added portion wise

over the course of 20 min. The mix is stirred over an argon atmosphere at room

temperature for an additional 25 min., after which water is siowly added to quench. Ail

solvent is then removed by distillation, and the residue is triturated with a 1 :1 mix of

ethyl acetate/DCM (300 mL). The mix is filtered over celite, and the filtrate dried over

Na2SO4. Filtration and removal of the solvent afforded 3.03 g of pure product in 9$ %

yield. ‘H NMR (400 MHz, d6-DMSO) ppm 7.00 (d, J = 8.2 Hz, 2H), 6.52 (d, J = 8.2

Hz, 2H), 4.90 (s, 2H), 4.78 (t, J 5.2 Hz, 1H), 4.25 (d, J 5.2 Hz, 2H).

]VN’-Di-(hydroxymethy1 phenyl) formamidine A flame-dried flask is charged with dry

DCM (40 mL) followed by 4-aminobenzyl alcohol (1.5 g, 12.2 mmol), which is stirred

under an argon atmosphere until completely dissolved. Triethyl orthoformate (0.9 g, 6.1

mmol) is then added, followed by a catalytic amount of p-toluenesulfonic acid. Afier

stin-ing at room temperature for 16 h, a precipitate develops, which is allowed to stir for

an additional 56 h (3 d total). The solid is rernoved by filtration and washed with diethyl

ether and dried under vacuum to give 0.84 g of pure product in 54 % yield. Rf = 0.10

(Si02 substrate, 2:1 DCM/acetone as eluent). ‘H NMR (400 MHz, d6-DMSO) ppm

9.71 (s, br, 1H), 8.20 (s, br, 1H), 7.22 (m, 8H) 5.09 (t, J = 5.2 Hz, 2H), 4.41 (d, J 5.2

Hz, 4H). ESI-MS: [M + H] 257.2.

NN’-Di-(4-formy1plieny1) formamidine To a flame-dried flask is charged, over an

argon atmosphere, dry THF (40 mL) followed by NN’-Di-(hydroxymethy1 phenyl)

forniamidine (0.5 g, 2.0 mrnol). Afler dissolution ofthe substrate, Mn02 (< 5 p. mesh, 3.4
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g, 39.0 mmol) is added and the mix stirred for 2 h at room temperature. Removal of the

Mn02 by filtration and drying the filtrate gave 0.44 g of pure dialdehyde product in $9 %

yield. Rf 0.73 (Si02 substrate, 2:1 DCM/acetone as eluent). ‘H NMR (400 MHz, d6-

DMSO) ppm 10.64 (s, br, 1H), 9.89 (s, 2H), 8.55 (s, br, 1H), 7.85 (m, 5H), 7.47 (br,

3H). ESI-MS: [M + HJ 253.1.

N,N’-Di-(4’-phenyl-tpy) formamidine To a flame-dried flask is charged dry THF (35

mL) followed by 4’-(4-aminophenyl)-tpy (0.44 g, 1.36 mmol) and triethyl orihoformate

(0.10 g, 0.66 mmol). Upon dissolution of the substrate, a catalytic amount of p

toluenesulfonic acid is added and the reaction mix is stirred under an argon atmosphere at

room temperature for 72 h, during whicb time a precipitate develops. This precipitate is

removed by filtration, washed twice with 40 mL portions of THF, and dried under

vacuurn to give 0.08 g of material, pure by TLC, in 18 % yield. Rf 0.16 (Si02 substrate,

ethyl acetate as eluent). ‘H NMR (400 MHz, d6-DMSO) ppm 8.80 (d, J = 4.5 Hz, 4H),

8.77 (s, 4H), 8.71 (d, J 7.8 Hz, 4H), 8.08 (m, 5H), 7.73 (br, 4H), 7.57 (m, 4H), 7.48 (d,

J = 8.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H). ESI-MS: [M+H] calcd. for C43H3,N8,

659.267 17; found, 659.26799.
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Chapter 5: Rh24 building blocks for the divergent synthesis of

multinuclear arrays

5.1 Introduction

The kinetic and thermodynamic advantages of utilizing amidinates in place of

carboxylates are well known with regard to ligand dispiacement in metal dimers.

However, as we have seen already regarding the formation of dirnetal paddlewheel

complexes, the consequence ofthis is usually more elaborated synthetic protocols relative

to those employing carboxylates. Regardless, these methods are ah convergent in

approach and are, more importantly, quite ineffective when utihizing various amidine

derivatized Ru(tpy)22 complexes. This prompted us to investigate the feasibility of a

divergent synthetic strategy utilizing covalent bond formation.

n this vein, Ren and co-workers have recently capitalized upon a series of

paramagnetic diruthenium complexes of the type Ru2(O2CMe)4(DArf)Cl (where DArF

= N,N’-diarylforrnarnidinate) first described for the purposes of creating, via self

assembly, higher-order paramagnetic supramolecular architectures with rich

electrochemistry.’ It was recognized that replacement of the relatively labile carboxylates

in these precursor complexes with N,N’-dimethyl-4’-iodobenzamidinate ligands gave

access to acetylenic functionality using conventional Pd-catalyzed coupling conditions.2

More recently, such peripheral ligand modification has been extended to include olefin

cross-metathesis and Suzuki cross-coupling reactions.3’ So far, the extent to which

higher-order diruthenium systems have been investigated has been lirnited to dimerized

diruthenium complexes formed by olefin cross-metathesis and Pd-catalyzed cross

coupling of acetylenic and iodo bearing diruthenium complexes.3’ Notably, Ren and

workers have also utilized such diruthenium acetylenic complexes as templates for

covalent attachment, via Cu(I) catalyzed I ,3-cycloaddition, of azido(poly)benzylether

dendrons,6 an idea which was preceded earlier using dimolybdenurn units.7

It is only very recently that dimeric units have been prepared and modified for the

purpose of synthetic transformations, the noted references above constituting the scope of

reported examples. Although not entirely prerequisite,7 it is no coincidence that the most
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prornising and resilient diruthenium complexes mentioned above possess amidinate

chelates, as this imparts added thermodynarnic and kinetic stability relative to their purely

carboxylate counterparts.8 Given the large body of known dimetal complexes, we sought,

then, a dimetal paddlewheel motif that would be suitably robust and amenable to

synthetic manipulation.

Over twenty years ago, Kadish and co-workers reported the dirhodium(II,II) tetra

amidinate complex Rh2(AÇN’-diphenylbenzamidinate)4 (Figure 5.1 a).9 This complex

possesses two quasi-reversible one-electron oxidations corresponding to the redox
5+14+ 6+15+couples Rh2 and Rh2 at 0.05 and 1.08 V (vs SCE), respectively. The presence of

two quasi-reversible Rh2-based oxidations is also characteristic of tetra-amidates (Figure

5.lb),’°’ and stands in stark contrast to the single Rh2514 process observed in

Rh2(O2CR)4 type complexes. This is attributable to enhanced donor capacity for both

amidates and amidinates over carboxylates in general, which resuits in stabilization of

such higher oxidation states. The flrst and second oxidation processes of Rh2(N,N’-

diphenyl-benzamidinate)4 are shified to lower potential by 0.29 and 0.46 V (vs SCE),

respectively, relative to those for the retated tetra-amidate complex Rh2(N-phenyl

acetamidate)4 (Figure 5.lb). This is flot surprising since the amidine is expected to be

more basic. The importance of this tetra-amidinate was that it possessed a chemically

reversible and electrochemically quasi-reversible (AE = 90 mV) one-electron reduction

process corresponding to the couple Rh243 at - 1.52 V (vs SCE). That this occurred was

a surprise considering such large negative dispiacement of the oxidation potentials and

the fact that the tetra-amidate did flot possess this couple. This reduction was previously

observed only as an irreversible process during electrochemical reduction of some

Rh2(O2CR)4 complexes.’2 The electrochemically generated Rh23 reduced species proved

to be stable at an applied potential of -1.7 V (vs SCE) and provided experimental insight

into the nature of the LUMO by EPR analysis, which suggested it to be of Rh2-Gt

parentage based on previous predictions for an electron in a GMM type orbital. 13 This is

also consistent with Rh2(O2CR)4L2 complexes where the axial ligand is either absent or

weak (e.g. L = H20).’4 Soon afier this report, it was realized that complexes of the type

Rh2(DArF)4 (where DArF = N,N’-diarylformamidinate) possessed similar

electrochemistry, which indicates a stabilizing effect imparted by the presence of N-aryl
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groups.15 However, in the presence of donors such as CH3CN or CO, the reduction

process Rh243 was found to be irreversible for Rh2(DArF)4 type complexes 15 but

cornpletely reversible for Rh2(À1N’-diphenylbenzamidinate)4.9’ 16 This is rationalized

considering that axial ligation serves to destabilize the Rh2a* LUMO and that the Nary1

groups impose steric encumbrance for axial ligation in both cases. However, such

encumbrance is more pronounced when accommodating the central aromatic ring of the

benzamidinate ligand.

[Ï4 ]
a Rh—Rh b

Figure 5.1. Representation ofdirhodium(II,II) tetra(AÏN’-diphenylbenzamidinate) (a) and

dirhodium(II,II) tetra(N-phenyl acetamidate) (b).

The Rh2(N,N’-diphenylbenzamidinate)4 motif is an attractive candidate for

synthetic modification considering the usual integrity afforded by arnidinate ligands, the

rich and reversible electrochernistry, the diamagnetic nature, and the presence of a central

aromatic ring upon which to perform such synthetic transformations. As we will see,

another crucial attribute is simplicity and efficacy ofpreparation. The first step, then, was

to prepare potentially reactive analogues ofRh2(N,N’-diphenyl-benzamidinate)4.

5.2 Synthesis, Solïd-State, and Solution NMR Characterization of Rh2(N,N’-

diphenyl-4-bromobenzamidinate)4 (V-1) and Rh2(NN’-diphenyl-3,5-

dibromobenzamidinate)4 (V-2) (refer to pages LXXVI and LXXXII of Appendix 5 for

X-ray data and parameters of complexes V-1 and V-2, respectively)

As first entries in the creation of a potential library of useful building blocks, it

was decided to make use of the commercially available 4-bromobenzoic and 3,5-

dibromobenzoic acids as substrates in a traditional amidine synthesis (Scheme 5.1) for

subsequent formation of the corresponding halogenated tetra-amidinate dirhodium(II,II)



160

complexes. This required the formation of the N-phenyl amide which was subsequently

chlorinated and reacted with a second equivalent of aniline to yield the symmetric

arnidine ligand. With these ligands in hand, a meit protocol was used that is typical for

formation of both tetra-amidinates and tetra-amidates from tetracarboxylates. $uch

reactions require an amidine melting point below 180°C, considering that Rh2(O2CR)4

complexes are known to decompose close to 180°C. In this case, significant changes were

made to the standard protocol encountered for formation of dirhodium(II,II) tetra

amidinates.9

o o_.<’
.01,0

,Rh-Rh

Scheme 5.1. Meit reaction to form Rh2(iVN’-dipheny1-4-bromobenzamidinate)4 (V-1),

(a) and Rh2(N,N-diphenyl-3,5-dibromobenzamidinate)4 (V-2), (b). Yields reported upon

crystallization.

Such a meit protocol, using Rh2(OAc)4, is typically performed for 8-10 h under an

inert atmosphere. However, considering the relatively high melting point for NN’

diphenyl-4-brornobenzamidinte (170°C), it is risky to extend the reaction over such a

long period considering the likely decomposition of Rh2(02C2H3)4. fortunately, it was

found that the duration of the reaction may be minimized to only several minutes at

temperatures equal to, or even exceeding, the amidine meit temperature. In fact, the meit

temperature was ofien in excess of 200°C upon addition of Rh2(02C2H3)4. The

decomposition temperatures for Rh2(N,N ‘-diphenyl-4-bromobenzamidinate)4 and

Rh2(N,N-diphenyl-3,5-dibromobenzamidinte)4 were found to be 396°C and 362°C,

respectively, and so it is likely that their rapid formation precludes decomposition under

such reaction conditions. These complexes are quite stable and amenable to column

purification, but surprisingly they were found to be sparingly soluble in DCM. This

pemiitted rapid preliminary purification of the crude reaction mixture by removing the

bulk of the excess amidine ligand upon washing with DCM.

melt, 2-5 min.

75% 73%

V-1 V-2
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Diffusion of DCM into a chloroform solution and slow evaporation from a

chloroforrn / methanol solution gave single crystals suitable for structure determination

by X-ray diffraction for Rh2(IVN’-diphenyl-4-bromobenzamidinate)4 and Rh2(N,N’-

diphenyl-3,5-dibromobenzamidinte)4, respectively. The vast majority of dimetal

paddlewheel complexes possess, ideally, D411 molecular symmetry. However, as with the

previously reported complex Rh2(A1N’-diphenylbenzamidinate)4,9’ 16 this symmetry is

reduced to D4 for both Rh2(À1N’-diphenyl-4-bromobenzamidinte)4 and Rh2(N,N’-

diphenyl-3,5-dibromobenzamidinte)4 (Figures 5.2 and 5.3, respectively) by a N-Rh-Rh-N

torsion angle of 12.0 °and 16.0 0 respectively. Such twisting is not uncommon for

dirnetal paddlewheel complexes in general, particularly for those based upon

rhodium(II).8 In the case of Rh2(N,N’-diphenylbenzamidinate)4, this twist angle was

found to be 17.3 0

There is essentially no deviation in Rh-Rh bond length upon installation of

brornine atoms to the central phenyl ring of the arnidine ligand, as both Rh2(IVN’-

diphenyl-4-bromobenzamidinte)4 and Rh2(N,N ‘-diphenyl-3 ,5-dibromobenzamidinte)4

possess bond lengths (2.4017(6) Â and 2.3980(6) Â, respectively) that are essentially

identical to that of Rh2(iVN-dipheny1benzamidinate)4 (2.389(1) Â), considering that

packing effects may also lead to deviations of 0.01 Â.8 The same may be said of the Rh

N distances, which were found to be 2.042(4) À and 2.052(2) Â for Rh7(N,N’-diphenyl-

4-bromobenzamidinte)4 and Rh2(IVN-diphenyJ-3 ,5-dibromobenzamidinte)4, respectively,

which are nearly identical to that reported for Rh2ÇVN’-dipheny1benzamidinate)4

(2.056(2) Â). All these bond distances are, moreover, in quite good agreement with those

reported for dirhodium(II,II) tetra-amidinates in general.

The crystal structure of iVN’-diphenylbenzamidine has been reported and

provides an interesting commentary on the effect of complexation.’7 Firstly, the C=N and

C-N bond distances of this free amidine are, respectively, 1.302(7) Â and 1.360(8) Â but
are essentially equal and intermediate for both Rh2(N,N’-diphenyl-4-

bromobenzamidinte)4 (1.333(7), 1.327(7) Â) and Rh2(N,N’-diphenyl-3,5-

dibromobenzamidinte)4 (1.333(4), 1.332(4) Â), as anticipated for a formally anionic

chelate. Secondly, and more interestingly, the mean C-C bond distance from the amidine

carbon to the central phenyl ring is 1.485 Â for NN’-dipheny1benzamidine. This distance
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is slightly, but consistently, longer for the reference complex Rh2(N,N’-diphenyl-4-

bromobenzamidinte)4 (1.502(4) À) as it is for both Rh2(A’N’-diphenyl-4-

bromobenzamidinte)4 (1.497(5) Â) and Rh2(A7N’-dipheny1-3 ,5-dibrornobenzamidinte)4

(1.494(4) Â). Such lengthening has been suggested to be a consequence of reduced

conjugation to the central phenyl ring in favour of delocalization about the M-N-C-N-M

fragment.’8

Apart from Rh2(iVN’-diphenylbenzamidinate)4, complexes of the type M2(1VN’-

diphenylbenzamidinate)4 have been reported previously for M = Cu(II))8 Mo(II),’9

Pd(II),2° and Co(II).’6 However, only where M = Cu(II), Co(II) are paddlewheel

complexes obtained which are iso-structural to those where M = Rh(II). In the case of

M = Mo(II), there is only two-fold molecular symmetry (C2) about an axis perpendicular

to the Mo-Mo bond direction, while where M = Pd(II), the two metal atoms are spanned

by only two arnidinate ligands with the other two each chelated to a single palladium(II)

center. This latter case is clearly a consequence of the steric bulk imposed by such a

ligand, considering that there is no formaI bond-order for Pd2(II,II) dimetal complexes.

To accommodate such steric encumbrance, the aryl rings are located in positions

that are markedly non-planar relative to the delocalized Rh-N-C-N-Rh moiety (Figures

5.2 and 5.3, below). Firstly, the central aryl ring is twisted out of the N-C-N plane by
500 for Rh2(ÀÇN’-diphenyl-4-bromobenzamidinate)4 and by — 61° for Rh2(A’N’-

diphenyl-3,5-dibromobenzamidinate)4. $econdly, and most notably, the aryl rings

appended to the nitrogen atoms of the ligand occur in a regular edge-to face arrangement

wherein the 2,6 protons of the phenyl rings are located in very different environments

(see Figure 5.4 below). One of these protons, highlighted in green in Figure 5.4, is within

2.8 Â of the plane of the ring which is orthogonal to it. The other proton, highlighted in

yellow, is within 2.6 Â of the edge of the nearest phenyl ring. The dynamic solution

behaviour ofthese aryl rings, earmarked by these 2,6 phenyl protons, will be discussed in

the next section. As expected, the structures for both the tetra-bromo and tetra-dibromo

complexes are void of any axial ligation, as this has been shown to be exclusive to nitriles

and CO.16

It is worthy to note that both Rh2(N,N’-diphenyl-4-bromobenzamidinate)4 and

Rh2(AN’-diphenyl-3,5-dibromobenzamidinate)4 are chiral, a point which has eluded
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mention in ail previous reports of related complexes.’6’ 1$, 19 This point may have also

gone unnoticed here if flot for the fact that crystals of Rh2(JVN’-dipheny1-4-

bromobenzamidinte)4 were found to be enantiopure, which is in accord with the

tetragonal space in which it crystallizes (14) being devoid of symmetry elements

possessing mirror planes. On the other hand, Rh2Ç’LN’-diphenyl-3,5-

dibromobenzamidinte)4 was found to crystallize in P4/nnc, and as such one finds both

enantiomers in the crystal structure (Figure 5.3).

Figure 5.2. X-ray crystal structure of V-1 viewed along the Rh-Rh bond-axis. At lefi, a

representation with 50 % thermal ellipsoids where hydrogen atoms have been omitted for

clarity. At right, a space-fihling representation. Solvent has been omitted for clarity.
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Figure 5.3. Space-fihling representation for enantiomers of V-2 found in the solid state

structure.

Figure 5.4. Side-on view of space-ifihing representations of V-1 (lefi) and V-2 (right)

highlighting the 2,6 protons of the amidine phenyl ring.

The ‘H NMR spectra of both the tetra-bromo and tetra-dibrorno amidinate

complexes in CDC13 are depicted in Figures 5.5 and 5.6, respectively. The ‘H NMR

spectra of Rh2(AÇN’-diphenyl-benzamidinate)4 has not been reported, but the analysis

here should apply to it nonetheless. At room temperature, the spectra of both complexes

are characterized by broad features comprised solely of proton resonances of the phenyl

rings bound to the nitrogen atoms. 0f these, that which is located most downfield is

comprised of the 3,5-phenyl protons and is, in the case ofthe dibromo analogue, resolved

into a distinct multiplet. The remaining two broad features are largely invariant between

the two complexes but are quite well separated (M 0.8-0.9 ppm). The proton which is

intimately directed toward the plane of its neighbor in an edge-to-face fashion should

experience a strong shielding effect and is therefore assigned as the broad resonance

which is located most upfield. To further support these assignments, and to shed some

light on the solution dynamics of these cornpounds, variable temperature ‘H NMR was

performed on a d6-DMSO solution of Rh2(N,N’-diphenyl-4-bromobenzamidinte)4 in the

high-temperature regime between 298-393 K. These spectra are shown in Figures 5.7 and

5.8 below.
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figure 5.5. ‘H NMR of Rh2(ÀÇN’-diphenyl-4-bromobenzamidinate)4 in CDC13 at r.t.
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Figure 5.6. ‘H NMR of Rh2(JVN’-dipheny1-3,5-dibromobenzamidinate)4 in CDC13 at r.t.
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A 393 K

353 K

338 K

--

30$ K

Figure 5.7. Variable-temperature

bromobenzamidinate)4 in d6-DMSO.

NMR spectra of Rh2(N,N ‘-diphenyl-4-

The complex Rh2(AÇN’-diphenyl-4-bromobenzamidinte)4 was found to be

sparingly soluble in DMSO solution, which contributed to the rough character of these

spectra. However, it provided for greatly improved resolution of the 3,5, 3’,5’, and 4

resonances by shiffing the 3 ‘,5’ phenyl doublet by 0.15 ppm relative to that found in

CDC13. Increasing the temperature resulted in distinctly different effects for the broad

resonances associated with the N-bound phenyl groups. Firstly, the broad resonance at

7.2 ppm becomes a clear multiplet at - 313 K whose integration supports its assignment

as the 3,5 phenyl protons. However, the broad resonances between 6.6 and 5.5 ppm

continue to broaden until they effectively become unobservable at 31$ K. This is

characteristic of exchange broadening effects observed by chemically unique protons that

are interchanging environments but which still show distinct resonances.21 This is

pm (ti)
7.00 6.50 6.00 5.50

298 K
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commonly referred to as the slow-exchange region,22 and may be contextualized by the

following relationship:

r = J2 / 2irAv (Eqn. 5.1)

where t is the lifetime of the two sites and Av is the difference in their frequencies. If we

consider two interchanging spins, the lifetime of each must be greater than that described

in the relation above for their resonances to be distinguishable at a given temperature.

These lifetimes will of course vary inversely with temperature. The broadening effect in

this slow-exchange region occurs because flot ail of the nuclei are being exchanged. The

nuclei which do exchange begin to precess at another frequency but are then retumed to

their original frequency. Ibis creates phase errors with the spins that did flot exchange

and leads to deconstructive interference, the end result of which is a rapidly decaying fID

signal. In the slow-exchange region, the more ftequently the spins interchange sites, the

greater will be the loss of phase coherence and hence broadening. To complicate matters

further, tumbling of such a symmetric molecule in solution should also contribute to une

broadening.

ConverseÏy, a temperature will be reached in such a system where site exchange is

too rapid for separate resonances to be distinguished.22 At this temperature, the

environment is averaged for both spins and is indicated experimentally by the emergence

of a single broad resonance. This is the coalescence temperature (T0), determined to be

-323 K in the case here for Rh2(N,N-diphenyl-4-bromobenzamidinte)4 in d6-DM$O (see

Figure 8). Beyond this point, one enters the fast exchange region where une broadening

effects are reduced due to this averaging effect. With T0 in hand, one may determine the

exchange rate constant (k0) at T0 according to the relationship below

= 7rAv / q2 (Eqn. 5.2)

where Av is the chemical shifi (Hz) between the two resonances at T0. Since this is flot

possible to observe directly, it is usually calculated by extrapolation of chemical shift

differences obtained at low temperatures according to a linear relationship. With this
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information in hand, one may then use the expression below to arrive at the free-energy

of activation (AG*) for site interchange ofthe spins in question.22

AG*
= 457 T {9.97 + 10g (T I As) (callmol) (Eqn. 3)

Use of this expression to calculate AG* is strictly limited to cases where the populations

of the two spin environments are equal. Where this is not the case is when there exists an

equilibrium distribution between the species produced upon site exchange, such that one

of the sites is more populated on the basis that it is associated with a more

thermodynamically stable species. Such cannot be the case here, and so application ofthe

above relation applies.

373 K

353 K

348 K

343 K
1
338 K

333 K

328 K
-j’

323 K
-w

318 K

Figure 5.8. Coalescence phenomenon of the 2,6-phenyl protons of Rh2(N,N’-diphenyl-4-

bromobenzamidinate)4 in d6-DMSO.
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Although the chemical shift is most ofien an-ived at through linear extrapolation,22

a polynomial fitting of the slow-exchange data (Figure 5.9) was found to be more

suitable. Stiil, both linear and polynomial expressions were used to arrive at chemical

shifis of 191 and 282 Hz, respectively.

4Z

y = -O.33x2 + 1 96.85x — 28963
4W R2=O.9973

340

3

3W I

295 315

Temperature (K)

Figure 5.9. Linear and polynomial fits of chernical shifts as a function of temperature in

the slow-exchange region for Rh2(AÇN’-diphenyl-4-bromobenzamidinate)4 in d6-DMSO.

Application of equation 5.3 gives AG*
= 15.0 kcal/mol employing Av = 191 Hz,

while AG* 14.8 kcal/mol when employing Av 282 Hz. Since error in determination of

the chemical shifi at T must be considered, it is best to consider the average of the two,
AG* 14.9 kcal/mol, as being a more representative value. Another source of error that

must be noted is the determination of the actual coalescence temperature. In this case,

increments of 5 K were used (Figure 8) which has apparently captured the early onset of

coalescence. Some brief mention of other methods for determining sucli thermodynamic

parameters must be made, since these are ofien reported either alone or in support of

analysis of the sort performed herein.21’ 22 The temperature dependence of exchange

broadening effects may be utilized to extract exchange constants (ko) by line-width

analysis at haif peak-height for a given temperature. From this, Arrhenius plots of ln(k)

vs 1/1 may be used to extract enthalpic and entropic parameters of activation. However,

this is Jimited to the slow-exchange region and relies on accurate determination of une-

y=-4.78x+ 1826
R2 = 0.91 05

3W 305 310
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widths of the resonances in question. Here, owing to the rough nature of the spectrum

traces and the extreme broadness of the resonances, such error would be particularly

problematic. for these reasons, this method bas been, for the most part, replaced with full

line-shape analysis wherein the variable temperature spectra are calculated. Those which

provide the best fit to the experimental data are used to extract such thennodynamic

parameters. Such calculation could be useful to support the analysis given here.

The coalescence behaviour discussed above supports the previous assignment of

these spins and is understood by the unique environments depicted in the solid state

structure. It is interesting to note that, as expected, the high temperature limit of 393 K

reveals that the 2,6-phenyl protons are beginning to display the profile of a true doublet.

However, it remains to interpret these resuits so as to visualize the solution dynamics that

are taking place. To this point, it can be said with certainty only that the 2,6 phenyl

protons are exchanging, and that this involves a four-fold concerted effort since there are

four such edge-to-face interactions. Whether this concerted exchange results in

conversion between enantiomers or occurs within the context of each enantiomer is

uncertain at this point, but the addition of an appropriate chiral shifi reagent under such

temperature variation may shed some light on this question.

5.3 ‘Chemistry on the Complex’: Synthesïs, SoIid-State, and Solution NMR

Characterization of Peripherally Modified Analogues of Rh2(JVN’-diphenyl-4-

bromobenzamidinate)4 (refer to pages LXXXIX, CIV, CXIX, CXXXVIII, and CLI of

Appendix 5 for X-ray data and parameters of complexes V-5, V-6, V-7, cis-V-8, and

V-10, respectively)

A wide variety of chemistry may be attempted on these halogenated substrates.

Toward creating systems of high nuclearity based upon photoactive units, we desire to

create linkage that is efficient, robust, and conducive to energy and / or electron transfer

processes. With regard to polypyridyl systems, transition metal-catalyzed C-C bond

formation lias played a very important role in creating polytopic ligands capable of

supporting multiple metal centers.23 More recently, focus bas shifled to performing such

transformations on the complex as this can significantly simplify synthesis and
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purification.24 To this end, Suzuki-Miyaura coupling reactions are particularly attractive

considering that the required conditions are generally mild and higli yielding for a wide

range of substrates due to constant advancement in catalyst technology.25 In the context

ofRu(tpy)22 units, Williams and co-workers have adopted current methodology to create

such complexes appended with boron ester functionality, which is readily hydrolyzed to

the requisite boronic acid (Scheme 5.2).26 With this complex in hand, Williams and co

workers were able to couple other polypyridyl complexes possessing secondary halide

functionality. More recently, Buchwald and co-workers reported that using the supporting

ligand 2-(2 ‘,6 ‘-dimethoxybiphenyl)-dicyclohexylphosphine (SPhos, Scheme 5.2) enabled

the efficient coupling of both deactivated and sterically hindered aryl halides and boronic

acids at low catalyst loadings.27 Adopting such a protocol, however, was unsuccessful in

cross-coupling the boronic acid complex to the Rh2(N,N’-diphenyl-4-

bromobenzamidinate)4 substrate.

[1
Rh—Rh

t

Pd2(dba)3 (1 mol%) / SPhos (3 mol%)
K2C03 I DME I reflux

MeO
= SPhos

(b)

Scheme 5.2. Attempted Suzuki coupling on Rh2(A’N’-diphenyl-4-bromobenzamidinate)4

in degassed 1 ,2-dimethoxyethane.

The major products recovered from this reaction were determined to be the

homocoupled dinuclear complex (Scheme 5.2, a) and the hydrolyzed mononuclear

complex (Scheme 5.2, b). Conversely, installation of boron ester functionality on the

tetrabromo-amidinate using an appropriate diboron ester was abandoned as this was

found to give a complicated mix which, upon treatment with dilute HCÏ, did flot yield any

apparent boronic acid functionality.

fPF), (PF0)

PF)2 (a)
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Formylation of the peripheral bromides of these tetra-amidinate complexes is

highly-desirable as this makes available a wide range of transformations such as, for

instance, the synthesis of porphyrins.28 Formylation of aryl halides is most commonly

accomplished by lithiation followed by electrophilic addition of DMF. Unfortunately,

despite using various lithiating reagents under a wide range of temperatures in THf,

lithiation of Rh2(A7N’-diphenyl-4-bromobenzamidinate) was found to be very inefficient.

Moreover, it appeared that any lithiated material was slow to react with DMF as

evidenced by ‘H NMR and mass spectrometry which showed only trace amounts of

formylated product along with a relatively larger amount of hydrolysed material and a

very large amount of the starting material. As such, formylation was attempted on the

ligand N,N’-diphenyl-4-bromobenzamidinate in the hope that the product would be

sufficiently stable under the meit conditions employed to form these tetra-amidinates.

We desire selective lithiation of N,N’-diphenyl-4-bromobenzamidine, but clearly

lithiation of the amidine is competitive and could potentially lead to its aikylation in the

presence of a bromo-aikyl species generated upon lithiation of the bromide. To

circumvent this occurrence, it is desired to first protect the amidine. Surprisïngly, there

are relatively few reports in the literature regarding amidine protection.29 Previous

experience in protecting the related amidine 4’-(N,N’-diphenylbenzamidine)-tpy using

Me3SiCÏ proved to be inefficient. However, acetylation of the amidine couÏd be

accomplished quantitatively by simply refluxing in the acetic anhydride. De-protection

was easily accomplished by hydrolysis in acidic media on the ligand itself, but once it

was complexed to Ru(II) it became exceedingly difficult to remove. For this reason,

shortened reaction times were employed to improve the yieÏd of complex formation (see

Chapter 4). Here, refluxing N,N’-diphenyl-4-bromobenzamidine in acetic anhydride

produced spot-to-spot conversion, and this material was used in subsequent lithiations

using n-BuLi according to Scheme 5.3 below.

O H
Br

DMF(%°C),t 3Orni +
H

Scheme 5.3. Attempted lithiation of acetylated N,N’-diphenyl-4-bromobenzamidine.
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Unfortunately, however, the principle constituents of this reaction were the N

butylated species along with the de-protected ligand. Forgoing protection and using 2

equivalents of n-BuLi was then focused upon with systematic variation of reaction time

and temperature, for which the conditions outlined in Scheme 5.4 were found to be

optimal.

Scheme 5.4. Optimized lithiation ofN,N’-diphenyl-4-bromobenzamidine. Yield obtained

of pure product afier chromatographic purification.

The melting point of the IVN’-dipheny1-4-formy1-benzamidine (m.p. 149°C)

was found to be suitable for the meit protocol outlined previously with Rh2(O2CCH3)4.

Pure Rh2 (NN’-dipheny1-4-formy1-benzarnidinate)4 (V-3) was then obtained by

chromatography on silica. The ‘H NMR spectrum is depicted below in figure 5.10.

4

[2’,WJ+4

3’5

Br

2 eq. n-BuLi I THF / -78°C /15 min.

DMFI-78°C/15 min.

OH

N>
H

70%

O H

nBu

I

5

3,,5,

56

10.0 9.0 8.0
ppm(tl)

“j

g

Figure 5.10. ‘H NMR of Rh2(A1N’-diphenyl-4-formy1-benzamidinate)4 in d6-DMSO.
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Direct oxidation of this tetra-aldehyde complex using common oxidizing agents

such as KMnO4 was complicated by the formation of intractable, unidentified material.

However, milU oxidation to the tetra-methylcarboxy dimer compex (V-4, Scheme 5.5)

could be carried out in high yield, afler chromatographic purification, using iodine in

methanolic potassium hydroxide.3°

OOH

CH3OHIKOH DMSO/NaOH

______

HCIcaq)

Rh—Rh ,Rh—Rh Rh—Rh’

84% 98%

V-4 V-5

Scheme 5.5. $ynthesis of Rh2(AN’-dipheny1-4-carboxy-benzamidinate)4 (V-5). Indicated

yieMs are before crystallization.

I

O OMe

53,

5 6 ,,Rh—Rh

[2’,6’]+4
3,,5,

r r

750 7.00 6.50 6.00 5.50 5.00 4.50 400
ppmftl)

Figure 5.11. ‘H NMR of Rh2(IVN’-dipheny1-4-methy1carboxy-benzamidinate)4 in d6-

DMSO.
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Saponification of the methylcarboxy analogue in DM50 afforded the tetra

carboxylate dimer, which was precipitated in near quantitative yield as the tetra

carboxylic acid dimer upon acidification of the solution with HCI(aq) (see Scheme 5.5 ).As

expected, Rh,(N,N’-diphenyl-4-carboxy-benzamidinate)4 moves only under very polar

conditions (e.g. methanol) on silica substrate. The tendency of this compound to diffuse

strongly and adsorb irreversibly to some extent on both silica and alumina substrate

preclude its chromatographic purification, although simple trituration with solvents such

as DCM suffices to remove any residual starting materials. While the 1H NMR spectrum

could be recorded in DM50 (see Figure 5.12), it is notably featureless relative to that for

both the tetra-formyl and tetra-methylcarboxy dimeric complexes. This is likely a

consequence of the carboxylates, which could effectively alter the tumbling rate of the

dirneric species through association with the solvent media and/or through intermolecuÏar

association. The nature of this association is likely hydrogen bonding, as noted also in its

crystal structure with DM50.

O OH

rN

N N 4

__

850 800 750 700 650 600 550 500
pprn(tl)

Figure 5.12. ‘H NMR of V-5 in d6-DMSO.

Single crystals suitable for structure determination could be grown upon standing

of a DMSO solution, owing to the slow absorption of water over time. However, this

does flot afford efficient crystallization, as the complex is also somewhat water-soluble.

The structure is depicted in Figure 5.13.
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Figure 5.13. X-ray crystal structure of V-5 with thermal ellipsoids at 50 % probability.

Solvent and arornatic protons have been omitted for clarity.

This complex crystallizes in P21/n space, and so one finds both enantiomers in the

crystal structure. As expected, no axial association to potential donor atoms is observed.

While the presence of four carboxylic acid groups holds potential for creating porous

networks, the packing is actually quite dense owing to hydrogen bonding between each

carboxy group and a DM50 acceptor ( O (COOH) --- O (DMSO) < 2.7 Â). In fact, roughly

30% of the unit ceil volume is attributable to these DMSO molecules. With regard to the

structural parameters of the dimetal complex itself, they are invariant relative to those

noted already for both Rh2(N,N’-diphenyl-4-bromobenzamidinate)4 and Rh2(N,N’-

diphenyl-3 ,5 -dibromobenzamidinate)4.

To the best of our Imowiedge, this is the first example of a dimetal paddlewheel

complex possessing uncomplexed tetracarboxylate functionality. The nearest example to

this was reported by Yaghi, wherein an extended structure possessing l-D channels was

formed upon self-assembly of Zn(N03)2(H20)6 and 1 ,4-benzenedicarboxylic acid in the
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presence of triethy1amine31 Here, the repeating unit was found to be Zn2(02C-ph-

C02)4(H20)2. However, it does not exist as a discrete molecular unit, which makes our

example here unique. The rigidity, stability, and potential applications afforded by porous

metal-organic frameworks have made such systems an area of intense focus.32 In this

context, the tetra-carboxylate dimer prepared here holds much potential toward the

formation of various architectures directed by the addition of complementary bridging

ligands, considering in particular its rich electrochemistry, thermal stability, ami rigidity.

Another desirable secondary functionality to possess on the exterior of the

Rh2(I’LN’-diphenylbenzamidinate)4 unit is amino functionality, as this makes available

amide bond formation as a means to create connectivity that is robust, high yielding, and

conducive to both energy and electron transfer processes.33 It has been noted that

benzophenone irnine can serve as a convenient ammonia equivalent in the palladium

catalyzed amination of aryl halides and triflates (Scheme The resulting

benzophenone imine adducts were reported to be quite robust as they were stable to

chromatographic purification on silica and, in the case of benzophenone imine protected

4-bromoaniline, could even tolerate halogen-metal exchange (n-BuLi, THf, -78°C)

without significant addition to the imine.

R

+ PhPh

cataic aminaon Rp cleavage R

Scheme 5.6. Strategy for the formation ofunsubstituted primary aniline derivatives.

Given the straightforward nature of this protocol and the integrity of the installed

benzophenone imine, we opted to apply such an approach to the Rh2(N,N’-diphenyl-4-

bromobenzamidinate)4 substrate. Reaction conditions for such amination reactions

typically employ a palladium source along with a supporting ligand, most commonly

BINAP (racemic mix), along with either Cs2CO3 or NaOtBu as base in either THf or

toluene at a temperature and duration that depends on the reactivity of the aryl halide

substrate.34
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Considering our previous success with S-PHOS as supporting ligand and also its

ease of preparation and stability to air and moisture, we chose to optimize systems based

upon this ligand. It was found initially that using Cs2CO3 as base and THF as solvent

provided superior reaction progression at reflux temperature (i.e. 65 °C). However, even

in the presence of an excess ofbenzophenone imine, this reaction required about 4-5 days

to give exclusively the tetra-aminated product (Scheme 5.7). Fortunately, this reaction

time was found to be dramatically shortened to 12 h at elevated temperature and pressure

(THF at 140°C) using a sealed pressure vessel. Purification of the Rh2(1VN’-dipheny1-4-

diphenylketimine-benzamidinate)4 (V-6) product entailed column chromatography on

silica gel using DCM / 0.5% Et3N as eluent, afier which the recovered residue could be

crystallized on a large scale from a chlorobenzene / methanol solution.

During the course of the reaction to form Rh2ÀN’-diphenyl-4-diphenylketimine-

benzamidinate)4, the formation and consumption of the mono, bis, and tris-aminated

intermediates could be observed by TLC. Targeting these intermediates could be

accomplished using an appropriate number of equivalents of benzophenone imine, but in

all cases produced a range of products. It was found that, like with the tetra-aminated

species, the tris-aminated species was produced most efficiently at elevated temperature

and pressure. This may be indicative of reduced reaction rates as the substrate becomes

larger with each successive coupling to the imine.

The mono and bis-aminated species, on the other hand, were best arrived at by

conventional reflux at 65°C. Quite often, for instance, targeting the bis-aminated product

at 140°C led to a product distribution that was weighted in favour of the tris-aminated

species. Perhaps this is because slower reaction rates are more forgiving to experimental

error in measuring and transferring the quantities of substrate and benzophenone imine

used. In the end, a 24 h conventional reflux was found to suffice.
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Br

Rh—Rh
I I Pd2(dba)3 J S-PHOS

Cs2CO3/THF N=4 (V-6) 71 %

N=3 (V-7) 27%b

N=2 (V-8) 24%c

N=1 (V-9) 29%c

4-N

Scheme 5.7. Arnination of Rh2(AlN’-diphenyl-4-bromobenzamidinate)4 using

benzophenone imine.(a) 1.5 moI % Pd2(dba)3, 4.8 moI % S-PHOS, 2.0 eq. Cs2CO3, 4.8

eq. imine, THF, 140°C, 12 h. Yield obtained afier crystallization. (b) 1.3 mol %

Pd2(dba)3, 4.0 mol % S-PHO$, 2.0 eq Cs2CO3, 3.0 eq. imine, THF, 140°C, 8 h. Yield

obtained after crystallization. (c) 1.5 mol % Pd2(dba)3, 4.8 mol % S-PHOS, 1.0 eq.

Cs2CO3, 1.2 eq. imine, THF, 65°C, 24 h. Yield obtained before crystallization.

Ail intermediate species could be purified by column chromatography in the same

manner as for the tetra-aminated compound. However, the tris and tetra-aminated

products ofien contained trace amounts of what appeared to be either S-PHOS or a

decomposition by-product thereof. Fortunately, both species could be efficiently

crystallized to yield pure material. Also, the bis-aminated material was found to be

resolved into its cis and trans components upon further column chromatography using

silica gel and chloroform as eluent. The relative cis / trans composition was found to be

2.7:1.0, weighted in favour of the cis isomer, as expected.

Initial inspection of the ‘H NMR spectra for this series of aminated tetra

amidinate complexes appears to be complex, but it is readily interpreted given the spectra

for Rh2(NN ‘-diphenyl-4-diphenylketimine-benzamidinate)4 and Rh2(NN ‘-diphenyl-4-

bromobenzamidinate)4, 2-D COSY NMR, and single crystal X-ray structures. These

spectra are depicted below, along with their respective assignments, in Figures 5.14-5.18.

[
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Figure 5.14. ‘H NMR of V-6 in d6-DMSO.
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Figure 5.15. ‘H NMR of V-7 in d6-DMSO.
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Figure 5.18. 1H NMR of V-9 in d6-DMSO.

As with the tetra-brominated complexes Rh2(N,N’-diphenyl-4-

bromobenzamidinate)4 and Rh2(IVN’-dipheny1-3,5-dibromobenzamidinate)4, there exists

characteristically broad resonances between 7 and 5 ppm owing to the phenyl rings

directly connected to the amidine nitrogen atoms. The remaining resonances, those

associated with the diphenyl ketimine moieties and the central phenyl ring of the

amidinate ligand are, for the most part, well-separated. As such, their relative integration

offers unambiguous support for the identity of these complexes. Interestingly, the

distribution ofthese resonances indicates a lower symmetry than what one may otherwise

anticipate. That this occurs for the resonances of the central phenyl ring of the amidinate

ligand is anticipated on the basis of the substituent in the 4’-position (i.e. bromo or

diphenyl ketimine). The phenyl doublets ofthe ring bearing the diphenyl ketimine moiety

occur at 6.2 and 6.5 ppm, while those ofthe bromo-substituted ring occur at 6.7 and

7. 1 ppm. This reflects a relative electron releasing effect of the diphenyl ketimine
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[3a, 4a, 5a]
+

3b’, 5b’ [3b, 4b, 5b] 2b’, 6b’

182

13
sa”, 5a”

4a
2a”, 6a’

[[2a’,6a’]
+

[6a, 6b]

3a’, 5a’
2a, 2b

LrHJHflHIII

c c D c c o c. o

(M (3 (MC

750 7.00

11

o
k)

—J -

650

I -

k) O
o

6.00 550



183

group. More importantly, these resonances serve as excellent diagnostic markers for

interpretation of these spectra.

The asymmetry of the resonances stemming from the phenyl rings of the ketimine

substituent may be interpreted with the aid of the solid-state structures, in particular that

for Rh2(AÇN’-diphenyl-4-diphenylketimine-benzamidinate)4 depicted in Figure 5.19.

These rings are distinct owing to the angular connection imposed by the ketirnine

nitrogen atom and their mutually orthogonal disposition. However, there are only a total

of six resonances attributable to these phenyl rings, occun-ing in three pairs. It is likely

that rotation of these phenyl rings in solution creates equivalency between the proton

resonances within each ring, and so differentiation occurs solely because of the angular

nature of the ketimine connection. The separation between related resonances 4a” and

4a” and between 3a”,5a” and 3a”,5a” is consistent and modest at A 0.2 ppm.

However, the separation between 2a”,6a” and 2a”,6a” is A = 0.7 ppm, as judged

most accurately from the spectra for the mono-aminated complex (Figure 5.18). A

plausible explanation is that the 2,6 protons of one of these rings experiences an averaged

environment which is more shielding due to a significant 7t-interaction contribution. This

may be understood considering the space-filling illustration in Figure 5.19 below for the

phenyl rings of the ketimine in relation to the central phenyl ring of the amidinate ligand.

Here, the orange and yellow-highlighted protons are offset with respect to their nearest

phenyl ring counterparts, with distances of ‘- 2.8 Â and 2.6 Â, respectively, to the

nearest carbon atom of the neighboring phenyl ring. It is flot likely that these constitute

significant aromatic ring-shielding interactions. However, the green-highlighted proton

is within 2.5 Â of the carbon-nitrogen double bond of the ketimine moiety. More

importantly, the ketimine double bond is reasonably within the plane of the phenyl ring

containing the green-highlighted proton (torsion angle - 27 0) and so this likely

constitutes a stronger 7t interaction, leading to an exchange environment that is relatively

more shielding.
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Single crystals suitable for structure determination by X-ray diffraction could be

obtained for most of these aminated complexes (Figures 5.20-5.22), with the exception of

the mono-arninated species which proved challenging to crystallize. Both enantiomers of

each compiex are found within their respective solid-state structures. In ail cases, the

tetra-amidinate core is stnicturally analogous to that discussed already for the tetra-bromo

complexes, with no evidence for axial ligation.

With regard to the structure of complex Rh2(NN’-dipheny1-4-diphenylketimine-

benzamidinate)4 depicted in figure 5.20, the diphenyl ketimine groups do not occur in a

regular orientation, but rather in symmetrically equivalent pairs which serves to lower the

ideal symmetry of the molecule from D4 to D2. These diphenyl ketimine groups are in

general well-defined, with the exception of one ketimine ring for which anisotropic

refinernent proved problernatic. Consequently, refinement for this ring is lefi isotropic.

For the tris- and bis-aminated structures (Figures 5.21 and 5.22, respectively), alI atoms

were refined anisotropically. Both the tris- and bis-aminated complexes possess a two

fold symmetry axis. Hence, the structures depicted in Figures 5.21 and 5.22 describe one

unique orientation of these diphenylketimine substituents, which have been modeled

based on partial occupancy Idealized molecular symmetry (i.e. that exciuding the

peripheral diphenylketimines) is reduced to C2 for both the tris and bis-aminated

products.

Figure 5.19. Space-filling representation of phenyl rings about ketirnine moiety for

Rh2(N,N ‘-diphenyl-4-diphenylketimine-benzamidinate)4.
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Figure 5.21. X-ray crystal structure of V-7 (one representation of two) with thermal

ellipsoids at 50 % probability. Protons and solvent molecules have been omitted for

clarity.

Figure 5.20. X-ray crystal structure of V-6 with thermal ellipsoids at 50 % probability.

Protons and solvent molecules have been omitted for clarity.

î

f’.

L



186

Figure 5.22. X-ray crystal structure of cis-V-$ (one representation of two) with thermal

ellipsoids at 50 % probability. Protons and solvent molecules have been omitted for

clarity.

Considering the lasting appeal in the literature toward formation of squares,

rectangles, and various other geometric motifs using metal complex building blocks,35 it

is easy to envision many potential assemblies based upon this self-complementary family

of complexes. However, to this end one should look toward efficient means of creating

linkage. As such, the potential utility ofthis farnily as building blocks is predicated on the

efficiency to convert the appended diphenyl ketimine to its ammonia equivalent. This

was found to be efflciently carried out according to the acid-promoted hydrolysis

depicted in Scheme 5.8. Here, a mix of THF / HC1(aq) suffices to cleave the ketirnine

group at room temperature, the free base of which is recovered efficiently and quickly

without need for chromatographic purification owing to the insolubility of the compound

as the hydrochloride sait in solvents such as DCM.



187

__

[2]

4 1. THF I HC(aq) / 30 min. r. t. °N N
I,’

2. KQH(aq) I DCM ,Rh—Rh

82%

v_10
Scheme 5.8. Acid-promoted hydrolysis of Rh2(NN’-diphenyÏ-4-diphenylketirnine-

benzamidinate)4 (V-10).

The ‘H NMR spectra of the tetra-amino complex is shown beÏow in Figure 5.23.

It bears a strong resemblance to those of the tetra-bromo analogues, with two notable

exceptions. The first, and most obvious, is the appearance of a singlet resonance at

5 ppm for the amino protons. The second is an inverted assignment of the phenyl

doublets, with the 3’,5’ doublet occuring upfield relative to that for the 2’,6’ resonance.

The justification for this assignment was made by comparison to the corresponding

doublets in the diphenyl ketimine complexes (Figures 5.14-5.18). Hydrolysis of the

ketimine to the amino should have a slightly increased electron releasing effect on the

phenyl ring, and this should be more pronounced for the 3’,5’ protons. The phenyl

doublets bearing the ketimine moiety appear at 6.5 ppm and 6.2 ppm, while those of

the phenyl ring bearing an amino substituent appear at - 6.4 ppm and - 6.0 ppm. Since

one anticipates a general upfield shifi for both resonances, the doublet at 6.5 pprn must

correspond to that at 6.4 ppm, and that at 6.2 ppm to that at 6.0 ppm. This gives,

respectively, A = 0.1 ppm and 0.2 ppm, and so the resonance set occurring at — 6.5 ppm

(ketimine complex) and at 6.4 ppm (amino complex) corresponds to the 2’,6’ phenyl

protons while the resonance set occurring at - 6.2 ppm (ketimine complex) and at

- 6.0 ppm (amino complex) corresponds to the 3’,5’ phenyl protons.

Rh—Rh’
••‘I (I



NH1

3 2

,‘_

5 6 ,.Rh—Rh

2

j
650 600 550 500 450

Figure 5.24. X-ray crystal structure of V-10 with thermal ellipsoids at 50 % probability.

Protons and solvent molecules have been omitted for clarity.
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figure 5.23. ‘H NMR of V-10 in d6-DMSO.
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Single crystals suitable for structure determination by X-ray diffraction were

grown upon standing of a DM50 solution of the tetra-amino complex. Like the tetra

carboxylate complex (figure 5.13), this method was the only one capable of yielding

crystalline material. This compound was found to crystallize in P4/n space, and one finds

both enantiomers within the unit ceil (see Figure 5.24). Like the tetra-carboxylate

structure, a large portion of unit ceil volume is attributable to solvent, in this case 22 ¾.

However, unlike the tetra-carboxylate structure, this solvent was disordered enough to

prompt the use of the ‘squeeze’ function in PLATON to account for this missing

electronic density in place of their actual refinement. Concerning the molecule itself, the

structural parameters again reflect those of the tetra-bromo complexes, with again an

absence of axial ligation.

As an initial foray into the feasibility of using these tetra-amidinate complexes as

robust templates, the tetra-amino complex is the most straightforward owing to its

symmetry. It is also a good assessment of the efficiency for the method of connection

chosen, as this must be performed four-fold. The chosen means of creating connectivity

here is amide bond formation, the advantages of which have been mentioned previously.

However, an equally important appeal to using this mode of connection is the ease with

which carboxylate functionality may be incorporated into polypyridyl ligands, as

evidenced by their prolific occurrence in current literature.36 This makes readily available

a wide range ofpotentially interesting photoactive subunits.

It was desired to connect, in this manner, both a tpy ligand and its corresponding

ruthenium(II) complex to determine the general applicability of the protocol.

Chlorination of 4-carboxytpy (Scheme 5.9) followed by addition of the tetra-amino

complex in the presence of a strong base led to a reaction mixture that could be purified

without chrornatography in a reasonable yield. The ‘H NMR spectrum of the tetra-tpy

complex is shown in Figure 5.25 (below). It is essentially the summation of the spectra

for the individual components, with the exception of a characteristic N-H resonance from

the amide functionatity at 10.75 ppm. Interestingly, single crystals could be grown from

slow evaporation from a mixture of chloroform and methanol but did not diffract

sufficiently for satisfactory structural refinement.
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Scheme 5. 9. Synthesis ofRh2(A/N’-dipheny1-4-amidotpy-benzamidinate)4 (V-11).
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Figure 5.25. 1H NMR of V-11 in d6-DMSO.
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With 4’-carboxytpy in hand, the heteroleptic complex [(4’-carboxytpy)(4’-

tolyltpy)Ru](PF6)2 was synthesized (Scheme 5.10) owing to the facile and expedient

synthesis of 4’-tolyltpy and its corresponding ruthenium(III) trichtoride complex.

Although similar complexes have been prepared, this is the first known report for this

particular compound. The ‘H NMR spectrum is shown in Figure 5.26.

OOH (PF6)2

1. llpyRuCI3 I AgNO3 / EtOH / reflux 4h

2. 26 eq. KMnO4 /1:1 H20 I CH3CN / KOH
3. HPF6 (aq)

V-12 (37 %)

Scheme 5.10. Synthesis of [(4’-carboxytpy)(4’-tolyltpy)Ru](PF6)2 (V-12). Yield obtained

afier column chromatography.

T4 T4”
T5 T5’

TT5 TT5

TT4 TT4”
T T3

TT3’,TT5

T3,T3” T4j4”T3,T5 + +

TT3,TT3” TT4,TT4”

1 TT2”,TI6TT’
TT3,TT5”T

r r r j T j Tr[TrrJ I I I T

9.50 9.00 8.50 8.00 7.50 700
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Figure 5.26. ‘R NMR of V-12 in CD3CN. Methyl resonance occurs at 2.57 ppm (flot

shown).
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With this complex in hand, a similar protocol to that used for appendage of 4’-

carboxytpy was employed (Scheme 5.11) with the exception that it was necessary to use

acetonitrile as solvent to fully dissolve the starting materials. Chlorination of a two-fold

excess of [(4’-carboxytpy)(4’-tolyltpy)Ru](PF6)2 gave, afier brief reflux with (À1N’

diphenyl-4-amino-benzamidinate)4, a solution whose colour was markedly more intense

than initially observed.

(PF6)8

OOH (PF6)2

8
rfN’jj

1. SOCl/ reflux

Œ) 2NH2Ï

ON N0
t..

-J4

Rh—Rh

CH3CN / Et,N / reflux 30 min.

V-13 (77%)

Scheme 5.11. Synthesis of Rh2(N,N ‘-diphenyl- {(4’-amidotpy)(4’-tolyltpy)Ru](PF6)2} -

benzamidinate)4 (V-13). Yield obtained after column chromatography.

Chromatographic separation of this reaction mixture on silica substrate gave an

intense band that moved reasonably well (Rf 0.32, using 7:1 CH3CN / KNO3tsat, aq)).

This material, following anion exchange using NH4PF6, was shown by ‘H NMR (Figure

5.27) and ESI-MS to be the desired tetra-amido product. The features ofthis spectrum are

strikingly similar to those for the parent complex in Figure 5.26, with the exception that

the multiplets stemming ftom overlapped resonances of protons T6,T6” / TT6, TT6” and

T5,T5” / TT5,TT5” are resolved into their individual components, along with the

appearance of a characteristic N-H resonance from the amide moiety at 9.5 ppm.

Evidence for the tetra-amidinate core is provided by the characteristically broad

resonances for the 6 and 2 protons ofthe N-bound amidinate protons (refer to Figures 5.5

L
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and 5.6) at 6.1 ppm and 5.6 pprn, respectively. Interestingly, the resonances of the 3, 5,

and 4 protons of the N-bound phenyl and the 2’ ,6’ / 3’ ,5’ protons of the central phenyl of

the amidinate ligand are flot resolved but are likely severely broadened. Broadening is

also observed, although to a lesser extent, for both the N-H amide and the T3’,T5’

resonances at 9.5 and 9.2 ppm, respectively, the latter of which occurs as a doublet,

perhaps differentiated by the chiral nature and enantiomeric occurrence of the central

dimeric unit. Such broadening may be the consequence of tumbling rates for such a large

and symmetric structure in solution. An excellent frame of reference in support of this

notion is the 1H NMR spectrum for the tetra-amidotpy complex (Figure 5.25) for which

the resonances of the tetra-amidinate core, along with the N-H amide resonance, are

readily discernable and notably sharper. This could be a consequence of the smaller size

of the tetra-amidotpy complex. However, it must be noted that the tetra-arnidotpy

complex is also charge neutral compared to the highly charged (8+) tetra-Ru(II) complex

here. To clarify this matter, variable temperature ‘H NMR should be helpfiul as it was for

elucidating the solution dynamics of Rh2(AÇN-diphenyl-4-bromobenzamidinate)4 and

should be included in further characterization ofthis compound.

8.0

Figure 5.27. ‘H NMR of V-13 in CD3CN. Methyl resonance occurs at 2.57 ppm (flot

shown).
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The major motivation for pursuing such tetra-amidinate complexes was to create

robust templates bearing suitable fiinctionality so as to efficiently coimect polypyridyl

based photoactive unit(s) in light of problems associated with the kinetic labiÏity of

carboxylate-derived Ru(tpy)22 units appended to the dimetallic core (Chapter 2). To this

end, as anticipated, the complex Rh2(N,N’-diphenyl- {(4’-amidotpy)(4’-

tolyltpy)Ru](PF6)2}-benzamidinate)4 is indeflnitely stable in the presence of competing

donors, such as other carboxylates and in neat pyridine itself. Lastly, this compound

could be crystallized by vapour diffusion of isopropyl ether into an acetonitrile solution

to give apparently good quality crystals which, as with the tetra-amidotpy complex, did

not diffract sufficiently. This may be due in part, perhaps, to poor packing in the solid

state owing to the large, spherical nature of these compounds and the presence of many

counter-anions.

Further illustration of the amenability of these complexes toward synthetic

manipulation is provided by the alkynylation of Rh2tN,N’-diphenyl-4-diphenylketimine-

benzamidinate)3(N,N-diphenyl-4-bromobenzamidinate), according to Scheme 5.12

below. The installation of terminal alkynyl functionality into these tetra-amidinate

complexes expands upon the library of reactive tetra-amidinate building-blocks created

thus far, making available a wide range of coupling partners.

The most popular method for creating C(sp2)-C(sp) bonds has been the

Sonagashira protocol whereby a copper (I) co-catalyst is used in conjunction with a

palladium source in the presence of a suitable base. Much modification upon the original

coupling conditions have been made toward improving the scope and efficiency of the

reaction so as to include unactivated and sterically demanding substrates and to suppress

deleterious dimerization and oligomerization processes.37 Among the family of mixed

bromo / diphenyl ketimine substrates here, the mono-bromo complex Rh2(ÀN’-diphenyl-

4-diphenylketimine-benzamidinate)3(N,N-diphenyl-4-bromobenzamidinate) is naturally

preferred toward reaction optimization.

Initial coupling attempts with trimethylsilyl acetylene were performed according

to the most common protocol encountered in the literature, whereby the substrate was

heated to reflux in neat, degassed IVN-diisopropyl ethylamine in the presence of

PdC12(PPh3)2 and Cul (Scheme 5.12, a). This protocol, however, produced only small
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quantities ofthe desired product afier column chromatography along with a large amount

of intractable material.

oÏo

3
3

J%a 67%b

Scheme 5.12. Synthesis of Rh2(NN ‘-diphenyl-4-diphenylketimine-benzamidinate)3(N,N-

diphenyl-4-trimethylsilylethynyl-benzamidinate) (V-14). (a) 10 mol % PdC12(PPh3)2,

10 mol % Cul, 20 mol % PPh3, 1.5 eq Me3Si-CCH, 18 h at 70°C under argon atmosphere.

(b) 5 mol % Pd2(dba)3, 16 mol % S-PHOS, 3 eq Cs2CO3, 1.5 eq Me3Si-CCH, THf

(degassed), 120°C, 1 h. Yield based on pure material recovered from column

chromatography.

In search of efficient catalytic systems for the coupling of activated and de

activated aryl chlorides with terminal aikynes, Buchwald and co-workers explored the

use of bulky, electron-rich phosphines closely related to SPHOS.37c $urprisingly, it was

found that the presence of a copper (I) co-catalyst suppressed the cross-coupling reaction

and invariantïy led to consumption of the added terminal aikyne and recovery of

unreacted chloro-substrate. When the copper (I) source was omitted, the reaction

progressed in modest to high yield within 1-3 h in acetonitrile at elevated temperature

(70-95°C) using cesium carbonate as base. These conditions comprise a simple method

for such coupling reactions, the scope of which has been further extended by more recent

ci

[ I o

V-14
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reports from Buchwa1d,37’ and others, who have made slight modifications to address the

needs of particularly demanding substrates.3 Similarly, we too have found that copper

free conditions employing Pd2(dba)3 / $-PHOS in THF at elevated temperatures were

required to couple Rh2(NN ‘-diphenyl-4-diphenylketimine-benzamidinate)3(AÇN-

diphenyl-4-trimethylsilylacetylenyl-benzamidinate) in acceptable yield (Scheme 5.12, b).

pprn(tl)

figure 5.28. ‘H NMR of V-14 in d6-DMSO. Circled region represents resonances from

S-PHOS (or related) impurity.

The ‘H NMR depicted above in Figure 5.28 of material recovered from column

chromatography is remarkably similar to that for Rh2(N,N ‘-diphenyl-4-diphenylketimine-

benzamidinate)3ÇVN-diphenyl-4-bromobenzamidinate) (refer to Figure 5.15). However,

it is readily distinguished by a strong singlet resonance at 0.14 ppm attributable to the

Me3Si- moiety. Less noticeable is that the small doublet at 7.1 ppm arising from the

35’, 5b’ phenyl protons for the phenyl ring bearing the bromo-substituent in the parent

complex, i.e. Rh2(IVN ‘-diphenyl-4-diphenylketimine-benzamidinate)3(AÇN-diphenyl-

4-bromobenzamidinate) (see Figure 5.15), has been displaced enough that it is no longer

resolved upon installation of the trimethylsilyl acetylene group. However, the 2b’, 6h’

protons of the same ring remain resolved, being displaced upfield by 0.1 ppm upon

acetylation. Lastly, the circled region depicted in the spectra likely arises from

contamination of the S-PROS Ïigand (or a decomposition product thereof). This was

H20

MeSi

d6-DMSO

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
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found to be a problem in general for compounds which move relatively slowly on silica

(Rf < 0.4) and can only be eliminated upon crystallization of the compound. Notably,

column chromatography sufficed to purify the mono-aminated complex Rh2(NN’-

diphenyl-4-diphenylketimine-benzamidinate)(N,N-diphenyl-4-bromobenzamidinate)3

(Rf 0.47, refer to Figure 5.1$). In this case, the enhanced solubility afforded by the

trimethylsilyl acetylene group made crystallization inefficient. However, such impurity is

inconsequential considering that subsequent steps will either use S-PROS or eliminate it

completely through work-up and crystallization.

L__ L
THF / MeOH / 10 eq K2C03

20minatr.t.

V-15 (92%)

Scheme 5.13. Removal of trimethylsilyl to give Rh2(IVN’-diphenyl-4-dipheny1ketirnine-

benzamidinate)3(N,N ‘-diphenyl-4-ethynylbenzamidinate) (V-15).

Removal of the trimethylsilyl group could be performed in excellent yield using a

methanolic solution of potassium carbonate (Scheme 5.13). Conversion proceeds cleanly,

although the persistence ofsmall amounts of S-PROS can be discemed from the ‘H NMR

spectra in figure 5.29. More importantly, the strong singlet resonance characteristic of

the trimethylsilyl group is no longer present while a resonance at 4.1 ppm attributable to

the naked acetylene moiety is now evident. for both the trirnethylsilyl and naked

acetylene analogues, IR spectroscopy showed characteristic frequencies for the —CC

stretching mode corresponding to 2156 cm and 2359 respectively.

H
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Figure 5.29. 1H NMR of V-15 in d6-DMSO.

5.4 Electronic Absorption

The electronic configuration of the metal-based molecular orbitais in Rh24

paddÏewheel-type complexes depends on the nature of both the axial ami equatorially

bound ligands. For instance, those with weakly 3t-donating chelates, such as sulfonates

and carboxylates, in combination with weak axial G-donors, such as water or nitriles,

possess an electronic configuration of the order a2 4 2 *2 2i*4 14 However, exchanging

the axial donor for strong G-donors such as phosphines or phosphites resuits in the

ordering
*4 *2 2 where the HOMO is of c..Rh-P character.38 Conversely,

relatively stronger t-donating chelates such as amidates and amidinates with either weak

or absent axial G-donors possess an electronic configuration of the order G2
74 2 *4 *239

This bears resemblance to that for complexes of weakly 2r-donating chelates (e.g.

Rh2(O7CCH3)4(CH3CN)2), but differs significantly in two respects. If we compare tetra

amidinate complexes of the form Rh2(RN-CR’-NR)4 with tetra-carboxylate complexes of

the form Rh2(O2CR)4, both with weak axial donors, replacement of the oxygen atoms

with eight nitrogen donors effectively increases the one-electron metal-based orbital

energies by 2 eV.39c However, this increase is not proportionate for ail orbitals, as the

H,O

d6-DMSO

I I T I I I I I I I I I I T

8.0 7.0 6.0 S.0 4.0 3.0 2.0 1.0 0.0
ppm(tl)
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Rh2- based orbital is significantly mixed with pit-N orbitais of the chelate, placing it

significantly higher in energy than that of the Rh21E* orbital. Tnterestingly, no cases of

such tetra-amidinate complexes bearing strong axial -donors have been reported to date.

This may be due to the fact that most such complexes bear aryl groups on the nitrogen

atoms, which impose steric encumbrance to axial ligation. Moreover, it has been

suggested that the higher energy of the metai-based orbitais for tetra-amidinate

complexes relative to those of more weakly donating chelates may lead to an energetic

mismatch between Rh2G/G* orbitals and the lone-pairs of the axial donor in general.39c

This stands in contrast to dirhodium(II,II) complexes bearing more weakiy donating

chelates sucli as carboxylates, which show a high affinity toward axial ligation.4°

The visible spectra of dirhodium(II,II) tetracarboxylates contain two hands

attributed to a higher energy it (Rh-O) —* (Rh-O) transition ( 440 nm) and a lower

energy * —* a* (Rh2) transition ( 500-600 nm), the latter of which varies

according to the donor capacity of the solvent, reflecting the metal-metal e-bond

component of the transition.41 However, no precise assignment of the bands observed in

the electronic spectra of either tetra-amidato or tetra-amidinato dirhodium(II,II)

complexes has been made despite numerous theoretical and experimental investigations

into their electronic structure. Generally, where comment to this end lias been made,

those hands in the visible whose energy varies directly with the c-donor capacity of the

solvent have been implicated to possess a strong o (Rh2) component. Kadish and co

workers have made this analogy for several tetra-amidate dirhodium(II,II) complexes,

attributing a general blue-shifi ofthis solvent dependent hand and a more complex visible

spectra to, respectively, the increasing basicity and asymmetry of the amide ligands

compared to those of carboxylates.42 Extrapolation to tetra-amidinate analogues is

tempting and one may predict a further blue-shift for related hands along with relatively

simplified visible spectra, where symmetric amidinates are concemed. However, Kadish

and co-workers have noted a visible spectrum for Rh2(NN’-diphenylbenzamidinate)4 that

contains two high-intensity hands at 51$ nm ( = 6.1 x i03 M’cm’) and 847 nm ( = 2.9

x i03 M’cm1), a weak hand at 590 nm ( = 3.0 x 102 Mcmj, and a shoulder at 440

nrn16 Not surprisingly, these bands were invariant in solvents such as dichioromethane,

acetone, tetrahydrofuran, dimethyl sulfoxide, and pyridine, owing to restricted interaction
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with the Rh-Rh axis imposed by the four N-phenyl rings. However, in solvents such as

acetonitriic and benzonitrile, the intensity of the hands at 518 and $47 nm were found to

diminish while a new, broad band of equal intensity appeared at 547 nm. Moreover, these

bands were found to disappear completely in the presence of an excess of CN. These

observations clearly indicate a significant axial interaction with nitriles and suggest o

(Rh2) contribution to the bands observed at 51$ nm and 847 nm. When this complex was

oxidized to give the remarkably stable mixed-valent complex [Rh2(I’LN’-

diphenylbenzamidinate)4]Cl, the visible spectrum (in toluene) was characterized by

similar overlapping bands at 520 nm (s = 2.5 x i03 M1cm1) and 445 nm (s 2.4 x i03

M1cnï’), but with a shoulder at 650 nm and a broad, relatively intense near-IR band at

1030 mit (s = 3.6 x i03 M1cm1) with a shoulder at 830 mu. The intensity and energy of

this near-IR band was found to vary with the nature of the counter-anion, while axial

coordination of CO or various nitriles gives rise to two near-IR bands. Although flot

explicitly stated, it is very likely that this hand is attributable to a LMCT transition

involving the nitrogefi non-bonding 7t MO’s and the partially-filled Rh2-based HOMO of

as this has been noted previously for Rh25 complexes based on related

nitrogen chelates.43

The dirhodium(II,II) tetra-amidinate complexes prepared here (Table 5.1) exhibit

a nearly identical spectral profile in their respective visible spectra as that discussed

above for Rh2(N,N’-diphenylbenzamidinate)4, with the exception that we also note a

weak hand at 750 nm. Within this series, the hands do not vary significantly with the

changing functionality of the amidine ligand, with the exception of the tetra-amino

derivative for which the higher intensity hands centered at 862 mii and 506 mii have been

displaced by 20 nm to lower and higher energy, respectively, relative to that for the

tetra-bromo complex. Presumably this is a function of the relatively electron releasing

amino group.

The spectral data in Table 5.1 was recorded for freshly prepared and crystallized

material, with one exception. The tetra-dibromo analogue, although crystalline and

initially very pure, sat in a vial for over 8 months under an aerobic atmosphere. The

consequence of this is seen in the near-IR region of the spectra, shown below in figure

5.30, where a broad hand at 1080 nm (s = 1150 M1cm’) has appeared. Considering the
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previous discussion, it is very likely that this is due to a rnixed-valent Rh25 species. In

fact, since the molar absorptivities for the bands at 533 nm and 438 nm are very similar to

those of the aforementioned [Rh2ÇVN’-dipheny1benzamidinate)4]C1, it is reasonable to

conclude that about one-third of the sample has been oxidized during this time by

comparison of the molar absorptivities for their mutual near-IR bands. That this occurs

even in the solid-state is testament to the stability ofthis mixed-valent species.

E
C)

figure 5.30. Absorption spectrum for Rh2(N,N-diphenyl-3,5-dibromobenzamidinate)4 in

air-equilibrated chloroform.

Wavelength (nm)



202

Table 5.1. Electronic absorption data (general).

Compound max (nm), E (M1cm1)

Rh2(L-Br)4 $46 (2720) 753sh (320) 596sh (432) 523 (4720)
430

(1991)
438shRh2(L-3r2)4 838 (2260) 754sh (200) 589sh (320) 533 (3965)

(1696)
440shRh2(LCO2H)4b $32 (1150) - - 548 (1990)

(1350)

Rh7(L-NH2)4 b $62 (2160) 785sh (470) - 506 (3180) -

435shRh2(L-Br)3(Lj) 847 (2870) 761sh (370) 587sh (420) 525 (4670)
(2190)

cis-Rh2(L-Br)2(LI)2 849 (3130) 765sh (390 588sh (450) 526 (4540) -

trans-Rh2(L-Br)2(Li)2 849 (2960) 765sh (410) 5$8sh (460) 526 (4290) -

377shRh2(L-Br)(Li)3 851 (2910) 765sh (460) 599sh (410) 527 (3880)
__________ (17200)

377shRh2(L1)4 $53 (2680) 760sh (460) 600sh (380) 529 (3060)
(16900)

376shRh2(Lj)3(L-C7SiMe3) $51 (1800) 765sh (280) 598sh (280) 534 (2440)
(13300)

376shRh7(L1)3(LC2H) $51 (2270) 764sh (550) 593sh (450) 533 (2820)
(11100)

530shRh2(L-tpy)4 845 (1700) 759 (1960) 573 (3720)
(3100) -

a) Ail spectra recorded in air-equilibrated CHC13, unless otherwise indicated.

b) Recorded in DMSO.

Key:

X

L=
N>

L1
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5.5 Etectrochemistry

The progression from carboxylate-based chelates to nitrogen-based analogues has

introduced a second reversible Rh2-based oxidation flot observed with dirhodium(II,II)

tetracarboxylates.42 This is also shared by amidinato analogues, but there is an added

bonus if the amidinate ligand bears N-aryl groups in that a (quasi)reversible reduction

(Rh243) is made accessible. The cationic mixed-valent Rh25 species is remarkably

stable,44 being separated and purified by column chromatography afier initial bulk

electrolysis while the Rh23 species is exceptionally reactive to molecular oxygen.9 Ail

redox processes have been determined to be metal-centered on the basis of EPR

measurements for both the cationic (Rh25) and anionic (Rh23) radical complexes.9”6’44 A

representative voltammogram is depicted below in Figure 5.31 for the tetra

diphenylketimine analogue.

Figure 5.31. Cyclic voltainmogram of Rh2(À1N ‘-diphenyl-4-diphenylketimine-

benzamidinate)4 in 0.1 M TBAPF6 DCM solution at 100 mVs’.

The origin of the Rh24’3 couple is thought to be due to the steric encumbrance

afforded by the N-aryl groups of the amidinate ligand and its effective capacity to

frustrate axial coordination. The (Rh2) orbital becomes occupied to form the SOMO

upon reduction to the R.h3 species. However, this orbital is also sensitive to axial

5+14+
Rh2

6+ J+
Rh2

413
Rh2

1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

VvsSCE
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ligation, becoming destabilized as a direct function of the G-donor capacity of the ligand,

and so exclusion of axial coordination serves to facilitate reduction. These redox

processes are a trait of both N,N’-diaryl formamidinate and N,N’-diaryl benzamidinate

dirhodium(II,II) complexes, the latter providing more N-phenyl steric encumbrance

owing to accommodation ofthe central phenyl ring. As a reflection of the thermodynamic

stability of the mixed-valent Rh25 species, Piraino and co-workers detenriined its

comproportionation constant (IÇ) to be 5 x i’ for the case of Rh2(N,N-di-p-

tolylformamidinate)4 and 1 x i017 for Rh2(N,N’-diphenylbenzamidinate)4,’5 making it a

cornpletely delocalized species (RJ2•5.ph25) according to the Robin and Day

classification in both cases,45 in good agreement with EPR measurements for their

respective cationic radical complexes. Notably, these resuits indicate an added

stabilization effect afforded by the central aromatic ring of the benzamidinate ligand.

The redox potentials of the Rh2-based processes of tetra-N,N’-diaryl amidinates

have been shown to be influenced through substitution of the N-aryl groups 46 and / or by

axial coordination.15’ 16,44 Here, examination ofthe Rh2-based redox couples in Table 5.2

shows that this may also occur through substitution of the central aromatic ring of the

benzamidinate ligand. This is best exemplified by comparing the oxidation and reduction

potentials of the tetra-bromo, tetra-dibromo, and tetra-amino analogues. The first

oxidation and reduction potentials of the tetra-bromo complex shifi anodically by 160

mV and 130 rnV, respectively, upon incorporation of a second bromine, the second

oxidation potential lying outside the THF solvent window in both cases. This reflects an

electron withdrawing effect of the bromine atoms. Despite axial crowding in such

complexes, Kadish and co-workers found that the first and second oxidation potentials of

Rh2(N,N’-diphenylbenzamidinate)4 are shifted cathodically in the presence of donors

such as CH3CN, CN, SCN, and CF relative to that recorded in CH2C12, indicating a

stabilization of the Rh2(IVN’-dipheny1benzamidinate)4 intermediate, whule the reduction

process was displaced cathodically, reflecting a destabilization of the o’ (Rh2) MO.’6 As

such, inference of any electronic effect from the amino substituent of Rh2(À’N-diphenyl-

4-aminobenzamidinate)4 is best made by comparison to data recorded for Rh2(NN’-

diphenylbenzamidinate)4 in the same solvent (CH3CN, see Table 5.2). A strong cathodic

dispiacement of 180 mV, 150 mV, and 120 mV for the first and second oxidation and
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reduction processes, respectively, clearly indicates a strong electron releasing effect of

the amino group. Likewise, the metal-based redox processes show a graduai but

consistent cathodic shift as the number of diphenylketimine groups increases from one to

four along the mixed bromo-diphenylketimine species. This is expected as one

progressively replaces the electron withdrawing bromo-substituents, but the Rh2-based

potentials for the tetra-diphenylketimine complex (Table 5.2) are catliodically displaced

by 150 mV relative to those of Rh2(IVN’-diphenylbenzamidinate)4 (1.24 V (R265),

0.23 V (Rh254), -1.5$ V (Rh243) vs SCE) for the same solvent (DCM),9 which

suggests an electron releasing effect of these diphenylketimine groups.
4+13+Lastly, it is interesting to note that the current response of the Rh2 couple, at

times, lags behind that of the two oxidation processes in the cyclic voltammogram

(Figure 5.31). Ren and co-workers have noted a similar occurrence for a series of

dirhodium(II,II) tetra-forrnamidinate complexes, although for the second Rh2-based

oxidation process (DCM, 100 mVs1).46 This was found to be an artifact of using a

platinum working electrode, as glassy carbon gave an approximate ratio of 1:1:1 as

expected for three (quasi)reversible one-electron processes. Here, however, it was found

that the use of a glassy-carbon working electrode resulted in a chemically irreversible

Rh24’3 couple exhibiting a severely diminished, or non-existent, return oxidation wave

at scan rates ranging from 0.05 to 3 Vs’ in dichioromethane. Such chemical

irreversibility lias been observed for Rh2(N,N’-di-p-toiylformarnidinate)4 (Pt working

electrode) and has been attributed to, upon generation of the reduced Rh23 species, an

irreversible reduction of the halogenated solvent that becomes chemically reversible at

higher scan rates (> 2 Vs’).15’ Jrreversibility of the Rh243 couple is also generally

found for dirhodiurn(II,II) (tetra) A’N’-diaryl formamidinates in the presence of axial

donors. This stands in contrast to dirhodiurn(II,II) (tetra) A1N’-diaryl benzamidinates

for which reduction is consistentiy reversibie. For now, no satisfactory explanation can be

given, although interestingly the current responses are much more agreeable in the

square-wave voltammograms and when acetonitrile is used as solvent for the cyclic

voltammogram, such as for Rh2(IVN’-dipheny1-4-amino-benzamidinate)4 where the

current ratios are almost exactly 1:1:1 for the Rh264 I Rh254 I Rh24R redox couples,

respectively.
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Table 5.2. Electrochemical data (general).

Potential [VI vs SCE, AE (mV)Compound p

Rh2 Rh2 Rh24’3
Rh2(L_Br)4b

- 0.30 (1 10) -1.57 (140)

Rh2(LBr2)4b
- 0.46 (160) -1.44 (190)

Rh,(LCO2H)4c
- 0.29 (95) -1.66 (irr)

Rh2(LNH2)4d 0.90 (93) -0.10 (83) -1.64 (80)

Rh2(L-Br)3(Li) 1.21 (94) 0.19 (92) -1.64 (1 10)

cis-Rh2(L-Br)2(LJ)2 1.1$ ($8) 0.15 (74) -1.66 (110)

trans-Rh2(L-Br)2(Lj)2 1.18 (80) 0.15 (74) -1.66 (100)

Rh2(L-Br)(Li)3 1.14 (79) 0.11 (78) -1.68 (90)

Rh2(L1)4 1.10 (88) 0.05 (89) -1.76 (120)

Rh2(Li)3(L-CSiMe3) 1.13 (100) 0.09 (83) -1.70 (120)

Rh2(L1)3(L-C2H) 1.15 (86) 0.10 (79) -1.71 (100)

Rh2(dpb)4e 1.0$ (60) 0.05 (60) -1.52 (90)

a) Cyclic voltammogram scan rate is 100 mV s. E1,2 = 1/2 (Epa + where Epa and

are the anodic and cathodic peak potential, respectively. AE = Epa — Reported values

for irreversible processes, labeled irr, are peak potentials. Potentials are corrected by

internai reference to ferrocene (395 mV vs SCE). Data recorded in solutions of 0.1 M

TBAPf6 in DCM, unÏess otherwise indicated.

b) Recorded in THf, c) DMSO, U) CH3CN. e) Ref. [9]. Recorded in CH3CN at 50 mVs’.

Key:

I dpb N,N’-diphenylbenzamidinate

L
= °NN°

L1
= °N N0
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5.6 Electronic Absorption and Electrochemistry of Terpyridyl Analogues

The ultimate purpose of these dirhodium(II,II) complexes is to facilitate

multinuclear growth of photoactive units. As such, the electronic spectra and

electrochemical behaviour of Rh2(IVN ‘-diphenyi-4-amidotpy-benzamidinate)4 and

Rh2(N,N ‘-diphenyi-4- { (4’ -amidotpy)(4 ‘ -toiyitpy)Ru] (Pf6)2-benzamidinate)4 warrant

separate discussion. Ail data pertaining to their electronic absorption is summarized in

Table 5.3, with the exception of that for Rh2(N,N’-diphenyi-4-amidotpy-benzamidinate)4

which is found in Table 5.1. Ail eiectrochemical data for these complexes is provided in

Table 5.4.

With regard to Rh2(N,N ‘-diphenyi-4-amidotpy-benzamidinate)4, both the

electronic absorption and electrochemical data are flot particulariy noteworthy with the

exception that the introduction of the terpyridine iigands has resuited in a chemicaily

irreversible Rh24’3 couple whose retum oxidation wave is severeiy diminished relative

to that ofthe cathodic wave.

On the other hand, Rh2(N,N ‘-diphenyl- { (4’ -amidotpy)(4 ‘ -tolyltpy)Ru] (PF6)2-

benzamidinate)4 displays interesting behaviour on both fronts. The absorption spectrum is

shown in figure 5.32 and, as expected, is dominated by bands associated with the Ru(II)

compiex. While the band maxima do not vary significantiy with those of the mononuclear

Ru(II) compiex, there is a dramatic increase in their moiar absorptivities weii in excess

(6-8 times) of that anticipated by simple summation of the individuai components.

Regardless, such large absorption supports the high nuclearity of this compiex. A second

notable feature is a broad, iow energy band centered at 950 mii and is attributed to the

central dirhodium(II,II) tetra(N,N ‘-diphenyibenzamidinate)4 core. It was discussed

previously (Section 5.4) that the absorption spectra of dirhodium(II,II) tetra(IN’

diphenylbenzamidinate)4 possesses a iow energy transition centered at 847 nm in CH2C12.

By comparison, the low energy band for dirhodium(II,II) tetra(JVN’-diphenyi-4-

aminobenzarnidinate)4 in acetonitrile occurs at 860 nm ( = 1260 M’cm’) and has a

much sharper profile than the band here at 950 nm, and so they are likely not reiated.

However, as discussed previously, the mixed-valent species [Rh2(IVN’-

diphenylbenzamidinate)4] possesses a broad near-IR band of LMCT origin whose
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energy depends on the nature of the counter-anion. for chloride counter-anion, this band

occurs at 1030 mn. Considering that the effect of PF6 counter-anion lias flot been studied

in this regard, it is reasonable to attribute the low energy band of Rh2(N,N’-diphenyl-{(4’-

amidotpy)(4’-tolyltpy)Ru](PF6)2-benzamidinate)4 to the presence of mixed-valent Rh25

species. Moreover, because the intensity of the hand here at 950 nm ( 3100 M’cm’)

agrees quite well with that for [Rh2(A’N’-dipheny1benzamidinate)4]C1 at 1030 nm

(E = 3600 M’cm’), it is likely that nearly ail of this complex bas been oxidized to the

Rh2 form over the course of five months that it was sitting in a vial under ambient

conditions. $uch oxidation bas been observed previously for Rb2(AN-dipheny1-3,5-

dibromobenzamidinate)4 under similar conditions. Notably, the paramagnetic nature of

the Rh25 species may lend to the broadened features associated with the resonances of

the dirhodium(II,II) core of the Rh2(A’N ‘-diphenyl- {(4 ‘ -amidotpy)(4’ -tolyltpy)Ru] (PF6)2-

benzamidinate)4 complex (figure 5.27) in the ‘H NMR spectrum, although this was

recorded soon after its preparation.
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Figure 5.32. Absorption spectrum for Rh2(AÇN’-diphenyl- {(4’-amidotpy)(4’-

tolyltpy)Ru](PF6)2-benzamidinate)4 in air-equilibrated acetonitrile.

Emission spectra were also recorded in air-equilibrated acetonitrile solutions for

both the mononuclear Ru(II) complex and the multinuclear species upon excitation of the
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MLCT transition, the respective traces of which are depicted below in Figure 5.33.

Aithougli this experiment is stnctly qualitative in nature, it is interesting to note that the

multinuclear species is stili emissive, displaying a 12 nm blue shifi of its emission

maxima relative to the mononuclear complex. Moreover, if we use the artifact common

to both traces (at —550 nm) as a crude means of normalization, it appears that emission in

this multinuclear complex has been severely diminished relative to its mononuclear

subunit. Whether emission would be observed at ail if flot for partial or complete

oxidation to the mixed-valent Rh25 species merits investigation, as it is certainly feasible

that such facile oxidation of the dirhodium(II,II) could quench the emissive state of the

Ru(II) complex.
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Figure 5.33. Room temperature emission spectra in air-equilibrated acetonitrile solutions

of [(4 ‘-carboxytpy)(4 ‘ -tolyltpy)Ru] (PF6)2 (black trace) and Rh2(N,N ‘-diphenyl- { (4’-

amidotpy)(4’-tolyltpy)Ru](PF6)2-benzamidinate)4 (red trace) upon excitation at 485 nwi.

The cyclic voltammogram of Rh2(IVN’-diphenyl- {(4 ‘-amidotpy)(4 ‘ -

tolyltpy)Ru](PF6)2-benzamidinate)4 is shown in Figure 5.34. On the basis of the

characteristically reversible Rh2-based redox processes observed to this point, one

expects a total of four metai-centered couples in the absence of significant electronic

coupling between Ru(II) subunits. The Ru3’2 couple here is simply the superposition of
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four simultaneous one-electron processes. Relative to the Ru3’2 couple of the

mononuclear complex, this couple has been anodically displaced by 110 mV, likely due

to the high cationic charge of the complex. Between -0.1 V and 1.5 V one finds three

weak but reversible couples. The number and reversibility of these couples suggests they

are of dirhodium parentage. This is particularly true for the most anodically displaced

couple at 1.06 V, which is within the ranges observed for the Rh265 redox process (see

Table 5.2 and Table 5.4). Assignment ofthe couples at 0.83 V and 0.05 V to the Rh254

and Rh243 processes, respectively, would constitute an enormous anodic shift relative to

the range of potentials typically found for these processes (see Table 5.2 and Table 5.4).

Such a shift may be explained by the high charge of the complex, making oxidation more

difficult and reduction more facile, although assignment ofthe most anodic potential here
6+15+ .to Rh2 would seem to contradict this trend. Companson of the current responses for

these three smaller redox couples with each other and with that for the Ru32 couple by

integration of the current waves in the square-wave voltammogram is justified by their

chernical reversibility (i.e. / pa 1). Integration of the redox waves for these three

srnaller couples in the square-wave voltammogram gives essentially a 1:1:1 ratio, which
3+12+is consistent with three dirhodium-based one-electron processes. However, the Ru

couple lias a current response ten-fold that of these three smaller couples, rnuch greater

than that anticipated for four supenmposed one-electron Ru32 processes. for now, we

cautiously assign these three smaller couples to dirhodium-based processes, their

diminished current response perhaps being a consequence of high charge and/or the

protected nature of the dirhodium core. Unfortunately, no related precedence could be

found in the literature with regard to the second point.

Lastly, at negatively applied potentials there are two dominant terpyridine

reduction processes. That which occurs at less negative potential lias a sharp retum

oxidation profile (figure 5.34) that is indicative ofa current response that is flot diffusion

lirnited. Typically this is the result of insoluble species generated during the course of the

potential sweep that adsorb to the working electrode surface. Here, it was found that this

irreversible process was shifted anodically as the potential sweep was extended to more

negative potentials, indicating that the nature of the chemically irreversible species

generated depends on the magnitude of the cathodic potential. Moreover, its displacement
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revealed the retum oxidation wave for the first terpyridine-based reduction, scanning to

- 1.9 V, but was made irreversible on scanning to -2.0 V (figure 5.35).

3f2+Ru

1:2 0.8 0.4 0.0

o

Figure 5.34. Cyclic voltammogram (positive initial scan direction from O mV) of

Rh2(N,N ‘-diphenyl- { (4’ -amidotpy)(4 ‘-tolyltpy)Ru] (PF6)2-benzarnidinate)4 in 0.1 M

TBAPF6 CH3CN solution at 100 mVs’ over the potential range of 1.4 to -1.8 V (lefi).

Square-wave voltammogram of metal-centered processes (right), scanning from high to

low potential.

-2.0

Figure 5.35. Cyclic voltammogram (positive initial scan direction from O mV) of

Rh2(N,N ‘-diphenyl- { (4’ -amidotpy)(4 ‘ -tolyltpy)Ru] (Pf6)2-benzamidinate)4 in 0.1 M

TBAPf6 CH3CN solution at 100 mVst over the potential ranges 1.4 to -1.9 V (lefi) and

1.4 to -2.0 V (right).

5+ / 5+
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Table 5.3. Electronic absorption data for terpyridyl analogues.

Table 5.4. Electrochemical data for terpyridyl analogues.

Cmpd
Potential tV] vs SCE, AE (mV)

R3’2 Rh2 Rh2 Rh2 t y

Rh2(Ltpy)4b
- 1.15 (61) 0.14 (65) -1.79 (irr) - -

Rh2(L[Ru1)4c 1.31 (70) 1.06 (80) 0.83 (100) 0.05 (100) -1.13 e -1.3$ (90)

Rh2(L[Ru])4d 1.31 (70) 1.07 (100) 0.83 (120) 0.02 (60) -1.10 (60) -1.37 (90)

[Ru] 1.20 (100) - - - -1.28(60) -1.56(80)

a) Cyciic voitammogram scan rate is 100 mV S* E112 = ‘/2 (Epa + E), wliere Epa and

are the anodic and cathodic peak potential, respectively. AE Epa —
Potentials are

corrected by internai reference to ferrocene (395 mV vs SCE). Data recorded in solutions

of 0.1 M TBAPf6 in CH3CN, unless otherwise noted.

b) Recorded in DCM.

c) Recorded over potential range of 1.4 V to - 1.7 V.

U) Recorded over potential range of 1.4V to -1.9 V.

e) Cathodic peak potential.

Key:

L= x=
tpy

(_Z) fPF6)2

N

(N—Ru—N / / CH3

[Ru] K:3
,J_\

Ail spectra recorded in air-equilibrated CH3CN.
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5.7 Proof of Principle

A tetra-nuclear Ru(II) polypyridyl complex templated from a dirhodium(II,II)

center of the type discussed above serves as an excellent assessment of the efficacy of the

synthetic strategy employed and the compatibility of the dirhodium(II,II) template.

Moreover, its prelirninary characterization offers insiglit into physical and photophysical

attributes that may guide future work. However, it is also a dead end. If we endeavour to

develop a viable strategy toward creating polynuclear transition-metal polypyridyl

complexes, we should show that the family of building blocks herein described is indeed

suitable to template design, from which the nuclearity, structure, symmetry, and even

potential physical properties will be dictated.

To this point, we have introduced three classes of reactive functionality to the

periphery of the dirhodium(II,II) tetra(NN’-diphenylbenzamidine)4 core, namely: 1.)

bromine, 2.) amine, and 3.) acetylene groups. We have shown already, through

installation of amino and acetylenic functionality, that the bromo-analogues are amenable

to carbon (sp2)-nitrogen and carbon (sp2)-carbon (sp) bond formation, respectively.

However, it remains to be seen if such reactivity extends to substrates based exclusively

upon the dirhodium(II,II) tetra(N,N’-diphenylbenzamidine)4 unit. To this end we have

selected two multinuclear dirhodium targets to prove the self-complementary nature of

the reactive building blocks developed thus far.

5.7.1 Dirhodium(II,II) Tetra(AÇN’-diphenylbenzamidinate)4:

A Penta-dinuclear Fïrst Generation Dendrimer

Using the amination conditions outlined previously, Rh2(ÀÏN’-dipheny1-4-

diphenylketimine-benzamidinate)3(N,N-diphenyl-4-bromobenzamidinate) was reacted

with Rh2(N,N’-diphenyl-4-amino-benzamidinate)4 to give the desired penta-dinuclear

compound (V-16, Scheme 5.14) in moderate yield (51 %). The reaction mixture afier 40h

is surprisingly simple, revealing only a relatively broad and intense band in addition to a

small remaining excess of the bromo-substrate, both of which could be effectively

separated on silica substrate using a 10:0.15 CHC13 / Et20 eluent mix. The identity ofthis

new material was suggested to 5e the desired dendritic compound by MALDI-TOF mass
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spectrometry (see section 5.9.3). The ‘H NMR spectrum of this material is shown in

Figure 5.36 and is expectedly complex. However, it bears strong resemblance the other

mixed diphenylketiminelbromine tetra-benzamidinate complexes described in Figures

5.14-5.18. Most significant is the appearance of a distinct N-H resonance at 9.8 ppm,

characteristic for an aryl-NH-aryl fragment. Interestingly, this resonance occurs as a

doublet, reminiscent of the multinuclear complex Rh2(N,N’-diphenyl-4- {(4’-

amidotpy)(4’-tolyltpy)Ru](PF6)2}-benzamidinate)4 (see Figure 5.27), and may be due to

the enantiomeric occurrence ofthe central dimeric unit.

To help further support the identity of this complex, this material was hydrolysed

as outlined previously (see Scheme 5.8) to generate the dodeca-amino analogue (V-17,

Figure 37) in 86 % yield. Doing so simplifies the ‘H NMR spectrum (Figure 5.37), which

displays a spectral profile remarkably similar to that of Rh2(ÏN’-dipheny1-4-

aminobenzarnidinate)4 (see Figure 5.23), though notably with more rounded features and

an absent N-H resonance.

NH2

[NÏ4
3 ,fRhRh

Pd2(dba)3 / S-PHOS

Cs2CO3 / THF

Scheme 5.14. Synthesis of V-16 using 1.25 eq Br-substrate, 1.5 mol % Pd2(dba)3,

4.8 mol % $-PHOS, 2.0 eq. Cs2CO3, THF, 110°C, 40 h. Yield obtained afier

chromatographic separation.

( )3

:4

V-16 (51 %)
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Figure 5.36. H NMR of V-16 in CDC13.

t )3

DCM

__J 4

V-17

8.00 7.50 7,00 6.50 6.00 5.50 5.00 4.50
ppm (ti)

Figure 5. 37. ‘H NMR of V-17 in d6-DMSO.
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Conversion of V-16 to V-17 also reduces the molecular mass dramaticaily and

makes available ESI-MS analysis, which revealed exact masses for the [MJ3, [MJ4, and

[M]5 molecular ions. This reflects not only the facile oxidation of the dirhodium subunit

but aiso the multi-nuclearity of the complex, considering that ail mononuclear

dirhodium(II,II) tetra(N,N ‘-diphenylbenzamidinate)4 complexes prepared herein exhibit

exclusively [M] molecular ions (see section 5.9 for experimental).

The electronic spectrum of V-17, recorded in DM$O, shows two

characteristically intense bands at 85$ nm ( = 12100 M’cm’) and 514 nm (c = 16800

Mcm’), along with a weak shoulder at 600 mii ( = 3100 M’ cm’). The spectral

profile resembles those of the mononuclear dirhodium complexes in Table 5.1, but is

much more intense. For instance, the hands at $58 nm and 506 nm are, respectively, 6

and 5 times the intensity of those for Rh2(JVN’-diphenyl-4-aminobenzamidinate)4 in

DMSO, which supports the nuclearity ofthe complex.

E
o

(j.,

While the electrochemistry of mononuclear dirhodium(II,II) tetra(N,N’

diphenylbenzamidinate)4 complexes is characteristically reversible (refer to Figure 5.31

and Table 5.2), that of the dendritic complex V-17 is notably irreversible (see figure

5.39). In addition, there is an additional oxidation process (see Table 5.5). Considering

v-17
v-10

600 800

Wav&ength (nm)

Figure 5.38. Electronic absorption spectra of V-17 and V-10 in air-equilibrated DMSO.
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that the relative anodic current ratio for the oxidation processes at 0.8, 1.22, and -0.04 V

is, respectively, 2:1:6 and also the redox potentials for Rh2(À’N’-diphenyl-4-

aminobenzamidinate)4 (refer to Table 5.2), we postulate that the irreversible oxidation at

0.8 V is due to a second oxidation (P26’5) ofthe central dirhodium unit.

Table 5.5. Electrochemical Data for V-17.

Potential [Vj vs SCE, AE (mV) a (i / ja)b

Rh26’5 Rh2 Rh2

1.22 (irr), 0.2 (irr) -0.04 (80) (0.3) -1.63 (140) (5.2)

a) Cyclic voltammogram scan rate is 100 mV S’. E112 = ½ (Epa + where Epa and

are the anodic and cathodic peak potential, respectively. AE = Epa —
E1. Potentials are

corrected by internai reference to ferrocene (395 mV vs SCE). Anodic peak potentiais are

given for irreversible (irr) oxidation processes. Data recorded in 0.1 M TBAPF6 CH3CN

solution.

b) Cathodic to anodic current ratio.

Figure 5.39. Cyclic voitammogram of V-17 in 0.1 M TBAPF6 CH3CN solution at 100

mVs*

I • I’ I,I,——I’ I •

1.5 1.0 0.5 0.0 -0.5 -1.0 .1.5 -2.0

VvsSCE

G
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To put these dendritic complexes into context, it must be noted that the highest

nuclearity of a moleculai- species obtained to date, based on the dimetal paddlewheel

motif, lias been achieved by Yaghi and co-workers for a cage network comprising 12

Cu2(II,II) paddlewheel units using the bridging ligand 1 ,3-benzenedicarboxylate.47 Cotton

and co-workers have also demonstrated discrete square,48 triangular,49 and cage ° species

based upon the dirhodium(II,II) paddlewheel motif, achieving a maximal nuclearity of 6

dimetal units in the latter case. Beyond moiecular species, extended structures have aiso

been prepared from dimeric paddlewheel units, of which those based upon

dirhodium(II,II) carboxylates are most prominent. This may be done in one of two ways,

through either connection along the equatorial 51 or axial 52 binding sites of the dimer.

However, common amongst ail the above noted examples is reliance upon self-assembly.

The formation of V-16 and V-17 represent unprecedented examples of high-nuclearity

dimetal complexes through covalent bond formation. Moreover, V-17 is truly a first

generation dendrimer with potential for much greater nuclearity.

The importance of dimetal nuclearity must be stressed. Creating templates like V-

17 ensures the assembly ofhigh-nuclearity complexes based upon photoactive units such
2+ . . . .as Ru(tpy)2 . As rnentioned previously in Chapter 2, this is important considenng that

the conversion of incident photons to electrical equivalents (for use in eventual

application) is inherently inefficient and thus requires a high input of light energy.

However, a recent publication from Turro and co-workers places the same consideration

on multinuclear molecules composed exclusively of dirhodium(II,II) tetra(NN’

diarylamidinate) complexes, such as V-17.53 This is due to the discovery that irradiation

of such mononuclear dirhodium complexes Qj >795 nm) leads to the reduction and

dimerization of alkyl halides. Such characteristics may lead to potential catalytic

applications for a molecule such as V-17.

o
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5.7.2 Bis(Rh2(A’N’-diphenyl-4-diplienylketimine-benzamidinate)3(N,N-

diphenyl-4-ethynylbenzamidinate) (V-18): A Covalently Assembled

‘Dimer-Bridge-Dimer’ Complex

Using the alkynylation conditions outlined in Scheme 5.12b, the ethynyl

appended complex V-15 was reacted with one equivalent of V-7 for 16 h in THF to form

the acetylene bridged ‘dirner of dirner’ complex (Figure 5.40 below) in 37 % yield afier

column purification. This yield was found to 5e acceptable for now, but should be

improved greatly based on observations by Buchwald and co-workers conceming the rate

of addition of the acetylene and also based on the presence of material that did not move

under the separation conditions used.37c With regard to the latter point, it is expected that

this material will be the mono-oxidized Rh24-bridge-Rh25 and / or the bis-oxidized

Rh25-bridge-Rh25 mixed-valent complexes.

o o
3=NcK’)\-. -Q-N

\ /
‘

‘
\ /

Figure 5.40. Illustration of Bis(Rh2(N,N‘-diphenyl-4-diphenylketimine-

benzamidinate)3(A’N‘-diphenyl-4-ethynylbenzamidinate) (V-18).

Single crystals could be grown upon vapour diffusion of hexanes into a 1,2

dimethoxyethane solution of this material but, unfortunately, did flot diffract well enough

for structure determination. However, these crystallization conditions were found to be

effective at removing any trace 5-PHOS impurity. The 1H NMR spectrum is shown

below in Figure 5.41 and, as expected, is nearly identical to that of the starting material

V-15) (see Figure 29) but with the important exception that the acetylene resonance at

4.2 ppm is no longer present. As with the previous acetylene complexes, this compound

G displays a characteristic —CC- stretch at 2342 cm1 in the IR spectrum and has been
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identified by ES1-M$ for the [M]2 molecular ion. Further verification was provided by

acid-promoted hydrolysis of a small sample (refer to Scheme 5.8), for which ESI-MS

showed clearly the {M]2 molecular ion ofthe hexa-amino complex.

H20 d6-DMSO

3.0 2.0

figure 5.41. 1fl NMR of V-1$ (crystalline sample) in d6-DMSO.

The electronic absorption spectrum of V-18 is shown below in Figure 5.42 and

displays two characteristically intense hands centered at $51 nm ( = 4850 M’cm’) and

537 nm ( 4840 M’crn1) along with two weak shoulders at 762 nm (8 = 760 M1cm’)

and 597 nm ( = $70 Mcm1). The number and energy of these bands is nearly

identical to that for the parent acetylenic complex V-15; however, they are double the

intensity which is consistent with the proposed formulation.

J
III

80 70 6.0 50 4.0
ppmftl)
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E
o

Figure 5.42. Electronic absorption spectrum of V-18 and V-15.

As discussed previousiy (Chapter 4), ‘dimer-bridge-dimer’ complexes are

invariabiy based upon Mo2(II,II) or W2(II,II) paddiewheel motifs since their nature

permits the use of various techniques toward assessment of electronic delocalization in

their mixed-valent forms.54 For instance, the electron count of these dimers is such that

the HOMO is of Rh2-6 parentage. Since this metal-based 6 MO is primarily responsible

for electronicaiiy coupling dimeric units through interaction with the 7t and 7t* orbitais of

the bridge, electrochemistry becomes the most straight-forward means of interpreting

significant eiectronic mixing. However, in the case of Rh2(II,II) tetra-carboxyiates and

tetra-amidinates, the HOMO is of Rh27r* and Rh26* parentage, respectiveiy. Aiso, one

must bear in mmd that, in the case of tetra-amidinates, the metal-based MO’s are

displaced to significantly higher energy relative to their tetra-carboxylate counterparts

(Section 5.4). This latter point does not, in itself, appear to deter eiectronic mixing

considering that Cotton and co-workers have reported various mixed amidinate /

carboxylate complexes of the form [Mo21-02-R-02-[Mo2] (where [Mo2] [(7’LN’-

diarylforniamidinate)3Mo2J) that display significant inter-dimer eiectronic

communication comparable to their purely carboxyiate analogues for a given bridging

ligand.55

v-18
V-15

400 600 800

Wavelength (nm)



222

The cyclic voltammogram (Figure 5.43, below) shows three characteristically

(quasi)reversible metal-centered processes. Notably, the chemical reversibility ofthis bis

dimeric complex stands in contrast to the irreversibility displayed by the penta-dimeric

complex (V-17). In the absence of any apparent resolution of these coincident redox

processes, one may say that the it LUMO is flot significantly mixed with the 7t system of

the acetylene bridge. In fact, the similarity in energy and a strict doubling of absorption

intensity for the bands observed in the electronic absorption spectra relative to those of its

precursor complexes suggests a general absence of any significant electronic mixing

between the Rh2 centers.

Figure 5.43. Cyclic voltammogram

mVs’.

of V-18 in 0.1 M TBAPF6 DCM solution at 100

Table 5.6. Electrochemical data for V-18.

a) Cyclic voltammogram scan rate is 100 mV s1. = ½ (Epa + where Epa and

are the anodic and cathodic peak potential, respectively. AE = Epa — E. Potentials are

corrected by internal reference to ferrocene (395 mV vs SCE). Data recorded in 0.1 M

TBAPF6 DCM solution.

1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

VvsSCE

Potential [VI vs SCE, AE (mV)

Rh2 Rh2 Rh2

1.06(140) 0.10(110) 1.67(140)
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The ‘M2-bridge-M2’ complex described here is unique in that it is the first based

on dirhodium itnits to be comprised exclusively of N-chelates. In fact, it is only the

second such complex to be assembled on the basis of covalent bond formation. The first,5

depicted below in Figure 5.44, was reported recently by Ren and co-workers based on

cross coupling of reactive Ru25 complexes bearing peripheral iodo and acetylene

functionality. Unlike the bis-Rh2 complex assembled here, the bis-Ru2 complex in Figure

5.44 displayed significant stabilization of redox intermediates, with 0.5 V separation

between successive one-electron processes of the same type, strongly suggesting

significant inter-dimer electronic communication.

cI

ÎI / \ t
HK3I_O4J\1IH

/,=\
CI._%)] CI

CI3 Cl

Figure 5.44. First covalently assembled ‘M2-bridge-M2’ complex, based on Ru25 units.

Inter-dimer connectivity of dirhodium paddlewheel complexes has invariably

entailed axial coordination.56 The use of acetylides has been of interest where ‘molecular

wire’ applications are concemed, of which those based on the Ru2 unit have been most

popular.57 In particular, Bear and co-workers have prepared (bis)dirhodium complexes

according to Scheme 5.15, below, where both a diethynyl and diisocyano linker was used

to bridge two mixed-valent Rh25 units.56a Interestingly, modest resolution of only the

two one-electron reduction processes (AE112 = 130 mV) was observed in the former case.

The latter case exhibïted no resolution of the overlapped rhodium-centered redox

processes with nearly identical potential values to that of the Rh2(dpf)4 precursor, much

like that found here. More recently, both polymeric and trimeric complexes of Rh2(form)4

(where form = A’N’-di-p-tolylformamidinate) have also been prepared using 1,4-

diisocyanobenzene, although no electrochemistry was reported.56”
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a)

(ap)4Rh2(CC)2Li + (ap)4Rh2CI (ap)4Rh2(CC)2Rh2(ap)4 + LÎCIfS)

b)

2 (dpf)4Rh2 + CN-C6H4-NC (dpf)4Rh2(CN-C6H4-NC)Rh2(dpf)4

Scheme 5.15. Synthesis of axially-connected Rh2(TI,II) complexes. a) Ethynyl-bridged

Rh25 complexes (where ap = 2-anilinopyridinate) formed by metathesis reaction. b) 1,4-

diisocyanobenzene-bridged Rh24 complexes (where dpf= iVN’-diphenylformamidinate).

5.8 Concluding Remarks

Limitations arising from the reversibility of the dative bond, made most prevalent

in Chapter 2, have been addressed in this chapter with the development of a reactive

series of Rh2-amidinate complexes. The nature of this reactivity has been, and should

absolutely remain, conducive to simple and efficient organic transformations en route to

creating linkage amenable to both energy and electron transfer. The capacity for these

complexes to act as structural templates for photo-active units (here, (tpy)2Ru2) bearing

complimentary functionality has been demonstrated in good yield by straightforward

means. Moreover, and perhaps most importantly, the versatility of these building blocks

toward designing structural templates capable of supporting a large quantity of photo-

active units has been demonstrated. The components described to this point have the

potential to give rise to an extraordinary variety of such high-nuclearity templates.

Simply expanding the range of reactive functionality and the type of dimetal unit

ernployed should provide architectures limited primarily by imagination.
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5.9 Experimental

5.9.1 Materials and Methods Ail reaction soivents used were dried using a

soivent purification system. Both triethylamine and aniline were distiiied over anhydrous

Na2SO4 and stored over activated 3 Â moiecular sieves. Where noted, ‘degassed

solutions’ entaiied three freeze-pump-thaw cycles. Unless otherwise indicated, ail

manipulations were performed under an argon atmosphere using standard Schienk

techniques.

5.9.2 Physical Measurements Ail ‘H NMR spectra were recorded using a Bruker

400RG at 400 MHz. Electrochemicai data was recorded using a BAS Epsilon potentiostat

using argon-degassed, spectroscopic grade acetonitrile solutions of 0.1 M

tetrabutylammonium hexafluorophosphate (TBAPf6) as supporting electrolyte. A three

electrode set-up was empioyed using a working Pt button eiectrode, a Pt wire auxiiiary

electrode, and a Ag wire pseudo-reference electrode with addition of ferrocene as an

internai reference. Ail data is corrected to the Fc/fc couple vs SCE. Single crystai X-ray

diffraction data were coliected on a Microstar Apex 2 at 100 K using Cu-KŒ radiation (2.=

1.54178 Â). X-ray data collection and refinement were performed by Marie-Pierre

Santoni. Mass spectrometry was performed by direct injection using a LC-MSD TOF

tAguent) spectrometer with electrospray ionization. An Autoflex MALDI TOF (Bruker

Daitronics) was used for compound V-16.

5.9.3 Synthesis and Purification

N-phenyl-4-bromobenzamide In a typical preparation, 4-bromo-benzoic acid (6.0 g, 30

mmol) is refluxed in neat thionyl chioride (30 mL) for 16 h, afler which excess thionyl

chloride is removed by distillation and the residue dried under vacuum for 2h. The soiid

residue us then charged with DCM (60 mL) foiiowed by triethylamine (8.7 g, 86 mmol).

The solution is cooied to -10°C and aniline (15.3 g, 165 mmol) is added slowly, giving a

heavy precipitate. The solution is allowed to reach room temperature, at which point it is

transferred to a reflux condenser equipped with a drying tube and heated to reflux for

12h. Afier distillation of DCM, the residue is dissolved in hot methanol (200 mL) and an

equal volume of water is added to give a heavy precipitate which is removed by filtration.

The soïid is triturated in methanol (20 mL), re-filtered, and dried under vacuum to give
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7.6 g of pure product in 92 % yieid. Rf = 0.50 (Si02 substrate, 5:2 hexanes/ethyl acetate

as eluent). 1H NMR (400 MHz, d6-DMSO) ppm 10.33 (s, 1H), 7.92 (d, J = 8.4 Hz, 2H),

7.78 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 8.4 Hz, 2H), 7.36 (m, 2H), 7.12 (m, 1H). ‘3C NMR

(300 MHz, d6-DMSO) ppm 165.89, 140.21, 135.29, 132.69, 131.09, 129.94, 126.63,

125.16, 121.73. ESI-MS: [M + Hf cald. for C13H11BrNO, 276.00241; found, 276.00064.

]‘4N’-dïphenyl-4-bromobenzamidïne In a typical preparation, Pci5 (9.0 g, 43 mmol) is

stirred in DCM (60 mL) for 10 min at room temperature. The solution is then cooled to -

10°C and N-phenyi-4-bromobenzamide (7.1 g, 26 mmol) is added portion wise. The

mixture is brought to room temperature and stirred for an additionai 3 h, giving a clear

yeiiow solution. The solution is cooled to -40°C and aniline (20.4 g, 219 mmoi) is then

added slowly over the course of 5 min. The reaction mixture is slowly brought to room

temperature and stirred an additional 1h. The resultant heavy precipitate is removed by

filtration and washed with copious amounts of DCM, then triturated in a 2:1 CH3OH/H20

mixture (200 mL) made basic (pH = 12) with K0H(). The soiid suspension is fiitered and

dissolved in DCM, then washed severai times with 200 mL portions of I-120. The DCM

solution is dried over Na2SO4, filtered, and the filtrate dried to give 8.2 g of pure product

in 90 % yield. Rf = 0.68 (Si02 substrate, 5:2 hexanes/ethyl acetate as eluent). 1H NMR

(400 MHz, d6-DMSO) ppm 9.25 (s, 1H), 7.86 (d, J = 8.0 Hz, 2H), 7.53 (d, J = 8.4 Hz,

2H), 7.29 (m, 2H), 7.24 (d, J = 8.3 Hz, 2H), 7.07 (m, 2H), 6.99 (t, J = 7.3 Hz, 1H), 6.78

(t, J = 7.3 Hz, 1H), 6.59 (d, J 7.6 Hz, 2H). 13C NMR (300 MHz, d6-DMSO) pprn

155.01, 151.64, 149.85, 142.43, 135.19, 132.31, 130.10, 129.70, 123.63, 123.49, 122.49,

120.80, 116.97, 115.18. E$I-MS: [M + H] caid. for C19H16BrN2, 351.04969; found,

35 1.04849. m.p. = 170°C.

N-phenyl-3,5-dibromobenzamide In a typical preparation, 3,5-dibromobenzoic acid

(6.0 g, 21 mmol) is refluxed in neat thionyl chloride (30 mL) for 20 h, afler which excess

thionyi chloride is remove by distillation and the residue dried under vacuum for 2 h. To

the round-bottom flask containing the residue is charged DCM (5OmL), and the mixture

is stirred briefly to completely dissolve the residue. Triethylamine (2.7 g, 86 mmol) is

added at once and the solution is cooled to -10°C. Aniline (20.4 g, 219 mmoi) is then
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added sïowly, giving a heavy precipitate. The reaction mixture is brought to room

temperature and transferred to a reflux condenser equipped with a drying tube. Afier

heating at reflux for 20 h, the DCM is removed by distillation and the residue is dissolved

in hot methanol (200 mL). An equal volume ofwater is added to give a heavy precipïtate

which is removed by filtration. The solid is triturated in methanol (20 mL), re-filtered,

and dried under vacuum to give 6.8 g of pure product in 89 % yield. Rf 0.49 (Si02

substrate, 15:1 toluene/ethyl acetate as eluent). ‘H NMR (400 MHz, d6-DMSO) ppm

10.43 (s, 1H), 8.15 (U, J = 1.6 Hz, 2H), 8.09 (t, J = 1.6 Hz, 1H), 7.76 (U, J = 7.8 Hz, 2H),

7.37 (m, 2H), 7.14 (m, 1H). ‘3C NMR (300 MHz, d6-DMSO) ppm 163.82, 139.85,

139.69, 137.50, 130.93, 129.99, 125.48, 123.91, 121.79. ESI-MS: [M + Hf caïd. for

C13H,0Br2NO, 353.91292; found, 353.91124.

AÇN’-diphenyl-3,5-dibromobenzamidine In a typical preparation, PCI5 (2.1 g, 10 mmol)

is stirred in DCM (60 mL) for 10 min at room temperature. The solution is then cooled to

-10°C and N-phenyl-3,5-dibromobenzamide (2.4 g, 6.8 mmol) is added portion wise. The

solution is brought to room temperature and stirred for an additional 20 h, giving a clear

orange solution. The solution is cooled to -40°C and aniline (6.6 g, 71 mmol) is added

slowly over the course of 5 min. The solution is brought to room temperature and stined

for an additional 20 h, forming a heavy precipitate. Afier concentrating the solution

(- 40 mL), the precipitate is removed by filtration and discarded. The filtrate is dried

under vacuum to give a residual ou that is dissolved in a minimal amount of methanol

and precipitated in water. The precipitate is collected by filtration and re-dissoïved in

methanol, then made strongly acidic (pH < 1) with the addition ofHCl (cone). The mixture

is dry-loaded onto silica substrate and dried under vacuum to assure complete removal of

methanol. The silica mix is then triturated in ethyl acetate and filtered. Afier discarding

the ethyl acetate washings, the siïica is washed on the frit with methanol. After reducing

the methanol washings to dryness, the residue is triturated in an aqueous solution made

basic (pH 12) with KOH (s). The aqueous mixture is then washed twice with 200 mL

portions of DCM, which are combined, dried over Na2SO4, filtered and dried under

vacuum to give 1.5 g of pure product in 51 % yield. Rf = 0.50 (Si02 substrate, 15:1

toluene/ethyl acetate as eluent). ‘H NMR (400 MHz, d6-DM$O) ppm 9.34 (s, 1H), 7.86
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(d, J = 7.5 Hz, 2H), 7.81 (s, 1H), 7.52 (s, 2H), 7.30 (m, 2H), 7.11 (m, 2H), 7.00 (t, J = 6.8

Hz, 1H), 6.82 (t, J = 6.8 Hz, 1H), 6.65 (d, J 7.2 Hz, 2H). ‘3C NMR (300 MHz, d6-

DMSO) ppm 152.82, 151.22, 142.23, 139.59, 135.12, 132.04, 129.72, 123.47, 123.37,

122.82, 120.79. E$I-MS: [M + Hf’ cald. for C19H15Br2N2, 428.96020; found, 428.95877.

m.p. = 140°C.

AÇN’-diphenyl-4-formyl-benzamidine In a typical preparation, N,N’-diphenyl-4-

bromobenzamidine (1.0 g, 2.8 mmol) is charged to a flask containing THF (50 mL). Afler

dissolution of the substrate, the solution is cooled to -78°C and 2 equivaients of n-BuLi

(1.6 M soin, in hexanes, 5.6 mmoi) are added drop wise over the course of 5 min. The

solution is aliowed to stir for 15 min at -78°C, at which point DMF (7.60 g, 104 mmol) is

added at once. The solution is stirred for an additional 15 min at -7 8°C, at which point the

reaction is quenched with addition of water. The reaction mixture is then distilied to give

an orange oily residue that is taken up in a 5:2 mix ofhexanes/ethyi acetate and eiuted on

a silica coiumn. Drying the desired fractions gave 0.6 g of pure product in 70 % yieid.

Rf= 0.33 (Si02 substrate, 5:2 hexanes/ethyl acetate as eluent). 1H NMR (400 MHz, d6-

DMSO) ppm 9.98 (s, 1H), 9.35 (s, 1H), 7.88 (d, J = 8.0 Hz, 2H), 7.85 (d, J = 8.0 Hz,

2H), 7.52 (d, J 8.0 Hz, 2H), 7.30 (m, 2H), 7.05 (m, 2H), 7.00 (t, J = 7.2 Hz, 1H), 6.77

(t, J = 7.2 Hz, 1H), 6.61 (d, J = 7.6 Hz, 2H). ‘3C NMR (300 MHz, d6-DMSO) ppm

194.10, 155.08, 142.38, 141.70, 137.28, 131.00, 130.35, 129.69, 123.51, 123.45, 122.57,

120.81. ESI-MS: [M + H] caid. for C20H17N20, 300.12626; found, 301.13354. m.p. =

149°C.

Dirhodium(II,II) tetra(N,N’-diphenyl-4-bromobenzamidinate) (V-1) Typically, À’N ‘-

diphenyl-4-bromobenzamidine (7.5 g, 21 mmol) is heated to melting in an open flask,

upon which Rh2(02C2H3)4(CH3OH)2 (0.42 g, 0.83 moi) is added at once, producing a

dark red solution. The meit is stirred until it solidifies, which occurs within severai

minutes. The solid residue is heated to 100°C under vacuum to remove residual acetic

acid, afler which it is cooled. The crude solid is triturated in 100 mL DCM and flltered.

This is repeated three times, the washings of which are combined and saved for

recuperation of the excess amidine ligand. The red-brown soiid which remains is
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dissolved in chloroform and crystallized en mass via diffusion with DCM to give 0.99 g

of pure product in 75 % yield. Rf = 0.5$ (5i02 substrate, 5:1 hexanes/ethyl acetate as

eluent). ‘H NMR (400 MHz, d6-DMSO, 20°C) ppm 7.14 (d, J = 8.4 Hz, 2H), 7.04 (br,

4H), 6.95 (t, J 7.2 Hz, 2H), 6.66 (d, J = 8.4 Hz, 2H), 6.57 (br, 2H), 5.5$ (br, 2H). ESI

MS: [Mj cald. for C76H56N8Br4Rh2, 1601.94713; found, 1601.94026.

Dirhodinm(II,II) tetra(]\ÇN’-diphenyl-3,5-dibromobenzamidinate) (V-2) Identical

procedure as that described previously for V-1, but using IVN’-diphenyl-3,5-

dibromobenzamidine (1.14 g, 2.65 mmol) and Rh2(02C2H3)4(CH3OH)2 (0.056 g, 0.110

mmol). The compound was crystallized by slow evaporation from a 4:1 CHCI3/CH3OH

mix to give 0.16 g of pure product in 73 % yield. Rf = 0.61 (Si02 substrate, 5:1

hexanes/ethyl acetate a eluent. ‘H NMR (400 MHz, CDC13, 20°C) ppm 7.22 (t, J =

1.8 Hz, 1H), 7.10 (m, 4H), 7.02 (t, J = 7.2 Hz, 2H), 6.92 (d, J = 1.8 Hz, 2H), 6.59 (br,

2H), 5.68 (br, 2H). ESI-MS: [M] cald. for C76H52Br8N8Rh2, 1913.58918; found,

1913.58305.

Dirhodium(II,II) tetra(AÇN’-diphenyl-4-formyl-benzamidinate) (V-3) Identical

procedure as that described previously for V-1, but using N,N’-diphenyl-4-formyl-

benzamidinate (2.9 g, 9.6 mmol) and Rh2(02C2H3)4(CH3OH)2 (0.20 g, 0.39 mmol). The

compound was purified by column chromatography using silica and a 2:1 hexanes/ethyl

acetate mix as eluent. Drying of the desired fractions gave 0.34 g of pure product in 62 %

yield. Single crystals suitable for structure determination by X-ray diffraction were

obtained on standing from a DMSO solution. Rf = 0.27 (Si02 substrate, 2:1 hexanes/ethyl

acetate as eluent). ‘H NMR (400 MHz, d6-DMSO, 20°C) ppm 9.74 (s, 1H), 7.47 (d, J =

8.2 Hz, 2H), 7.07 (br, 4H), 6.99 (U, J = 8.2 Hz, 2H), 6.95 (t, J = 7.2 Hz, 2H), 6.64 (br,

2H), 5.63 (br, 2H). ESI-MS: [Mf cald for C80H60N8O4Rh2, 1402.28474; found

1402.28890.

Dirhodfum(II,II) tetra(AÇN’-diphenyl-4-methylcarboxy-benzamidinate) (V-4)

Typically, V-3 (0.06 g, 0.04 mmol) is charged to a flask containing methanol (20 mL).

The solution is cooled to 0°C and KOH(5) (0.023 g, 0.410 mmol) is then added, followed
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by iodine (0.052 g, 0.2 10 mmol). The solution is stirred cold for 1h, reduced to dryness,

and the residue is purified by column chromatography using silica and 2:1 hexanes/ethyl

acetate as eluent. Drying the desired fractions gave 0.050 g of pure product in $4 % yield.

Rf = 0.80 (Si02 substrate, 2:1 hexanes/ethyl acetate as eluent). ‘H NMR (400 MHz, d6-

DM$O, 20°C) ppm 7.50 (d, J 8.2 Hz, 2H), 7.05 (br, 4H), 6.93 (m, 4H), 6.62 (br, 2H),

5.60 (br, 2H), 3.71 (s, 3H). ESI-MS: [M] cald for C84H68N8O8Rh2, 1522.32700; found,

1522.30407.

Dirhodium(II,II) tetra(N,N’-dïphenyl-4-carboxy-benzamidinate) (V-5) Typically,

NaOH(S) (0.2 g, 5.0 mmol) is dissolved in a 4:1 DMSO/H20 mix (30 mL). To this is

charged V-4 (0.050 g, 0.033 mmol), and the solution is stined at room temperature for

1h. The solution is then made acidic (pH < 1) with addition of HCl(0) to give a

precipitate which is removed by filtration and washed on the frit with water. Drying of

the solid under vacuum gave 0.047 g ofproduct in 98 % yield. Single crystals suitable for

structure determination by X-ray diffraction were grown upon standing from a DMSO

solution. ESI-MS: [M]4 cald for C80H60N8O8Rh2, 1466.26440; found, 1466.26473.

Protocol A

To a dry reaction flask equipped with stir-bar is charged THf (30 mL) followed by

Pd2(dba)3 (0.005 g, 0.005 mmol), S-PHOS (0.006 g, 0.015 mmol), Cs2CO3 (0.40 g,

1.2 mmol), V-1 (0.50 g, 0.31 mmol) and benzophenone imine (0.056 g, 0.370 mmol,

1.2 eq.). The mix is triturated briefly and then refluxed under an argon atmosphere for 24

h. Afier cooling, the reaction mix is flltered over a plug of celite to remove Cs2CO3 The

filtrate is reduced to dryness and applied to a silica column for elution with a DCM / 0.5

% EtN mix. Drying the recovered fractions gave 0.110 g of the tetra-bromo starting

material along with 0.185 g of the mono-ketimine product, 0.082 g of the bis-ketimine

product, and 0.060 g of the tris-ketimine product (afier crystallization) in 29 %, 24 %,

and 25 % yield, respectively, based upon benzophenone imine.
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Protocol B:

To a dry 35 mL pressure vessel, equipped with a Viton O-ring and stir-bar, is charged

THF (25 mL) followed by Pd2(dba)3 (0.005 g, 0.005 mmol), S-PHOS (0.006 g, 0.01 5

mmol), Cs2CO3 (0.96 g, 2.9 mmol), V-1 (0.60 g, 0.37 mmol), and benzophenone imine

(0.20 g, 1.1 mmol, 3.0 eq.). The reaction mix is triturated briefly and then heated to

140°C for 8 h, afler which it is cooled and treated as in protocol A giving 0.050 g ofthe

mono-ketimine product, 0.114 g of the bis-ketimine product, 0.191 g of the tris-ketimine

product (after crystallization), and 0.140 g of the tetra-ketimine product (afler

crystallization) in 3 %, 11 %, 27 %, and 25 % yield, respectively, based upon

benzophenone imine.

Rh2(N,N’-diphenyl-4-diphenylketimine-benzamidinate)4 (V-6) As with protocol B but

using Pd2(dba)3 (0.005 g, 0.005 mmol), S-PHOS (0.006 g, 0.015 mmol), Cs2CO3 (0.8 1 g,

2.5 mmol), V-1 (0.50 g, 0.31 mmol), and benzophenone imine (0.27g, 1.5 mrnol, 4.8 eq.).

The mix is triturated briefiy and then heated to reflux at 140°C for 12 h in an ou bath,

afier which it is treated as in protocol A. The material recovered from the column could

be crystallized en masse by dissolving it in chlorobenzene (60 mL) and adding an equal

volume of methanol, giving 0.450 g of pure product in 71% yield. Single crystals suitable

for structure determination by X-ray diffraction were grown by slow evaporation from a

2:1 CHCI3 / CH3OH solution. Rf = 0.21 (Si02 substrate, 4:1 hexanes/ethyl acetate as

eluent). ‘H NMR (400 MHz, d6-DMSO) 6 ppm 7.53 (d, J = 7.3 Hz, 8H), 7.49 (t, J = 7.3

Hz, 4H), 7.40 (m, 8H), 7.28 (t, J = 7.3 Hz, 4H), 7.19 (m, 8H), 6.88 (m, 32 H), 6.46 (d, J =

8.2 Hz, 8H), 6.40 (br, 8H), 6.14 (d, J = 8.2 Hz, 8H), 5.56 (br, 8H). ESI-MS: [M] cald for

C128H96N,2Rh2, 2006.59908; found, 2006.60144.

Rh2(PÇN’-diphenyI-4-dipheny1ketinflne-benzamidinate)3(AÇN’-dipheny1-4-

bromobenzamidinate) (V-7) This material, recovered from either protocol A or B, could

be crystallized en masse upon cooling to -10°C of a saturated solution in CH3NO2. Single

crystals suitable for structure determination by X-ray diffraction could be grown by slow

evaporation from 2-ethoxyethanol. Rf = 0.28 (Si02 substrate, 4:1 hexanes/ethyl acetate as

eluent). ‘H NMR (400 MHz, d6-DMSO) 6 ppm 7.53 (d, J = 7.4 Hz, 6H), 7.49 (t, J 7.4
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Hz, 3H), 7.40 (m, 6H), 7.2$ (t, J 7.6 Hz, 3H), 7.19 (m, 6H), 7.11 (d, J = 8.3 Hz, 2H),

6.90 (m, 24H), 6.85 (d, J = 7.6 Hz, 6H), 6.62 (d, J 8.3 Hz, 2H), 6.48 (m, 6H), 6.43 (br,

8H), 6.15 (m, 6H), 5.56 (br, 8H). ESI-MS: [M] cald for C,,5H86BrN11Rh2, 1905.43609;

found, 1905.43635.

Cis-Rh2(A1N’-dïpheny1-4-dipheny&etimine-benzamidïnate)2(PN’-dipheny1-4-

bromobenzamidinate)2 (cis-V-8) and trans-Rh2(AN’-dipheny1-4-dipheny1ketimine-

benzamidinate)2(AÇN’-diphenyl-4-bromobenzamidinate)2 (trans-V-8) Bis-ketimine

material recovered from either protocol A or B (Rf = 0.37, Si02 substrate, 4:1

hexanes/ethyl acetate as eluent) could be resolved into the cis and trans components upon

elution with CHCI3 on silica substrate. For instance, the 0.082 g recovered from protocol

A was resolved into 0.055 g and 0.020 g of the cis and trans isomers, respectively. for

the cis-isomer, single crystals suitable for structure determination by X-ray diffraction

were grown by vapour diffusion of hexanes into a 1 ,2-dimethoxyethane solution. Cis:

R1= 0.20 (Si02 substrate, CHC13 as eluent). ‘H NMR (400 MHz, d6-DMSO) ppm 7.53

(d, J 7.4 Hz, 4H), 7.49 (t, J = 7.2 Hz, 2H), 7.40 (m, 4H), 7.28 (t, J = 7.3 Hz, 2H), 7.19

(m, 4H), 7.12 (m, 4H), 6.92 (m, 24H), 6.26 (d, J 7.5 Hz, 4H), 6.64 (d, J = 8.1 Hz, 4H),

6.49 (d, J = 7.9 Hz, 4H), 6.46 (br, 8H), 6.16 (rn, 4H), 5.57 (br, 8H). ESI-MS: [M] cald

for C,02H76Br2N,0Rh2, 1804.27311; found, 1804.27378. Trans: Rf= 0.45 (Si02 substrate,

CHC13 as eluent). ‘H NMR (400 MHz, d6-DMSO) ppm 7.53 (d, J = 7.0 Hz, 4H), 7.49 (t,

J = 7.0 Hz, 2H), 7.40 (m, 4H), 7.29 (t, J = 7.0 Hz, 2H), 7.20 (m, 4H), 7.12 (d, J 7.5 Hz,

4H), 6.92 (rn, 28 H), 6.63 (d, J = 7.5 Hz, 4H), 6.51 (d, J = 7.4 Hz, 4H), 6.48 (br, 8H), 6.17

(d, J 7.4 Hz, 4H), 5.56 (br, 8H). ESI-MS: [M] cald for C,02H76Br2N,0Rh2, 1804.27311;

found, 1804.27539.

Rh2(I%ÇN’-diphenyl-4-diphenylketimine-benzamidinate)(N,N’-diphenyl-4-

bromobenzamidinate)3 (V-9) This material, recovered from either protocol A or B, was

found to be sufficiently pure afier column cbromatography. Rf = 0.47 (Si02 substrate, 4:1

hexanes / ethyl acetate as eluent). 1H NMR (400 MHz, d6-DMSO) ppm 7.53 (d, J =

7.9 Hz, 2H), 7.49 (t, J = 7.0 Hz, 1H), 7.40 (m, 2H), 7.29 (t, J = 7.4 Hz, 1H), 7.19 (m, 2H),

7.13 (m, 6H), 6.98 (m, 24 H), 6.86 (d, J = 7.9 Hz, 2H), 6.66 (m, 6H), 6.53 (br, 8H), 6.51
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(U, J = 8.0 Hz, 2H), 6.17 (d, J = 8.0 Hz, 2H), 5.57 (br, 8H). ESI-MS: [Mf calU for

C89H66Br3N9Rh2, 1703.11012; found, 1703.10715.

Rh2(A’N’-diphenyl-4-aminobenzamidinate)4 (V-10) In a typical preparation, V-6

(0.50 g, 0.25 mmol) is stirred under ambient conditions in THf (50 mL) made acidic

(pH < 2) with addition of HCI (conc, aq) for 30 min. The solvent was then concentrated

under vacuum and the precipitate was removed by filtration and washed with a copious

amount of DCM. The solid was then re-dissolved in a 5:1 THF / H20 mix. A phase

separation was effected upon addition ofKOH (aq) solution (100 mL, pH 14) with which

the organic layer was washed. The organic layer was removed and dried to give a residue

that was taken up in DCM, washed with water, and dried over Na2SO4. Filtration and

removal ofthe solvent gave 0.28 g of pure product in 82 % yieïd. Single crystals suitable

for structure determination by X-ray diffraction were grown upon standing of a DMSO

solution containing the complex. Rf = 0.31 (5i02 substrate, 10:1 Et20 / CH3OH as

eluent). ‘H NMR (400 MHz, d6-DMSO) 6 ppm 6.94 (br, 16H), 6.83 (m, 8H), 6.55 (br,

8H), 6.37 (d, J = 8.0 Hz, 8H), 5.94 (d, J = 8.0 Hz, 8H), 5.61 (br, 8H), 4.95 (s, 8H). EST

MS: [M] cald for C76HMN,2Rh2, 1350.34868; found, 1350.35 192.

Rh2(N,N’-diphenyl-4-amidotpy-benzamidinate)4 (V-11) Typically, 4’ -carboxytpy

(0.10 g, 0.36 mmol, 5 eq) is heated to reflux in thionyl chloride for 1h. Excess thionyl

chloride is removed by vacuum distillation and the residue is dried under vacuum. To the

residue is charged DCM (20 mL) followed by triethylamine (0.36 g, 3.6 mmol) and V-10

(0.097 g, 0.072 mmol). The reaction mix is then stirred at room temperature under an

inert atmosphere for 2.5 h, during which time a fine precipitate forms. The precipitate is

removed by filtration and the filtrate is dried under vacuum to give a residue that is

triturated in a methanolic solution made basic (pH - 12) with KOH (s). The solid is re

filtered and taken up in DCM, washed with H20 and dried over Na2SO4. Filtration and

removal ofthe solvent gave 0.112 g of pure product in 65 % yield. ‘H NMR (400 MHz,

d6-DMSO) 6 ppm 10.69 (s, 1H), 8.79 (s, 2H), 8.75 (U, J = 3.0 Hz, 2H), 8.65 (U, J = 7.6

Hz, 2H), 8.04 (m, 2H), 7.54 (m, 2H), 7.39 (U, J = 6.6 Hz, 2H), 7.09 (br, 16H), 6.96 (m,

8H), 6.82 (d, J = 6.6 Hz, 8H), 6.71 (br, 8H), 5.70 (br, 8H). ESI-MS: [M + 2H]2 cald for
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C140H102N24O4Rh2, 1194.33129; found, 1194.33536. [M + 3H]3 cald for

C140H103N24O4Rh2, 796.5568 1; found, 796.55897.

[(4 ‘-Carboxytpy)(4 ‘-tolyl-tpy)Ru] (PF6)2 (V-12) In a typicaÏ preparation, 4 ‘-(2-furyl)-

tpy (0.38 g, 1.3 mmol), (4’-tolyl-tpy)RuCI3 (0.67 g, 1.3 mmol), and AgNO3 (0.65 g, 3.8

mmol, 3 eq) are combined and heated to reflux in ethanol (50 mL) for 4h, afler which

AgC1 (s) is removed by filtration over celite. The filtrate is dried and the resuÏting residue

is taken up in a 1:1 mix of H20 / CH3CN and made basic (pH 12) with addition of

KOH (s). To this is added KMnO4 (2.60 g, 16.5 mmol, 13 eq) and the solution is stirred at

room temperature for 2.5 h, afler which the same quantity of KMnO4 is added again and

the solution stirred for an additional 8h. A solution ofNa2S2O3 (aq)(lO %) S added until a

consistently red-coloured solution persists, at which point the reaction mix is filtered over

celite. The filtrate is concentrated and then made acidic (pH 2) with addition of HPF6(aq)

(60 %). The resulting precipitate is collected by filtration and washed with a copious

amount of water, then taken up in a minimal amount of CH3CN and purified by column

chromatography (Si02, 7:2 CH3CN / KNO3 (aq, sat) as eluent). The desired fractions were

combined, reduced in volume, and then precipitated from KPF6 (aq, sat) solution. The

resulting precipitate was taken up in CH3CN and precipitated from H20, filtered and

dried to give 0.46 g of pure product in 37 % yield. Rf= 0.41 (Si02 substrate, 7:2 CH3CN /

KNO3 (aq, sat) as eluent). 1H NMR (400 MHz, CD3CN) ppm 9.33 (s, 2H), 9.02 (s, 2H),

8.66 (d, J = 7.7 Hz, 4H), 8.14 (d, J = 8.0 Hz, 2H), 7.93 (m, 4H), 7.60 (d, J = 8.0 Hz, 2H),

7.44 (d, J = 5.6 Hz, 2H), 7.41 (d, J = 5.6 Hz, 2H), 7.17 (m, 4H), 2.57 (s, 3H). ESI-MS:

[M]2 cald. for C38H28N6O2Ru, 351.06586; found, 351.06447.

Rh2(NN’-diphenyl-4-{(4‘-amidotpy)(4 ‘-tolyltpy)RuJ (PF6)2}-benzamidinate)4 (V-13)

In a typical preparation, V-12 (0.29 g, 0.30 mmol) is heated to reflux in thionyl chloride

for 3 h. Excess thionyl chloride is removed by vacuum distillation and the residue is dried

under vacuum. To this residue is charged acetonitrile (40 mL) and triethylamine (0.30 g,

3.0 mmol). V-10 (0.050 g, 0.004 mmol) is then added portion wise as an acetonitrile

solution (5 mL) and the reaction mix is heated to reflux unde an inert atmosphere for

30 min. The intensely dark red solution is then concentrated for purification by column
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chromatography using silica and 7:2 CH3CN / KNO3 (aq, sat). The desired fractions are

concentrated and precipitated from KPF6 (aq, sat) solution. The resulting precipitate was

taken up in CH3CN and precipitated from H20, filtered and dried to give 0.149 g of

product in 77 % yield. Rf = 0.4$ (Si02 substrate, 7:2 CH3CN / KNO3 (aq, sat) as eluent). ‘H

NMR (400 MHz, CD3CN) ppm 9.47 (br, 4H), 9.20 (m, 8H), 9.05 (s, 8H), 8.67 (m,

16H), 8.15 (d, J = 8.0 Hz, 8H), 8.00 (m, 16H), 7.62 (d, J 8.0 Hz, 8H), 7.51 (d, J = 4.7

Hz, 8H), 7.36 (d, J = 4.7 Hz, 8H), 7.26 (m, 8H), 7.19 (m, 8H), 6.16 (br, 8H), 5.58 (br,

8H). ESI-MS: [M]8 cald for C228H168N36O4Rh2Ru4, 510.85416; found, 510.85434.

tM(PF6)17 604.402, [M(PF6)2]6 729.461, [M(PF6)3]5 904.348, [M(PF6)4]4 1166.674,

[M(PF6)5]3 1603.900.

Rh2(N,N’-diphenyl-4-diphenylketimine-benzamidinate)3(]\ÇN’-diphenyl-4-

trimethylsilylethynyl-benzamidinate) (V-14) To a dry 35 mL pressure vessel, equipped

with a Viton O-ring and stir-bar, is charged THf (25 mL, degassed) folÏowed by

Pd2(dba)3 (0.0027 g, 0.0026 mmol), S-PHOS (0.0033 g, 0.0084 mmol), Cs2CO3 (0.050 g,

0.157 mmol, 3 eq.), V-7 (0.100 g, 0.052 mmol), and trimethylsilyl acetylene (0.00$ g,

0.079 mmol, 1.5 eq.). The reaction mix is triturated briefly and then heated to 120°C for

1 h, afler which it is cooled and filtered over a plug of celite. The filtrate is dried and the

residue purified by column chromatography on silica gel using 2:1 hexanes / ethyl acetate

as eluent. The desired fractions are combined and dried to give 0.068 g of the desired

product in 67 % yield. Rf = 0.46 ($i02 substrate, 3:1 hexanes / ethyl acetate as eluent).

‘H NMR (400 MHz, d6-DMSO) ppm 7.62 (d, J = 6.0 Hz, 2H), 7.54 (d, J = 7.0 Hz, 6H),

7.49 (t, J 7.0 Hz, 3H), 7.40 (m, 6H), 7.28 (t, J = 7.0 Hz, 3H), 7.19 (m, 6H), 6.90 (m, 30

H), 6.69 (d, J = 6.0 Hz, 2H), 6.48 (m, 6H), 6.43 (br, 8H), 6.15 (m, 6H), 5.58 (br, 8H),

0.14 (s, 9H). IR (KBr pellet): 2156 cm1 [y (-CC-)]. ESI-MS: [Mf cald for

C,20H95N,,SiRh2, 1923.56511; found, 1923.55671.

Rh2(]\ÇN’-diphenyl-4-diphenylketiniine-benzamidinate)3(N,N’-diphenyl-4-

ethynylbenzamidinate) (V-15) Typically, V-14 (0.100 g, 0.052 mmol) is stirred in a 1:1

THf / CH3OH solution (10 mL) containing K2C03 (0.072 g, 0.518 mmol) at room

temperature for 20 min. The reaction mix is then dried and the residue is triturated in
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DCM and filtered. Drying the filtrate gave a residue that was purified by column

chromatography on silica gel using 2:1 hexanes / ethyl acetate as eluent. The desired

fractions are combined and dried to give 0.089 g of the desired product in 92 % yield. Rf

= 0.33 (Si02 substrate, 3:1 hexanes / ethyl acetate as eluent). ‘H NMR (400 MHz, d6-

DMSO) ppm 7.62 (d, J = 6.0 Hz, 2H), 7.53 (d, J = 7.0 Hz, 6H), 7.49 (t, J = 7.0 Hz, 3H),

7.40 (m, 6H), 7.2$ (t, J = 6.0 Hz, 3H), 7.19 (m, 6H), 6.90 (m, 30 H), 6.69 (d, J = 7.0 Hz,

2H), 6.4$ (m, 6H), 6.43 (br, 8H), 6.15 (m, 6H), 5.57 (br, 8H), 4.12 (s, 1H). IR (KBr

pellet): 2359 cm1 [y (-CC-)]. E$I-M$: [M] cald. for C,,7H87N,,Rh2, 1851.52558; found,

1851.51766.

Tetrakis [(N,N’-diphenyl-4-diphenylketimine-benzamidinate)3Rh2(NN’-

diphenylbenzamidinate)-NH-(N,N’-diphenylbenzamidinate)J Rh2 (V-16) To a dry

35 mL pressure vessel, equipped with a Viton O-ring and stir-bar, is charged THF

(25 mL) followed by Pd2(dba)3 (0.000$ g, 0.0008 mmol), $-PHOS (0.00 10 g, 0.0025

mmol), Cs2CO3 (0.140 g, 0.432 mmol), V-7 (0.1 00 g, 0.052 mmol), and V-10 (0.014 g,

0.010 mmol). The reaction mix is triturated briefly and then heated to 110°C for 40 h,

afler which it is cooled and filtered over a plug of celite. The filtrate is then dried and

purified by column chromatography using silica gel and 10:0.15 CHC13 / Et20. The

desired fractions are combined and dried to give 0.045 g of the desired product in 51 %

yield. Rf = 0.39 ($i02 substrate, 10:0.15 CHC13 / Et20 as eluent). MALDI-TOF-MS:

[MJ cald. for C536H404N56Rh,0, 8652.4; found, 8672.7.

Tetrakis [(N,N’-diphenyl-4-aminobenzamidinate)3Rh2(N,N’-

diphenylbenzamidinate)-NH-(}VN’-diphenylbenzamidinate)] Rh2 (V-17) V-16

(0.0300 g, 0.0035 mmol) was stirred under ambient conditions in THF (10 mL) made

acidic (pH <2) with addition of HC1 (conc, aq) for 1 h. The reaction mix was then dried and

the residue washed with a copious amount of DCM. The solid was then filtered and taken

up in a 5:1 THF / H2O mix. A phase separation was effected upon addition of a KOH (aq)

solution (20 mL, pH 14) with which the organic layer was washed. The organic layer

was removed and dried to give a residue that was taken up in DCM, washed with water,

and dried over Na2SO4. filtration and removal of the solvent gave 0.020 g of product in
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86 % yield. 1H NMR (400 MHz, d6-DM$O) ppm 6.97 (br, 80H), 6.83 (br, 40H), 6.47

(br, 40H), 6.38 (br, 40H), 5.95 (br, 40H), 5.59 (br, 40H), 4.97 (br, 24H). ESI-MS: [M]3

cald for C380H303N56Rh10, 2227.87910; found, 2227.87521. [M]4 1671.910, [M]5

1337.331.

Bis(Rh2(N,N’-diphenyl-4-diphenylketiinine-benzamidinate)3(AÇN’-diphenyl-4-

ethynylbenzamidinate) (V-18) To a dry 35 mL pressure vessel, equipped with a Viton

O-ring and stir-bar, is charged THf (25 mL, degassed) followed by Pd2(dba)3 (0.0017 g,

0.0016 mmol), $-PHOS (0.0021 g, 0.0052 mmol), Cs2CO3 (0.03 14 g, 0.0097 mmol), V-

15 (0.0600 g, 0.0032 mmol), and V-7 (0.06 16 g, 0.0032 mmol). The reaction mix is

triturated briefly and then heated to 120°C for 16 h, after which it is cooled and filtered

over a plug of celite. The filtrate is dried and the residue purified by column

chromatography on silica gel using 2:1 hexanes / ethyl acetate as eluent. The desired

fractions are combined and dried to give 0.0440 g of the desired product in 37 % yield.

This sample can be crystallized from a 1,2-dimethoxyethane solution upon vapour

diffusion with hexanes. Rf = 0.10 (Si02 substrate, 3:1 hexanes / ethyl acetate as eluent).

‘H NMR (400 MHz, d6-DM$O) 6 ppm 7.53 (d, J = 7.0 Hz, 12H), 7.49 (t, J = 7.0 Hz, 6H),

7.40 (m, 12H), 7.27 (t, J = 7.0 Hz, 6H), 7.08 (br, 4H), 6.90 (br, 48H), 6.85 (d, J = 7.0 Hz,

12H), 6.67 (d, J = 8.0 Hz, 4H), 6.47 (d, J = 6.0 Hz, 12H), 6.43 (br, 16H), 6.14 (br, 12H),

5.56 (br, 16H). ESI-MS: [M]2 cald for C232H,72N22Rh4, 1838.5 1778; found, 1838.5 1442.

Bis(Rh2(N,N ‘ -diphenyl-4-aminobenzamidinate)3(N,N-diphenyl-4-ethynylbenzamidinate)

E$I-MS: [M]2 cald for C,54H,24N22Rh4, 1346.32997; found, 1346.32766.
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Cliapter 6: Future Work

There are many avenues that may be pursued from the foundations that have been

established to this point. Some of these are outlined herein, addressed systematically

according to the order of their appearance in this thesis.

6.1. Chapter 2

With respect to the convergent synthesis of polynuclear (tpy)2Ru2 systems

outlined in Chapter 2, the reversibility ofthe appended carboxy-derived Ru(II) complexes

limits their use as building blocks for continued growth via coordination chemistry. The

best approach to this end is to take advantage of the high-affinity of Rh2(II,II) units for

axial ligation, whereby bis-monodentate ligands may be used to bridge Rh2(II,II) units

about which carboxy-functionalized Ru(II) photoactive complexes have already been

convergently assembled. Where rigid, linear bis-monodentate ligands are concemed,

uncontrolled polymer formation typically encountered via one-pot self-assembly of

neutral dimetal units will likely be precluded by the charged nature of the

Rh2(II,II)/Ru(II) adducts,1 in the same way that the charged nature of the Ru(II) complex

afforded control over the replacement of the acetates of Rh2(OAc)4. In addition,

depending on the angular nature of the bidentate ligand, various photo-active

architectures can be self-assembled to produce systems of extremely high nuclearity. The

potential porosity of these assemblies may be used to advantage, particuÏarly with regard

to sensory applications.2

Potential problems may arise given the relative fragility of ii-bidentate binding in

the presence of competing donors such as pyridine (see Chapter 2, Figure 2.20), and it is

conceivable that synthesis of a higher-order target by axial ligation will be comprornised

and complicated by competing equatorial ligation. The nature of this dative competition

has been ascribed to an electrostatic origin, the most compelling evidence of which has

been the surprisingly short RhO(acetate) bond length. A related phenomenon has been

dernonstrated for dimetal complexes in general, whereby reducing the basicity of the

equatorial bidentate (e.g. trifluoroacetate vs acetate) actually strengthens the axial

bonding interaction.3 Considering this, it is reasonable to assume that sufficiently strong



244

axial donor ligands wiIl help to stabilize the highly charged Rh2(II,II)/Ru(TI) adducts

described in Chapter 2, thereby reducing the tendency for the appended carboxy-Ru(II)

complexes to be displaced. En route to axial ligation by such ligands, it is conceivable

that some competition will take place with the equatorially bound chelates. However, the

most stable dimetal motifs are formed by i.i-bidentate Iigands which possess a significant

n-donor/acceptor quality in addition to G-donor capacity.4 Thus, utilization of a strictïy -

donor axial connector (and, moreover, a rigid one incapable of i-bidentate coordination)

should inherently disfavour displacement of carboxylates. Regardless, competition for

equatorial ligation may be suppressed even further using axial connectors which impose a

degree of steric encumbrance, since it is well known that equatorial displacement is

slowed using relatively bulky incoming chelates.4 To fit the criteria outlined to this point,

polytopic phosphines could potentially exert a stabilizing influence en route to creating

higher order assemblies from these Rh2(II,II)/Ru(II) adducts, particularly since they are

known to form very strong axial interactions with Rh2(O2CR)4 complexes.5

8n

—

Figure 6.1. Proposed axial connection of the tetranuclear photo-active complex II-4b

using linear bis-monodentate phosphines.
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Dimetal paddlewheel complexes have only very recently received attention

regarding their potential photo-excited states.6 In particular, those with quadruple metal

metal bonding have been shown to possess long-lived 3MLCT. Complexes of the form

Mo2(O2CAr)4 have been shown, by transient absorption measurements, to possess a long

lived, non-emissive state ranging from 40-76 ts depending on the nature of the aryl group

(Ar), originating from a 3 Mo-Mo —* lt(c02) transition.6b In addition, complexes ofthe form

Re2(AÇN’-dialkylbenzamidinate)4C12 have been shown to be strongly emissive, the origin

of which has been attributed to a metal-based Re-Re transition.6C The creation

of adducts analogous to complexes II-la-II-3a and II-lb-II-4b based on these dimetal

motifs should be ideal models for study of energy transfer processes.

6.2. Chapter 3

The controlled symmetric and asymmetric appendage of Rh2(OAc)3 fragments to

a series of linearly bridging dicarboxylate Ru(II) complexes was shown to be

straightforward. The electronic absorption data is suggestive of electronic mixing

between the Ru(II) bridge complex and the attached Rh2(II,II) fragments, but the question

remains if these Ru(II) bridge complexes are capable of electronically coupling the two

appended dimetal centers, and if so, to what extent. To this end, the creation of

symmetrically substituted analogues ofboth Mo2(O2CR) and W2(O2CR)3 fragments (A,

Figure 6.2) makes electrochemical assessment possible and very straightforward. If

electronic coupling is demonstrated, it would be remarkable considering the relative

scarcity of reports demonstrating significant electronic coupling over such long distances.

Moreover, the potential for correlation of such long-range coupling to systematic

variation of the bridging Ru(II) complexes (in terms of length and planarity) offers more

insight as to the governing factors involved. Such information is invaluable toward

incorporating these assemblies into higher-order networks and for potential applications.

In addition, the asymmetric complexes containing one Rh2(OAc)3 fragment offer

easy access to mixed dimetallic species. This is particularly appealing considering the

recently elucidated emissive and non-emissive states of several quadruple metal-metal
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bonded paddlewheel complexes, mentioned previously. Such complexes (B, figure 6.2)
should likely serve as ideal models for study of energy transfer processes.

6.3 Chapter 4

2+

Much of the future direction with regard to the compounds prepared in this

chapter has been alluded to already, and so will be reiterated here only briefly. The A’N’

dipropylbenzamidine and A’N’-dipheny1benzarnidine appended (tpy)2Ru2 complexes

described in this chapter emphasize the degree to which the basicity (and hence donor

capacity) of the amidinate fragment may be modified depending on the nature of the N

substituent. This is particularÏy appealing with regard to sensitization of semi-conductor

substrates for solar ceil applications. Studies of this nature have focused on carboxylate

and phosphonate groups as means to anchor the dye molecule to such surfaces. It would

therefore be instructive to see how such amidine-bearing complexes compare to

structurally similar carboxylate and I or phosphonate analogues in terrns of photo-current

production and stability in device applications. The degree and ease with which such

parameters can be optimized may be much more accessible for these amidine-bearing

sensitizers, considering the wide range of N-substituents available. Moreover, such

A

B

33

3

figure 6.2. Proposed homo-dimetallic (A) and hetero-dimetallic (B) complexes.

2+
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amidine-bearing dye sensitizers may help to shed more light on the complex nature of

dyc-substrate binding interactions.7

6.4 Chapter 5

Unfortunately, time constraints have abbreviated complete photophysical

characterization of the Rh2 and Ru-appended Rh2 complexes described in this chapter. It

will prove most interesting to see to what, if any, degree the emissive state of the

appended (tpy)2Ru2 complexes has been attenuated by the Rh2(iVN’-

diphenylbenzarnidinate)4 template, and how this compares to the carboxylate adducts

described in Chapter 2. Moreover, the potential photo-excited state(s) of the Rh2

complexes themselves warrant elaboration. To both ends, both 29$ K and 77 K emission

will be necessary, along with transient absorption measurements if possible.

The range of functionality (and, moreover, its periodicity and orientation)

installed on the periphery of the Rh2(AÇN’-diphenylbenzamidinate)4 complex makes

available an enormous array of potential targets. 0f these, the most intriguing may 5e

those of high-nuclearity based on the Rh2(À’N’-diphenylbenzamidinate)4 unit,

considering that: 1) such templates offer many reactive sites for covalent connection to
2+complimentanly ftmctionahzed (tpy)2Ru complexes and 2) related complexes to

Rh2(AÇN ‘-diphenylbenzamidinate)4 have been shown to serve as photo-activated

reductive catalysts. 8 To this end, both open and closed structures may be constructed, of

which the latter has been demonstrated through the preparation of both dendritic

pentakis-Rh2 and linear bis-Rh2 assemblies (refer to Sections 5.7.1 and 5.7.2,

respectively). Open structures bearing orthogonal corner units are accessible via the cis

Rh2(N,N ‘-diphenyl-4-bromobenzamidinate)2(N,N’-diphenyl-4-diphenylketimine-

benzamidinate)2 complex and rigid bridging ligands bearing mutually opposed, two-fold

functionality capable of forming linear covalent linkage to the Rh2-subunit.
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Ihe example illustrated in Scheme 6.1 should be attainable in a ‘one-pot’

synthesis using the optimized Sonogashira coupling procedure described in Scheme 5.12

(Chapter 5). This resembles strongly the synthetic protocol followed for the covalent

assembly of the Pt(II)-based square and triangular structures depicted in figure 1.5

(Chapter 1). Once formed, the peripheral ketimine groups of the square assembly in

Figure 6.3 can be converted to their amine equivalents for coupling to carboxy

functionalized (tpy)2Ru2 units via amide bond formation, as outlined in Chapter 5. The

porous nature is promising for sensory applications subsequent to guest-molecule

binding, but like other charged photoactive assemblies, this will likely depend on the

occurrence of counter-anions within the cavity of the structure.

The accessibility of such porous structures as that depicted in Scheme 6.1 above

can be made much more efficient through the preparation of mixed amidinate/carboxylate

Rh2 complexes. To this end, a synthetic protocol according to Scheme 6.2, whereby labile

carboxylates are displaced via sait metathesis, is a weil-known method for formation of

tetra-E.t-amidinate dimetal complexes and, in particular, this approach has been used to

successfully prepare such complexes from A1N’diphenylbenzamidine.9 Given the

amenability of the Rh2 amidinate complexes described in Chapter 5 to chromatographic

Scheme 6.1. Proposed ‘one-pot’ square formation from cis-Rh2(IVN’-diphenyl-4-

bromobenzamidinate)2(N,N ‘-diphenyl-4-diphenylketimine-benzamidinate)2.
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purification, it should then be possible to separate these mixed ligand products, the

distribution of which can be directed to favour a particular target by the stoichiometric

quantity of amidine ligand employed. However, this approach lias a serious flaw, and it

stems from the strong trans-influence of the amidinate ligands. The development of open

structures relies on efficiently producing the cis-Rh2(amidinate)2(carboyiate)2 subunit, but

such a synthetic approach will yieid predominantly the trans isomer, owing to the trans

labilizing effect exerted by the relativeiy more basic amidinate ligands.’° The way around

this is typically to form first the M2(amidinate)4 complex, then use strong acids in

refluxing acetonitrile solutions to form solvent adducts of the form [M2(amidinate)4

(CH3CN)2f’, of which the cis-adduct can be isolated in good yield. The problem with

this approach is the harsh reaction conditions, which may not be suitable for ail reactive

functionalities. This is particularly true for the diphenyl ketimine groups which undergo

rapid acid-promoted hydrolysis to their amine equivalents. These amino groups could

potentially complicate subsequent complexation steps en route to higher-order

assemblies.

Rh2(O2CCF3)4 NN

- N M(O2CCF3)

Scheme 6.2. Proposed formation ofmixed amidinate / carboxylate Rh2 complexes.

Altematively, preparation of a dimeric compiex of the form

[Rh(COD)(amidinate)]2 (where COD = cycloocta-1 ,5-diene) provides access to a mild

and selective protocol for the preparation of cis-Rh2(amidinate)2(carboxylate)2 complexes

(Scheme 6.3).” The preparation of this precursor typically proceeds in a straightforward

manner by reacting [Rh(COD)Cl]2 with 2 equivalents of the amidinate salt.’2 Subsequent

oxidation of this dimeric Rh(I) complex with an appropriate silver(I) sait yields the cis

MOE

f CF3 4-N
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Rh2(amidinate)2(carboxylate)2 complex in yields ranging from 50-60 % upon

crystallization from the crude reaction mix. Considering that AN’-diary1formamidines

are most ofien utilized with this approach,’4 it is very likely that the N,N’

diphenylbenzarnidine-based Iigands described in Chapter 5 will be amenable to forming

the desired cis-Rh2 subunit (Scheme 6.3).

X

rW / \ 2 Ag(O2CCF3)
Rh Rh CIS

HV \ 2

Y
X

= cycloocta-1 ,5-diene

Scheme 6.3. Proposed route to selective cis-Rh2 formation.

With such a cis-Rh2 complex in hand, a true self-assembly approach can be used

to arrive at structures analogous to those postulated by purely covalent means (Scheme

6.1). A wide range of conventional bridging ligands may be used, but we can take

advantage of the dicarboxylate-Ru(II) complexes described in Chapter 3. An example is

illustrated in Scheme 6.4, utilizing the triazine based cornpÏex III-2b (PF6)2. In addition,

a wide variety of reactive functionality (X) may be incorporated via the amidinate ligands

to the exterior of such an assembly. Particularly appealing are diphenyl ketimine groups,

as this gives easy access to coupling photoactive units via amide bond formation, as

demonstrated in Chapter 5. This gives an assembly with very high nuclearity and rigidity,

the photophysical properties of which may be manipulated simply by selection of the

photoactive groups incorporated.
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Rh—Rh—
yO

CF3
2

cis
+

2

(PF6)2

(PF6)8

Scheme 6.4. Proposed self-assembly of a photoactive molecular square architecture.
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Appendix

Appendix 1: CCDC N°’s for compounds in chapter II.

The crystallographic reports and cif files of the structures listed below are available from the

Cambridge Crystallographic Data Centre (CCDC) and may be downloaded electronically

from the internet site: www.ccdc.cam.ac.uk/data reguest/cif. Altematively, requests can be

made by email at the following address: data reguest(ccdc.cam.ac.uk.

Chapter Complex CCDC N°

II II-Sa {C85 1166 B2 N6 02 Ru) 653532

II-5b {C69 H54 B F6 P N10 02 Ru} 653531

trans-II-2a {C130 H102 B4 F8 N14 08 Rh2 Ru2) 252629



Appendix 2: Supplementary information for chapter II

(2J

C2L4

H 127

II

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

C85 H66 B2 N6 02 Ru

1326.13

220(2) K

1.54178 Â

Monoclinic

C2 / c

Unit celi dimensions

Volume

z

a = 21.3875(6) Â
b = 22.6852(5) Â
c = 18.1795(5) Â

8817.3 (4)Â3

4

Œ = 900

13 = 91.494(2)°

y = 9Q0

Density f calculated)

Absorption coefficient

Ff000)

Crystal size

0.999 g/cm3

1.765 mm1

2752

0.30 x 0.28 x 0.23 mm

£25

£210 £120 £121

Table 1. Crystal data and structure refinement for II-5a.



III

Theta range for data collection

Index ranges

2.84 to 72.88°

-26h26,-28k27,-22I?22

Reflections collected 53589

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

8738 [Rint = 0.041)

Semi-empirical f rom equivalents

0.6900 and 0.5000

Fuli-matrix least-squares on F2

8738 / 338 / 446

Goodness-of-fit on F2 0.954

Final R indices [I>2sigma(I)J

R indices (ah data)

Largest dif f. peak and hole

R1 = 0.0466, wR2 = 0.1136

R1 = 0.0549, wR2 = 0.1163

1.305 and -0.384 e/À3

Table 2. Bond lengths [À] and angles [0] for II-5a.

Ru-N(18) 1.979(2) Cf22)-C(23) 1.373(4)
Ru-N(28) 1.989(2) Cf22)-H(22) 0.94
Ru-N(21)#1 2.065(2) C(23)-C(24) 1.387(4)
Ru-N(21) 2.065(2) C(23)-H(23) 0.94
Ru-N(11) 2.0755(17) c(24)-c(25) 1.363(4)
Ru-N(11)#1 2.0755(17) C(24)-H(24) 0.94
N(ll)-C(12) 1.337(3) Cf25)-C(26) 1.374(4)
N(ll)-Cf16) 1.368(3) C(25)-H(25) 0.94
Nf18) -c(17) 1.348(2) Cf26) -c(27) 1.472 (3)
N(18)-c(17)#1 1.348 (2) C(27)-cf210) 1.388 (3)
N(21)-C(22) 1.344(3) c(iio)-cfiii) 1.403(3)
N(21)-Cf26) 1.368(3) c(1l0)-H(110) 0.94
N(28)-C(27)#1 1.339(3) C(111)-c(110)#1 1.403(3)
N(28) -Cf27) 1.339 (3) C(111) -c(119) 1.466 (5)
C(12)-Cf13) 1.375(3) C(1l9)-c(120) 1.399(3)
C(12)-H(12) 0.94 Cf119)-C(120)#1 1.399(3)
Cf13) -C(14) 1.381(3) Cf120) -Cf121) 1.379(4)
cf13)-Hf13) 0.94 Cf120)-Hf120) 0.94
C(14)-C(15) 1.376(3) C(121)-cf122) 1.388(4)
c(14)-H(14) 0.94 C(121)-H(121) 0.94
cf15)-cf16) 1.387(3) c(122)-c(121)#1 1.388(4)
C(15)-Hf15) 0.94 C(122)-c(125) 1.482(6)
C(16) -C (17) 1 .468 (3) C(125) -O(126)#1 1.280 (4)
C(17)-Cf110) 1.386(3) C(125)-o(126) 1.280(4)

C(125)-o(127) 1.405(4)
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C(125) -0(127)41

0 (127) -H (127)

C(210) -C(211)
C (210) -H(210)
C (211) -c (210)41
C(211) -H (211)
3(3) -C(51)
3(3) -C(31)
Bf3)-C(61)
3(3) -Cf41)

C(31) -C(36)
C(31) -C(32)
C(32) —C (33)
C(32) -H(32)
C (33) -C(34)

C(33) —H(33)
C(34) -C(35)
C(34) —H(34)

C(35) -C (36)
C (35) -H(35)

C(36) -H (36)

C(41) -C(46)
C (41) -C(42)

C(42) -C(43)
C(42) -H (42)
C(43) -C(44)

C(43) -H(43)

c(44) -C(45)
C(44) -H(44)

C(45) -C(46)

C(45) -H(45)
C(46) -H(46)

C(51) -C(56)
C(51) -C(52)

C(52) -c(53)

C(52) -H(52)
C(53) -C (54)
C(53) -H(53)
C(54) -C(55)

C(54) -H (54)
C(55) -C(56)
C(55) -H(55)

C(56) -H (56)

C (61) -C(66)
C(61) -C(62)
C(62) -C(63)

Cf62) -H(62)

C(63) -C(64)
C(63) -H(63)
C(64) -C(65)

C(64) -H(64)

C(65) -C(66)
C(65) -1-1(65)

C(66) -H(66)

N(18) -RU-N(28)

N(18) -RU-N(21)#1

1.405 (4)
0.83

1.368 (4)
0.94

1.368 (4)
o . 94

1.641 (3)
1.650(3)

1.650(4)
1.652 (3)
1.390 (3)
1.393 (4)
1.391 (4)
o . 94
1.366(5)

0.94
1.374(5)

o . 94

1.384(4)
o . 94

o . 94
1.393 (4)
1.395 (4)
1.402 (4)
o . 94
1.359 (5)
0.94
1.376 (6)
o . 94

1.396 (4)
o . 94
0.94
1.399 (3)
1.401 (3)
1.386 (3)
o . 94
1.380 (4)
O . 94
1.361(4)
o . 94
1.384(4)

o . 94

o . 94

1.396 (3)
1.407 (3)
1.372 (4)
0.94
1.359(5)
o . 94

1.385(5)

0.94

1.372 (4)
o . 94

o . 94

180
101.16(5)

78.84(5)

101.16(5)

78.84(5)
157.68(11)
78.88(5)

101.12 (5)
92.92(7)

91.36(7)

78.88(5)
101.12(5)

91.36 (7)
92.92 (7)

157.76(10)
118.90(19)

127.25(16)
113.81(13)

121.9(2)

119.03 (12)
119.03 (12)
117.4(2)

127.92 (18)
114.62(17)
123.0(3)

118.49 (14)
118.49 (14)
122.3 (2)
118.9
118.9

119.2(2)

120.4

120.4

119.3 (2)
120.4
120.4

119.4(2)
120.3

120.3

120.88 (19)
114.96 (17)

124.15(19)
119.97(19)

113 .17 (18)
126.85 (18)
122.6 (3)
118.7

118.7

119.2 (3)
120.4

120.4

118.9(3)
120.5

120.5

119.7 (3)
120.2

120.2

122.1(3)

114.1(2)

N(28) -RU-N(21) 41
N(18) -Ru-N(21)
N(28) -RU-N(21)
N (21) #1-RU-N(21)
N(18) -RU-N(11)
N(28) -RU-N(11)

N(21) #1-RU-N(11)

Nf21) -RU-N(11)

N(18) -RU-N(11)41

N(28) -RU-Nf11)41

Nf21) #1-Ru-N(11)#1

N(21) -RU-N(11)41

N(11) -RU-N(11) #1
C(12) -N(11) -C(16)
C (12) -N(11) -RU

C(16) -N (11) -RU
C(17) -N(18) -Cf17)#1
C(17) -N(18) -RU
C(17)41-N(18) -RU
C(22) -N(21) -C(26)
C(22) -N(21) -RU

C(26) -N(21) -RU

Cf27)#1-N(28) -C(27)
C(27)#1-N(28) -RU
C(27) -N(28) -RU

Nf11) -C(12) -C(13)
N(11) -C(12) -H(12)
C(13) -c(12) -H(12)
C(12) -C(13) -C(14)

C(12) -C(13) -H(13)

C(14) -Cf13) -H(13)
C(15) -C(14) -C(13)
C(15) -C(14) -H(14)
C(13) -C(14) -H(14)
Cf14) -Cf15) -C(16)
Cf14) -Cf15) -H(15)

C(16) -C(15) -Hf15)
N(11) -C(16) -C(15)
N(11) -C(16) -C(17)

Cf15) -C(16) -C(17)
N(18) -C(17) -C(110)
N(18) -C(17) -C(16)

C(110) -C(17) -C(16)
N(21) -C(22) -C(23)
N(21) -Cf22) -H(22)
C(23) -C(22) -H(22)

C(22) -C(23) -C(24)
C(22) -Cf23) -H(23)
C(24) -C(23) -H(23)
C(25) -C(24) -C(23)

c(25) -C (24) -H(24)
C(23) -C(24) -H(24)
C (24) -C (25) -C (26)

C(24) -C(25) -H(25)

C(26) -C (25) -H(25)
N(21) -C(26) -C(25)
N(21) -C (26) -C(27)



V

C(51)-B(3)-C(31)

C(51)-B(3)-cf61)
c(31) —B(3) -C(61)
C(51) -3(3) -C (41)
C(31) -3(3) -c(41)
C (61) -3(3) -c(41)
C (36)-C (31) -C(32)

c(36) -C(31) —3(3)

c(32) —C(31) —Bf3)
C(33) -C(32) -C(31)

c(33) -C(32) -Hf32)
c(31) -C(32) -H(32)

C(34) -c (33)-c (32)
c(34) -c(33) -H(33)

c(32) -c(33) -H(33)
c(33) -c(34) -c(35)
c (33) -C (34) -H(34)
c(35) -c(34) -3(34)
cf34) -c (35) -c(36)
c (34) -c(35) -H(35)

c (36) -c(35) -H(35)

c(35) -c (36) -cf31)

123.9(2)

118.8(3)
113.9(2)
127.3 (3)

120.1(2)
119.9

119.9

117.9(3)
121.07 (15)

121.07 (15)
117.9(3)

121.03 (17)
121.03 (17)

121.3 (3)

111.1(2)
104.58 (18)

113.9(2)
112.8 (2)
103.85(18)

110.9 (2)

114.5(2)

124.2 (2)
121.2 (2)

123.0(3)

118.5

118 .5

120.5(3)
119 .8

119.8

118.4(3)
120.8

120.8

120.6(3)

119.7

119.7

123.1(3)

c(35) -c(36) -H(36)

c(31) -C (36) -3(36)
c(46) -c(41) -c(42)
c(46) -C(41) -3(3)
C (42) -c(41) -3(3)
C (41) -c(42) -c(43)
c(41) -Cf42) -H(42)

c(43) -c(42) -Hf42)
c(44) -c(43) -c(42)

c(44) -c(43) -3(43)
c(42) -c(43) -H (43)
c(43)-C(44)-c(45)
C(43) -C(44)-H(44)

C(45) -C (44) -H(44)

C(44) -C(45) -C(46)
C(44) -C(45) -Hf45)
C(46) -C(45) -3(45)
C (41) -C (46) -C (45)
C(41) -C(46) -3(46)

C(45) -C(46) -H(46)

C(56) -C(51) -C(52)

C(56) -C(51) -3(3)

C (52) -C(51) -3(3)
C(53) -C(52) -C(51)

Cf53) -C(52) -3(52)
C(51) -Cf52) -H(52)

C(54) -Cf53) -C(52)

C(54) -C(53) -H(53)

C(52) -Cf53) -H(53)
C(55) -C(54) -C(53)
C(55) -Cf54) -H(54)

C(53) -C(54) -H(54)

C(54) -C(55) -Cf56)

C(54) -C(55) -H(55)

C(56) -C(55) -3(55)
C(55) -C(56) -C(51)

Cf55) -C(56) -3(56)

C(51) -C(56) -H(56)
C(66) -Cf61) -C(62)

C(66) -C(61) -3(3)

C(62)-C(61) -3(3)
C(63) -C(62) -C(61)

C(63) -C(62) -H(62)

C(61) -C(62) -H(62)

C(64) -C(63) -Cf62)

C(64) -C(63) -3(63)
C(62) -C(63) -3(63)

Cf63) -C(64) -C(65)
C(63) -Cf64) -3(64)

C(65) -C(64) -3(64)
C(66) -C(65) -C(64)

C(66) -C (65) -H(65)
C(64) -C(65) -H(65)
C(65) -C(66) -C(61)

Cf65) -C(66) -3(66)

C(61) -C(66) -H(66)

118.5

118 .5
115.3 (3)
121.9 (3)
122 .6 (2)
122.3 (3)
118.9

118.9

120.3 (4)
119.9
119.9

119.6 (3)
120.2

120.2

119.7 (4)
120.1
120.1

122.8(3)
118.6

118 .6

114.7(2)

124.2(2)

120.9(2)
122.9(2)

118.5
118 .5

120.0(3)

120

120

119.0 (3)
120.5

120.5

120.9 (3)

119.6

119.6

122.6(3)

118 .7

118 .7

114.4(3)

122.3 (2)

123.0(2)

122.5(3)

118.7
118.7

121.2 (3)
119.4

119.4

118.4(3)
120.8

120.8

120.3(3)

119 . 9

119.9
123.1(3)

118.4

118 .4

C(25) -C(26) -C (27)
N(28) -C (27) -C (210)
N(28) -C(27) -C(26)
C(210) -C(27) -C (26)

C(17) -c(110) -C (111)
C(17) -c(110) -3(110)
C(111) -C(110) -3(110)

C(110)#1-C(111) -C(110)
C(110)#1-C(111)-Cf119)
C (110) -C(111) -C(119)
C(120) -C(119) -C(120)#1
C(120) -C(119) -C(111)
C(120) 1-C (119) -C(111)

C(121) -C(120) -C(119)
C(121)-C(120)-H(120) 119.4
C(119)-C(120)-H(120) 119.4
C(120)-C(121)-C(122) 119.6(3)
C(120)-C(121)-H(121) 120.2
C(122)-C(121)-H(121) 120.2

C(121)#1-C(122)-C(121) 120.4(4)
C(121)#1-C(122)-C(125) 119.81(19)

C(121)-C(122)-C(125) 119.81(19)
0(126) -C(125) -0(127) 109.5(5)
0(126)#1-C(125)-0(127Ht109.5(5)
0(126)#1-C(125) -C(122) 118.7(4)
0(126)-C(125)-Cf122) 118.7(4)
0(127)-C(125)-Cf122) 115.0(4)
0(127)#1-C(125)-C(122) 115.0(4)
C(125)-0(127)-H(127) 109.5
C(211) -C(210) -C(27) 119.8 (3)
C(211)-C(210)-H(210) 120.1
Cf27)-Cf210)-H(210) 120.1

C(210)-C(211)-C(210)#1 119.9(4)
C(210)-C(211)-Hf211) 120.1

C(210)#1-C(211)-H(211) 120.1



VI

C222

Table 1. Crystal data and structure refinement for II-5b.

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit celi dimensions

Theta range for data collection

C69 H54 B F6 Nl0 02 P Ru

1312.07

220 (2)K

1.54178 Â

Triclinic

P-1

a = 12.9474(3) Â
b = 13.3066(3) Â
C = 19.1280 (4)

3078.06 (12)Â3

2

1.416 g/cm3

2.923 mm1

1344

0.55 X 0.36 X 0.24 mm

2.31 to 72.89°

C223
C2

C221 C220

C12
:15

Cl 3

(X = 90.348(2)°

13 = 93.154 (1)°

y = 110.644(1)°

Volume

z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

o



VII

Index ranges -16h15,-16k16,-23P23

Refiections coilected 37359

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

11773 [Rint = 0.041]

Semi-empirical f rom equivalents

0.6200 and 0.3800

Fuil-matrix least-squares on F2

11773 / 14 / 813

Goodness-of-fit on F2 0.990

Final R indices [I>2sigma(I)]

R indices (ail data)

Largest dif f. peak and hole

R1 = 0.0536, wR2 = 0.1361

R1 = 0.0662, wR2 = 0.1437

1.304 and -0.642 e/Â3

Table 2. Bond lenqths [Al and anqles [O] for II-55.

Ru - N (28)
Ru - N (18)
Ru-N(114)

Ru-NUl)
Ru-N(214)
Ru-N(21)

NUl) -C(12)
NUl) -C(16)
C (12) -C(13)
C (12) -1-1(12)

C(13) -C(14)

C(13) -H(13)
C(l4) -C(15)
C(14) -H(14)

C (15) -C (16)
C(15) -H(15)

C(16) -C(17)
C(17) -N(18)
C(17) -C(112)

N(18) -C(19)

C(19) -C(110)

C(19) -C(113)
C (110) -C(l11)
C(110) -H(iio)

C(111) -C(112)
C(111) -C(119)
C (112) -H(112)
C(113) -C(118)

1.975 (3)
1.980(2)
2.063 (3)
2.085(3)

2.089(3)
2.092(3)

1.341(4)
1.368 (4)
1.369 (5)
O . 94

1.374(6)

o . 94

1.393 (5)
o . 94

1.373 (5)
0 .94

1.476 (4)
1.352(4)

1.385(4)
1.356 (4)
1.384 (4)
1.475(4)
1.402 (4)
0.94

1.405(4)
1.481(4)
o . 94

1.376 (5)

C (113) -N(114)
N(114) -C(115)

CUlS) -c(l16)

CUlS) -H(115)

CU16) -C(117)

CUlE) -HU6)

C(117) -CU18)

CU17) -H(117)

C(118) -HU18)

CU19) -CU2O)
C(119) -C(124)

C(120) -C(121)

C(120) -HU2O)

C(121) -Cf122)

C (121) -H (121)

C(122) -CU23)
Cf122) -C(125)
C(123) -C (124)
C(123) -H(123)
CU24) -HU24)

CU25) -0(126)

C(125) -0(127)
0(127) -HU27)
N(21) -C(22)
N(21) -C(26)
C(22) -C (23)

C(22) -H (22)
C(23) -C (24)

1.384 (4)
1.345 (4)
1.360(5)
o . 94

1.388 (5)
O . 94

1.381 (5)
o . 94

o . 94

1.393 (5)
1.399(5)

1.381(4)

o . 94

1.377 (5)
o . 94

1.386(5)
1.487 (4)
1.386 (4)
o . 94

o . 94

1.2125(10)
1.3083 (10)
0.83
1.339 (4)

1.378(4)

1.371(5)
o . 94

1.373 (5)



VIII

C (23) -H (23)

C (24) -C(25)

C(24) -Hf24)

C(25) -C(26)

C(25) -H(25)
C (26) -C (27)
C(27) -N(212)

C(27) -N (28)

N(28) -C(29)
C (29) -N(210)

C(29) -C (213)
N(210) -C (211)

C(211) -N(212)
C(211) -C(219)

C(213) -N(214)
C(213) -C(218)

N(214) -C (215)

C(215) -C(216)
C(215) -H(215)

C(216) -C(217)

C (216) -H(216)

C(217) -C(218)

C(217) -H(217)

C(218) -H(218)

C(219) -C(224)

C(219) -C(220)

C(220) -C(221)
C (220) -3(220)

C(221) -C(222)
C (221) -3(221)
C(222) -C(223)
C(222) -H(222)

C(223) -C(224)

C(223) -3(223)
C (224) -3(224)
3(3) -C(61)
3(3) -C(31)
3(3) -C (41)
B(3) -C(51)
C (31) -C(32)

C(31) -C(36)

C(32) -C (33)
C(32) -3(32)

C(33) -C(34)

C(33) -H(33)
C (34) -C(35)
C (34) -3(34)

C(35) —C(36)
C(35) -H(35)

C(36) —H (36)
C(41) -C(46)

C(41) -C(42)

C(42) -C(43)
C(42) -3(42)
C(43) -C(44)

C(43) -3(43)
C(44) -C(45)

o . 94

1.394 (5)
O . 94

1.372 (5)
O .94

1.469 (5)
1.313 (4)
1.348 (4)
1.337 (4)
1.316 (4)

1.475(4)
1.357 (4)
1.359(4)
1.471 (4)

1.371 (4)
1.373 (5)
1.346 (4)
1.380(5)

o . 94

1.380 (5)
o . 94
1.391(5)

o . 94

o . 94

1.382(5)

1.387(5)

1.381(5)

o . 94

1.372(6)

O . 94
1.369(5)

o . 94

1.387(4)

o . 94

o . 94

1.641 (5)

1.649(5)
1.653 (5)

1.655(5)

1.382 (5)
1.401(5)

1.384 (5)
0 .94

1.370(6)

o . 94

1.385 (6)
o . 94

1.384 (5)
0.94

o . 94
1.386 (5)
1.396(5)

1.396(6)

o . 94

1.365(6)

O . 94

1.377(6)

C(44) -H (44)

C(45) -C(46)
C(45) -3(45)
C(46) -H(46)

C(51) -C(56)
C(51) -C(52)
C(52) -C(53)
C(52) -H(52)
C(53) -C(54)
C(53) -3(53)
C(54) -C(55)
C(54) -H(54)

C(55) -C(56)
C(55) -3(55)
C(56) -3(56)
C(61) -C(66)

C(61) -C(62)

C(62) -C(63)
C(62) -3(62)

C(63) -C(64)

C(63) -3(63)
C(64) -C(65)

C(64) -3(64)

C(65) -C(66)

C(65) -3(65)

C(66) -H(66)

P-F(6)
P-F(2)

P-F(3)

P-F(4)

P-F(5)

P-F(1)

N(71) -C(72)

C(72) -C(73)

C(73) -H(73a)
C(73) -H(73b)

C(73) -H(73c)
N(81) —C(82)

C(82) -C (83)

C(83) -H(83a)

C(83) -H(83b)

C(83) -H(83c)

N(28) -RU-N(18)

N(28) -RU-N(114)

N(18) -RU-N(114)

N(28) -RU-N(11)

N(18) -RU-N(11)

N(114) -RU-N(11)

N(28) -RU-N(214)

N(18) -RU-N(214)

N(114) -Ru-N(214)

N(11) -RU-N(214)

N(28) -RU-N(21)

N(18) -RU-N(21)

N(114) -RU-N(21)
N(11) -RU-N(21)

O . 94

1.382 (5)
o . 94

O . 94

1.398 (5)
1.399 (5)
1 .374 (6)
0.94
1.384 (8)
0 .94

1.369 (7)
o . 94

1.404(5)
o . 94

o . 94
1.401(5)

1.405(5)
1.399(5)

o . 94

1.372 (6)
o . 94
1.376(6)

0 .94

1.390(5)

o . 94

o . 94

1.541(3)

1.565(3)

1.566(3)

1.566(3)
1.571 (3)
1.592 (3)
1.111 (6)
1.459 (8)
0.97

0.97
0.97

1.104(6)

1.461(7)

0.97

0.97

0.97

178.18(11)

100.89(10)

78.81(10)

101.43(11)
78.98 (10)

157.48 (10)
77.74 (10)

100.48 (10)
94.48(11)

93.11(11)
78.08(10)

103 .69 (10)
89.95(11)

91.74(11)



Ix

N(214) -RU-N (21)

Cf12) -NUl) -c(16)
C(12) -N(11) -RU
C(16) -N(11) -RU

Nf11) -C(12) -C(13)
NUl) -Cf12) -H(12)
C(13) -c(12) -H(12)
C(12) -c(13) -Cf14)
Cf12) -C(13) -H(13)
C(14) -C(13) -H(13)
Cf13) -C(14) -C(15)
Cf13) -C(14) -H(14)
C(15) -C(14) -H(14)

Cf16) -C(15) -C(14)
C (16) -c(15) -H(15)

C(14) -C(15) -H(15)
N(11) -c(16) -C(15)
N (11) -C(16) -C(17)
C(15) -C(16) -Cf17)
N(18) -C(17) -Cf112)
N(18) -C(17) -C(16)
C (112) -C(17) -C(16)

Cf17) -N(18) -C(19)
C(17) -N(18) -RU

C(19) -NUS) -RU

N(18) -C(19) -C(110)
N(18) -C (19) -C(113)

C(110) -C(19) -C (113)
C(19) -c(110) -c(111)
C (19) -C(110) -H(110)

CUl;) -C(110) -H (110)
C(110) -C (111) -C(112)
C(110) -C(111) -C(119)
C(112) -C(111) -C(119)
C(17) -C(112) -C(111)
C (17) -C(112) -H(112)

C(111) -C(112) -11(112)

C(118) -C(113) -Nf114)
C(118) -C(113) -C (19)
N(114) -C(113) -C (19)
C (115) -N(114) -C(113)
C(115) -N(114) -RU

C(113) -N(114) -RU

N(114) -C fils) -c(116)

N(114) -C(115) -H (115)

C(116) -C(115) -H(115)
C (115) -C (116) -C(117)
C(115) -C(116) -H (116)
C(117) -C(116) -H (116)
C (118) -C(117) -C(116)
C(118) -C (117) -H (117)

CUlE) -C (117) -11(117)

C(113) -CUlS) -C (117)
C(113) -C (118) -H(118)

C(117) -C(flS) -11(118)
C(120) -C(119) -C (124)
C(120) -C(119) -C (111)

155.83 (10)

118.7(3)

127.5(2)
113.6(2)

122.1(3)
118 . 9

118 .9

119.9(3)

120

120

118.5(4)
120.8

120.8

119.6(3)

120.2

120 .2

121 .1 (3)
115.2 (3)

123.7(3)

120.0 (3)

112.9(3)

127.0(3)

121.5(3)
119.1(2)

119.3 (2)

120.0(3)

113.0(3)

127.0(3)

120.3 (3)
119.8

119.8

117.7(3)

122.1(3)
120.2 (3)

120.3(3)
119.8

119.8

120.7(3)

125.2 (3)
114.0 (3)
117.9 (3)

127.2(2)

114.8(2)

123.2(3)

118.4

118.4
119.3 (3)
120.3
120.3

118.7 (3)
120.7

120.7

120.1(3)
119.9

119.9

117.8 (3)
120.2 (3)

C(22) -N(21) -C(26)
C (22) -N(21) -RU

C(26) -N(21) -RU
Nf21) -C(22) -C(23)
N(21) -C(22) -H(22)
C(23) -C(22) -11(22)

C(22) -C(23) -C(24)
Cf22) -C(23) -H(23)
C(24) -Cf23) -H(23)

C(23) -C(24) -C(25)

C(23) -C(24) -H(24)
C(25) -C(24) -11(24)

C(26) -C(25) -Cf24)
C(26) -C(25) -H(25)

C(24) -C(25) -Hf25)
C(25) -C(26) -N(21)
C(25) -C(26) -C(27)
N(21) -C(26) -C (27)
N(212) -C(27) -N(28)

N(212) -C(27) -C(26)
N(28) -C(27) -C(26)
C(29) -N (28)-C (27)
C (29) -N(28) -RU

C(27) -N (28) -RU

N(210) -C(29) -N(28)

122.0(3)

121.0(3)
119.5
119.5

121.0 (3)
119.5

119.5

118.9(3)

118.1(3)
123.0(3)

120.7(3)
119.7
119.7

120.7(3)

119.7

119.7

124 .0 (3)
120.5(2)
115.4 (2)
109.5

118.0(3)

128.0(2)

113.9(2)
122.1 (3)
118.9

118 .9

120.3 (3)
119 .8

119.8

118.5(3)
120.7

120.7

119.1 (3)
120.5

120 .5

121.9(3)

123.3(3)

114.8(3)

123.1(3)

124.4(3)

112.5(3)

118.4(3)

121.0(2)

120.6(2)

122.9(3)

124.8(3)

112.4(3)
115.4 (3)

125.0(3)
117.6(3)
117.4 (3)
115.1(3)

122.3 (3)

114.5(3)

123.2(3)

117.7(3)
127.9(2)

C(124) -C(119) -C(111)

C (121) -C (120) -C(119)
C(121) -C(120) -11(120)

C(119) -C (120) -H(120)
C(122) -C(121) -C(120)

C(122) -C(121) -H(121)
Cf12o) -C(121) -H(121)
Cf121) -Cf122) -C(123)

C(121) -C(122) -C(125)

C(123) -C(122) -C(125)
C(124) -C(123) -C(122)
C(124) -C(123) -11(123)

CU22) -C(123) -11(123)

CU23) -C(124) -C (119)

C(123) -CU24) -11(124)

C(119) -CU24) -11(124)

0(126) -CU25) -0(127)

0(126) -CU25) -C(122)

0(127) -C(125) -C(122)

C(125) -0(127) -H(127)

N(210) -C(29) -C(213)
N(28) -C(29) -c(213)
C(29) -N(210) -C(211)
N(210) -C(211) -N(212)

N(210) -C(211) -C(219)

N(212) -C(211) -C(219)

C(27) -N(212) -C (211)

N(214) -C(213) -C(218)

N(214) -C(213) -C(29)

C(218) -C(213) -C(29)

C(215) -N(214) -C(213)
C(215) -N(214) -RU



X

114.4(2) Cf42)-C(41)-B(3) 121.2(3)
122.3 (3) C(41) -C(42) -C(43) 122.6 (4)
118.8 c(41)-C(42)-H(42) 118.7
118.8 C(43)-C(42)-H(42) 118.7
120.0(3) C(44)-C(43)-C(42) 120.4(4)
120 C(44)-C(43)-H(43) 119.8
120 C(42)-C(43)-H(43) 119.8
118.4(3) C(43)-C(44)-C(45) 118.8(4)
120.8 C(43)-C(44)-H(44) 120.6
120.8 Cf45)-C(44)-H(44) 120.6
119.4(3) C(44) -c(45)-c(46) 119.9(4)
120.3 Cf44)-C(45)-H(45) 120.1
120.3 C(46) -C(45) -H(45) 120.1
119.6(3) C(45)-C(46)-C(41) 123.8(4)
120.0(3) C(45)-C(46)-Hf46) 118.1
120.4(3) Cf41)-C(46)-H(46) 118.1
119.8(4) C(56)-C(51)-C(52) 115.1(4)
120.1 C(56)-C(51)-3f3) 124.0(3)
120.1 C(52)-C(51)-B(3) 120.8(4)
120.2(4) C(53)-C(52)-C(51) 122.9(5)
119.9 Cf53)-C(52)-H(52) 118.6
119.9 C(51)-C(52)-H(52) 118.6
120.3(3) C(52)-C(53)-C(54) 120.6(5)
119.8 C(52)-C(53)-H(53) 119.7
119.8 C(54)-C(53)-H(53) 119.7
120.1(4) C(55)-C(54)-C(53) 118.9(5)
120 C(55)-C(54)-H(54) 120.5
120 C(53)-C(54)-H(54) 120.5
119.9(3) C(54)-C(55)-C(56) 120.0(5)
120 C(54)-C(55)-H(55) 120
120 C(56) -C(55) -H(55) 120
110.1(3) C(51) -C(56) -C(55) 122.4(4)
110.7(3) C(51)-C(56)-H(56) 118.8
108.6(3) C(55)-C(56) -H(56) 118.8
109.6(3) C(66)-C(61)-C(62) 114.1(3)
109.2(3) C(66)-C(61)-B(3) 123.7(3)
108.6(3) C(62)-C(61)-B(3) 122.1(3)
114.7(3) C(63)-C(62)-C(61) 123.3(4)
123.4(3) C(63)-C(62)-H(62) 118.3
121.8(3) C(61)-C(62)-H(62) 118.3
123.0(4) C(64)-C(63)-C(62) 119.6(4)
118.5 C(64)-C(63)-H(63) 120.2
118.5 C(62)-C(63)-H(63) 120.2
120.8(4) C(63)-C(64)-C(65) 119.5(4)
119.6 Cf63)-C(64)-H(64) 120.2
119.6 C(65)-C(64)-H(64) 120.2
118.5(4) C(64)-C(65)-C(66) 120.1(4)
120.8 C(64)-C(65)-H(65) 119.9
120.8 C(66) -C(65) -H(65) 119,9
119.8 (4) C(65) -C(66) -C(61) 123.3(4)
120.1 Cf65)-C(66)-H(66) 118.3
120.1 C(61)-C(66)--H(66) 118.3
123.2(4) F(6) -P-F(2) 90.3 (2)
118.4 F(6)-P-F(3) 92.1(2)
118.4 F(2)-P-F(3) 89.8(2)
114.4(4) F(6)-P-F(4) 92.1(2)
124.4(3) F(2) -P-F (4) 177.6(2)

C (213) -N(214) -RU
N(214) -C (215) -C(216)
N(214) -C(215) -H(215)
C(216) -C(215) -H(215)

C (215) -C(216) -C(217)
C (215) -C(216) -H(216)
C(217) -C(216) -H(216)
C(216) -C(217) -C(218)
C(216) -C(217) -11(217)
C(218) -C(217) -H(217)
C (213) -C (218) -C(217)
C(213) -C(218) -11(218)
c(217) -C(218) -H(218)
C(224) -C (219) -C(220)
C(224) -C(219) -C(211)
C(220) -C(219) -C(211)
C(221) -C(220) -C(219)
c(221) -C(220) -H(220)

C(219) -C(220) -11(220)
C(222) -C(221) -C(220)
C(222) -C(221) -H(221)
C(220) -C(221) -H(221)
C(223) -C(222) -C(221)
C(223) -C(222) -11(222)
C(221) -C(222) -H(222)
c(222) -C(223) -C(224)
C(222) -C(223) -H(223)
C(224) -C(223) -H(223)
C(219) -C(224) -C(223)
C(219) -C(224) -11(224)
C(223) -C(224) -H(224)
C(61) -B(3)—C(31)
C (61) -3(3) -C(41)

C(31) -3(3) -C(41)
C(61) -3(3)-C(51)
C(31) -B(3) -C(51)
C(41) -B(3) -C(51)

C(32) -C(31) -C(36)
C(32)-Ct31)-B(3)
C(36) -C(31) -3(3)
C(31) -C(32) -C(33)
C(31) -C(32) -H(32)
C(33) -C(32) -H(32)
C(34) -C(33) -c(32)
C(34) -C(33) -11(33)
C(32) -Ct33) -11(33)
C(33) -C(34) -C(35)
C(33) -C(34) -H(34)
C(35) -C(34) -11(34)
C(36) -c(35)-c(34)
C(36) -C(35) -H(35)
C(34) -C(35) -H(35)
C (35) -C (36) -C(31)
Cf35) -C(36) -H (36)
C(31) -C(36) -11(36)
C(46) -C(41) -C(42)
c(46)-C(41) -3(3)



XI

Ff3)-P-Ff4) 89.6(2)

F(6)-P-Ff5) 91.2(2)
Ff2)-P-F(5) 89.6(2)
Ff3)-P-F(5) 176.7(2)

Ff4) -P-F(5) 90.8 (2)
Ff6) -P-F (1) 177.2(2)
Ff2)-P-Ff1) 92.3(2)
F(3)-P-Ffl) 88.9(2)
F(4)-P-Ffl) 85.4(2)
Ff5)-P-Ffl) 87.9(2)
Nf71)-Cf72)-C(73) 177.9(9)

c(72)-cf73)-H(73A) 109.5

Cf72) -cf73) -H(73B) 109.5
Hf73A)-Cf73)-H(73B) 109.5
cf72)-c(73)-H(73c) 109.5
Hf73A)-Cf73)-H(73c) 109.5

Hf733)-Cf73)-H(73C) 109.5

N(81) -cf82) -c(83) 178.9(8)
c(82)-cf83)-H(83A) 109.5
C(82)-C(83)-H(833) 109.5
H(83A)-c(83)-Hf83B) 109.5
cf82) -C(83) -Hf83C) 109.5

Hf83A)-Cf83)-H(83C) 109.5

H(83B)-C(83)-H(83C) 109.5



Table 1. Crystal data and structure refinement for trans-II-2a.

XII

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit ceil dimensions

Volume

z

C130 H102 B4 F8 N14 08 Rh2 Ru2

2591.46

220 (2) K

1.54178 Â

Triclinic

P-l

a = 9.5166(7) Â Œ = 89.659 (4)°

b = 13.4933 (10) Â 3 = 82.213 f4)°

c = 26.5103 (17) Â 7 = 71.513(4)°

3196.3 f4)Â3

1

Density (calculated)

Absorption coefficient

Ff000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

1.346 g/cm3

4.516

1314

0.14 x 0.08 x 0.06 mm

1.68 to 55.10°

-10h10, -13k13, -2828

39731

uq
C3’3 CIS

C12L

I 2

CI 38

‘CilS

Cli?



XIII

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

7673 [Rjnt 0.044]

Semi-empirical f rom equivalents

0.8200 and 0.6000

Fuli-matrix least-squares on F2

7673 / 246 / 711

Goodness-of-fit on F2 O . 852

Final R indices [I>2sigma(I)]

R indices f ail data)

Largest dif f. peak and hole

R1 = 0.0708, wR2 = 0.1656

R1 = 0.1616, wR2 = 0.1905

1.749 and -0.331 e

Table 2. Bond lengths [Â] and angles [o] for trans-II-2a.

Ru-N(28)

Ru-Nf21)
Ru-Nf18)

Ru-N f114)

Ru-N (214)
Ru-N fil)
Rh-0f31)

Rh-0f32)#1

Rh-0f127)#1
Rh-0f126)

Rh-Nf41)

Rh-Rh#1

N fil) -C (12)
N fil) -C (16)

C f12) -C f13)

C(12) -H f12)
C f13) -C(14)
C f13) -H(13)

C f14) -C (15)
C(14) -H (14)
C f15) -C (16)
C f15) -H (15)
C f16) -C (17)
C (17) -C (112)
C f17) -N(18)

N (18) -C (19)
C(19) -C f110)
C(19) -C (113)

C(110) -C(111)
CfllO) -H(110)
C f111) -C(112)

1.975(8)

1.978 f12)
1.987 f8)
2.001 f11)
2.032 f10)
2.055 f10)
1.86(1)

1.936(11)
2.051(7)

2.052 (7)
2.200 (15)

2.367(2)

1.330(12)
1.394 (12)

1.303 f13)
O . 94

1.436(13)

o . 94

1.391 (14)
0.94

1.334 (14)
o . 94

1.445(14)
1.375(13)
1.386 f12)
1.347 f12)
1.417 (13)
1.468 (14)
1.365 f13)
o . 94

1.389 (13)

Cflll) -C(119)
C (112) -H (112)
Cf113) -Nf114)
C (113) -C(118)

Nf114) -C (115)
C(115) -C(116)

C(115) -H(115)

C(116) -Cf117)

C(116) -H(116)

C(117) -C(118)
C f117) -H f117)

C (118) -H (118)
C (119) -C (120)
C (119) -C (124)

Cf120) -Cf121)

C(120) -H(120)

C(121) -C(122)
C(121) -H(121)

C(122) -C(123)

C(122) -C(125)
C (123) -C (124)

C(123) -Hf123)

C(124) -H(124)
C f125) -0(127)
C f125) -0(126)
0(127) -Rh#1

N(21) -C (26)

N(21) -C (22)
C (22) -C f23)
C(22) -H(22)

C(23) -C(24)

1.490 f14)
o . 94

1.365 f13)
1.368 f13)

1.336(13)
1.392 f14)

O . 94

1.377 (15)
o . 94
1.356 f13)
o . 94

o . 94

1.348 f14)
1.380 f14)
1.379 (14)
o . 94

1.387(14)
O . 94

1.325(14)

1.505 f16)
1.365 f13)
o . 94

0.94

1.213 (12)
1.286(12)

2.051 f7)
1.374 (13)
1.391 fis)
1.291(15)

o . 94

1.445(18)



XIV

C(23) —H(23)
C(24) -C(25)

C(24) -H (24)
C (25) -C (26)

C (25) -H (25)
C(26) -C(27)

C (27) -N(28)

C (27) -C (212)

N(28) -C(29)
C(29) -C (210)
C (29) -C(213)
C (210) -C (211)

C(210) -Hf210)

C(211) -C(212)
C(211) -H(211)

C(212) -H(212)
C(213) -N(214)

C(213) -C(218)
N(214) -C(215)

C (215) -C(216)

C(215) -H (215)

C(216) -C(217)

C(216) -Hf216)

C(217) -C(218)
C(217) -H(217)

C(218) -H(218)
0(31) —C(33)
0 (32) -C(33)
0 (32) -Rh#1

C(33) -C (34)

C(34) -H(34a)

C(34) -Hf34b)

C (34) -H(34c)

Nf41) -C(42)

C(42) -C(43)

C(43) -H(43a)

C(43) -H(43b)

C(43) -Hf43c)
3(5)-Cf511)

3(5)-C(541)

3(5)-Cf531)

3(5)-C(521)

C(511) -C(512)
C(511) -C(516)

C(512) -C(513)

C(512) -H(512)

C(513) -C(514)
C (513) -H (513)
C (514) -C (515)

C(514) -H (514)

C(515) -C(516)

C(515) -H(515)

C(516) -H(516)
C(521) -C(522)
C(521) -C(526)

C(522) -C(523)
C (522) -H(522)

O . 94

1.373 (17)
O . 94
1.378 f15)
O . 94
1.478 (15)
1.333 (13)

1.391 (14)
1.329 f12)
1.405 (13)
1.456(14)

1.387 (14)
O . 94

1.353 (15)
0.94

0.94
1.369(12)

1.373 (14)

1.340(13)
1.371(15)

o . 94

1.386(15)

o . 94

1.353 (14)
o . 94
o . 94
1.184 (16)
1.296(16)

1.936(11)

1.477(19)
0.97

0.97

0.97
1.1299 (11)
1.4381 (11)
0.97

0.97

0.97
1.641(14)

1.681(14)

1.695(14)

1.724 (14)
1.39

1.39

1.39

o . 94
1.39
o . 94

1.39

0.94

1.39

o . 94

o . 94

1.39
1.39

1.39

o . 94

C(523) -C (524)

C(523) -H(523)
C(524) -C (525)
C (524) -H(524)

C(525) -C(526)
C(525) -H(525)
C(526) -H(526)
C (531) -C(532)

C(531) -C (536)
C(532) -C (533)
C(532) -H (532)
C(533) -C(534)

C(533) -H(533)

C(534) -C(535)
C(534) -H (534)
C (535) -C (536)

Cf535) -Hf535)

C(536) -H(536)

C(541) -C(542)
C(541) -C(546)

C(542) -C(543)
C(542) -H(542)

C(543) -C(544)
C(543) -H(543)

C (544) -C (545)
C (544) -H(544)
C(545) -C (546)

Cf545) -Hf545)

Cf546) -Hf546)

Bf6) -Ff63)

3(6) -F(62)

3(6) -Ff64)

Bf6)-Ff61)

N(28) -RU-N(21)

N(28) -RU-N (18)
N f21) -RU-N (18)
N (28) -RU-N (114)
N (21) -RU-N (114)

Nf18) -RU-N(114)

N(28) -RU-N(214)

N(21) -RU-N(214)

N(18) -RU-N (214)
N(114) -RU-N f214)

N(28) -RU-N fil)
N (21) -RU-N fil)
N f18) -RU-N(11)

N(114) -RU-N(11)

N(214) -RU-N(11)

0(31) -RH-0(32)#1
0(31)-RH-0(127)#;

0(32)#1-RH-0 (127) 4*1

0(31) -RH-0(126)
0(32) #1-RH-0f126)
0f127)#1-RH-0fi26)

0(31) -RH-N(41)
0(32) #1-RH-N(41)

1.39

O . 94
1.39
O . 94
1.39
o . 94
0 .94

1.39

1.39

1.39
o . 94
1.39
0.94

1.39

o . 94

1.39

o . 94

o . 94
1.39

1.39
1.39

O . 94

1.39

0 .94
1.39

o . 94
1.39

o . 94
o . 94

1.330 (13)
1.350(13)

1.352 (13)
1.365 (13)

78.9(5)

177.8(5)

100.1 (4)
99.2 (4)
91.0(4)

78.8(4)

78.5(5)
157.4 f4)
102.5(4)

93.5(4)
102.2(4)

92.4(4)
79.8 (4)

158.6(4)
91.4 (3)

171.3 (5)
88.3 (3)
91.0(3)

91.8 (3)

88.4(3)
176.3 (3)

96.4(5)
92.3 (5)



xv

0(127) #1-RH-N(41)
0 (126) -RH-N(41)

0(31) -RH-RH#1

0(32)#1-RH-RH#1

0(127) #1-RH-RH#1
0 (126) -RH-RH#1

N(41) -RH-RH#1

C(12) -N(11) -C(16)
C(12) -N(11) -RU

Cf16) -N(11) -RU

C(13) -C(12) -N(11)
C(13) -C(12) -H(12)

N(11) -C(12) -H(12)
C(12) -C(13) -C(14)
C(12) -C(13) -H(13)
c(14) -C(13) -H(13)

C(15) -C(14) -C(13)
C(15) -C(14) -H(14)
C(13) -C(14) -H(14)

C(16) -C(15) -C(14)
C(16) -C(15) -H(15)
Cf14) -C(15) -H(15)
C(15) -C(16) -N(11)
C(15) -C(16) -C(17)
N(11) -c(16) -C(17)
C (112) -C(17) -N(18)
C(112) -C(17) -C(16)
N(18) -C(17) -C(16)
C(19) -N(18) -C(17)

C(19) -N(18) -RU

C(17) -Nf18) -RU

N(18) -C(19) -C(110)
N(18) -C(19) -C(113)

C(110) -C(19) -C (113)

C(111) -C(110) -C(19)
C(111) -C(110) -H(110)
C(19) -C(110) -H(110)
C(110) -C(111) -C(112)
C(110) -C(111) -C(119)
C(112) -C(111) -C(119)
C(17) -C(112) -C(111)
C(17) -c(112) -H (112)

C(111) -C(112) -H(112)

N(114) -C(113) -C(118)
N(114) -C(113) -C(19)
C(118) -C(113) -C(19)
C(115) -N(114) -C (113)

C(115) -N(114) -RU

C(113) -N(114) -RU

N(114) -C(115) -C(116)
N(114) -C(115) -H(115)
C(116) -C(115) -H(115)
C(117) -C (116) -C (115)
C(117) -C(116) -H(116)
C(115) -C(116) -H(116)

C(118) -C(117) -C (116)

C(118) -C(117) -H(117)

95.1(4)

88.5(4)
84.7 (4)
86.7(4)

88.9(3)

87.5(3)
175.9 (3)

117.0(1)

130.1 (8)

112.8(9)

125.50(11)
117.2

117 .2

119.50(12)
120.3
120.3

115.10(12)
122 .5
122.5

122.70 (12)
118.6

118.6

120.20(11)
122.70 (12)
117.20(12)

118.6(1)

129.70(12)

111.60 (11)

123.0(1)

118.2(8)

118.5(8)
116.10(11)

112.70(11)
130.90(13)

123.20(11)
118 .4
118 .4

117.4(1)
118.30 (12)
124.30(11)

121.20 (11)
119.4

119.4
124.70 (11)
113 .40 (12)
121.90 (12)
113.40(11)

130.0 (9)

116.7(8)
126.10 (12)

117
117

117.20 (13)

121 .4

121 .4

119.20 (13)

120.4

C(116) -C(117) -H(117)

C(117) -C (118) -C(113)
C(117) -C(118) -H (118)
C(113) -C(118) -H(118)

C(120) -C(119) -C(124)

C(120) -C(119) -C(111)
C(124) -C(119) -C (111)

C(119) -C(120) -C(121)
C (119) -C(120) -H(120)
C (121) -C(120) -H(120)

C(120) -C (121) -C(122)

C(120) -C(121) -H(121)

C (122) -C(121) -Hf121)

C(123) -C(122) -C(121)
C(123) -C (122) -C (125)

C(121) -C(122) -C(125)
C(122) -C (123) -C(124)

C(122) -C(123) -H(123)

C(124) -C(123) -H(123)

C(123) -C(124) -C(119)

C(123) -C(124) -H (124)

C(119) -C(124) -H(124)

0(127) -C(125) -0(126)

0(127) -C(125) -C(122)

0(126) -C(125) -C(122)

C(125) -0(126) -RI-I

C(125) -0(127) -RH#1

C(26) -N(21) -C(22)
C(26) -N(21) -RU
C(22) -N(21) -RU

C(23) -C(22) -N(21)
C(23) -C(22) -H(22)

N(21) -C(22) -H(22)

Cf22) -C(23) -Cf24)

C(22) -C(23) -H(23)
C(24) -Cf23) -H(23)

C(25) -C(24) -C(23)
C(25) -C(24) -H(24)
C(23) -C(24) -H(24)

C(24) -C(25) -C(26)
C (24) -C(25) -H (25)
C(26) -C(25) -H (25)

N(21) -C(26) -C(25)

N(21) -C(26) -C (27)
C (25) -C (26) -C (27)
N(28) -C(27) -C(212)
N(28) -C(27) -C(26)

C(212) -C(27) -C(26)

C(29) -N(28) -C(27)
C(29) -N(28) -RU
C (27) -N(28) -RU

Nf28) -C(29) -C (210)

N(28) -C (29) -C(213)

C(210) -C(29) -C(213)

C(211) -C(210) -C(29)

C(211) -C(210) -H(210)

C(29) -C(210) -H(210)

120.4

119.50(12)
120.3
120.3

117.3(1)
122.40 (12)

120.30(13)
123 .10 (12)
118.4

118.4

117.70 (12)
121.2

121.2
119.80 (11)
120.20(13)
119.90 (13)
121.80 (12)
119.1

119.1

120.30(12)
119.8

119.8
127.00 (13)
120.20 (13)

112.80 (12)

118.2(8)

118.4(9)
113.30 (12)

117.0(9)

129.6(1)

125.90(14)
117.1

117 .1

119.80 (14)
120.1
120.1

117.00(13)
121.5

121.5

119.10 (14)
120.5

120.5

124.70(12)

112.70 (12)
122 .60 (14)

119.00(11)
112.10 (12)

128.80(15)

122.0(1)

118.8(9)
119.0(9)
120.40(12)

113.70(11)

125.90(13)
118.30 (11)

120.9

120.9



xv’

C (212) -C(211) -C(210)

C (212) -C(211) -H(211)
C (210) -C (211) -H(211)
C(211) -C (212) -C(27)
C(211) -C(212) -H(212)
C(27) -C (212) -H(212)
N(214) -C(213) -C(218)
N(214) -C(213) -C(29)
C (218) -C(213) -C(29)
C(215) -Nf214) -C(213)
C(215) -N(214) -RU
C (213) -N(214) -RU
Nf214) -C(215) -C(216)
N(214) -C(215) -H(215)
C(216) -C (215) -H(215)
C(215) -C (216) -C(217)

C(215) -C(216) -H (216)
C (217) -C(216) -H (216)

C (218) -C(217) -C (216)
C (218) -C(217) -H(217)
C(216) -C(217) -H(217)
C(217) -C(218) -C(213)
C(217) -C(218) -H(218)

C(213) -C(218) -H(218)
C(33) -0(31) -RH

C(33) -0(32) -RH#1
0(31) -C(33) -0(32)

0(31) -Cf33) -Cf34)
0(32) -C (33) -C(34)
Cf33) -C(34) -H(34A)
C (33) -C(34) -H(34B)
H(34A) -C(34) -H (343)
C(33) -C(34) -H(34C)
H(34A) -C(34) -Hf34C)
H(34B) -C(34) -Hf34C)
C(42) -N(41) -RH

N(41) -C(42) -C(43)
C(42) -C(43) -H(43A)
C(42) -C (43) -H(43B)
H(43A) -C(43) -H(433)
C(42) -C (43) -Hf43C)
Hf43A) -C (43) -H(43C)
H(43B) -C(43) -H(43C)

C(511) -3(5) -C(541)

C(511) -3(5)-Cf531)
C(541) -3(5) -C (531)
C(511) -3(5) -C(521)
C (541) -B(5) -C(521)
C(531) -3(5) -C(521)
C(512) -C(511) -C(516)

Cf512) -C(511) -3(5)
C(516) -Cf511)-B(5)
C (513) -C (512) -C(511)
C (513) -C(512) -H(512)
C(511) -C(512) -H (512)

C(512) -Cf513) -C(514)
C(512) -C(513) -H(513)

119.20(11)

120.4

120.4
121.10 (13)
119.5
119.5

120.80(11)
113.30 (12)
125.90 (12)

116.50(11)
128.2(8)
115.3 (9)
124.10 (11)
118

118

119.00 (12)
120 . 5
120.5

117.30(12)
121.3

121.3

122.20(11)
118.9

118.9

132.10(13)
122.30(11)
114.10 (15)
128 (2)
118.20 (18)
109.5

109.5

109 .5

109.5

109.5

109.5

168.90(17)

169 (3)
109.5

109 .5
109.5
109.5

109.5

109.5

112.9 (9)

106.6(8)

111.9 (8)
111.0(9)

109.1(8)

105.0(9)

120

124.2 (9)
115.7 (9)
120

120

120
120

120

120

120

120
120
120

120
120
120

120

120
120

117.2 (9)
122.8 (9)
120

120

120

120

120

120

120

120

120

120

120

120
120

120

120

120

115.9(8)
124 .1 (8)
120

120

120

120

120

120

120

120
120
120

120

120

120

120

120

120

121.7(8)
118.3 (8)
120

120

120

120

120

120

120

120

C (514) -C (513) -H(513)
C(515) -C (514) -C(513)

C(515) -C(514) -H(514)
C(513) -C(514) -H(514)
C(514) -C(515) -C(516)
Cf514) -Cf515) -H(515)
C (516) -C(515) -H(515)
C(515) -C(516) -C(511)
C(515) -C(516) -H (516)

C(511) -C(516) -H(516)
C(522) -C(521) -C(526)
C(522) -Cf521)-B(5)

C(526) -C(521) -3(5)
C(523) -C(522) -C(521)

C(523) -C(522) -H(522)
C(521) -C(522) -H(522)

C (522) -C(523) -C (524)

C(522) -C(523) -H(523)

C(524) -C(523) -H (523)
C(525) -C(524) -C(523)
C(525) -C (524) -H(524)
C(523) -C(524) -H(524)
C(524) -C (525) -C(526)

C (524) -C(525) -3(525)

C(526) -C(525) -Hf525)
C(525) -C(526) -C(521)
C(525) -C(526) -H(526)

C(521) -C(526) -H(526)
C(532) -C(531) -C(536)

C (532) -C(531) -3(5)
C(536) -C(531) -5(5)
C(531) -C(532) -C(533)

C (531) -C(532) -H(532)
C(533) -C (532) -H(532)
C(532) -C (533) -C(534)

C(532) -C(533) -H (533)

C(534) -C(533) -H(533)
C (535) -C(534) -C(533)
C (535) -C (534) -H (534)
C(533) -C(534) -H (534)
C(534) -C(535) -C (536)
C (534) -C(535) -3(535)

C(536) -C(535) -H(535)
C (535) -C(536) -C(531)

C(535) -Cf536) -H(536)

Cf531) -C(536) -H(536)

C(542) -C(541) -C(546)

C(542) -C(541) -3(5)
C(546) -C(541) -B(5)

C(541) -C(542) -C(543)

C(541) -C(542) -H(542)

C(543) -C(542) -H(542)
C (544) -C (543) -C (542)
C(544) -C (543) -H(543)

C(542) -C(543) -H(543)
C (543) -C(544) -C(545)
C(543) -C (544) -3(544)



C(545)-C(544)-H(544) 120
C(546)-C(545)-Cf544) 120

C(546)-C(545)-H(545) 120
cf544)-c(545)-H(545) 120

Cf545)-Cf546)-C(541) 120

C(545)-cf546)-Hf546) 120
Cf541)-c(546)-Hf546) 120
Ff63)-Bf6)-Ff62) 108.00(11)

F(63) -B(6) -Ff64) 112.00 (12)
F(62)-3(6)-Ff64) 108.90(11)
Ff63)-B(6)-Ff61) 109.80(11)
F(62)-Bf6)-F(61) 109.50(11)
Ff64)-3f6)-F(61) 108.60(11)
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Appendix 3: Supplementary information for chapter III.

Table 1. Crystal data and structure refinement for III-15.

XVIII

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

C44 H29 F6 NE 04 P Ru

951.77

220 (2) K

1.54178 À

Triclinic

P-l

Unit celi dimensions

Volume

a = 8.8964(2) À
b = 11.1630(3) À
c = 24.7288(5) À

2356.32 fi0)À3

(X = 78.175 f2)°

f3 = 87.67lf2)°

y = 78.603(2)°

z

Density (calculated)

2bsorption coefficient

Ff000)

Crystal size

2

1.341 Mg/m3

3.616

960

0.20 x 0.04 x 0.03 mm

1.83 to 72.92°

CI 16

ils

022f C22f C?2L
6210

C?15

6221

61214 C12

6l2

26
01213

5

613

Theta range for data collection
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Index ranges -l0hll, -13k13, -30e30

Reflections collected 28632

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

8989 [Rint = 0.037]

Semi-empirical f rom equivalents

0.9400 and 0.7200

Fuil-matrix least-squares on F2

8989 / 0 / 561

Goodness-of-fit on F2 0.953

Final R indices [I>2sigmafl)J

R indices (ail data)

Largest dif f. peak and hole

R1 = 0.0532, wR2 = 0.1247

R1 = 0.0698, wR2 = 0.1293

2.259 and -0.462 e/Â3

Table 2. Atomic coordinates (x ion) and equivalent isotropic

dispiacement parameters (Â2 x io) for III-lb.

Ueq is defined as one third of the trace of the orthogonalized

Uij tensor.

0cc. X y z Ueq

Ru(1) 1 5101(1) 1942(1) 1932(1) 23(1)
N(ll) 1 7033(4) 2658(3) 2042(1) 25(1)
c(12) 1 7980 (5) 3111 (4) 1653 (2) 32(1)
C(13) 1 9187 (6) 3610 (5) 1776(2) 40(1)
C(14) 1 9437(5) 3664(5) 2320(2) 43(1)
cf15) 1 8479(5) 3188(5) 2723(2) 38(1)
c(16) 1 7282(5) 2694(4) 2579(2) 28(1)
C(17) 1 6185 (5) 2180 (4) 2982 (2) 28(1)
N(18) 1 5091 (4) 1790 (3) 2743(1) 24(1)
C(19) 1 3939 (5) 1327 (4) 3043 (2) 26(1)
cf110) 1 3878 (5) 1261 (5) 3613 (2) 33(1)
cf111) 1 5001 (5) 1672 (5) 3871 (2) 34(1)
C(112) 1 6163 (5) 2127 (4) 3545 (2) 33(1)
Cf113) 1 2851(5) 984(4) 2702(2) 28(1)
N(114) 1 3131(4) 1212(3) 2145(1) 25(1)
cUls) i 2139 (5) 970 (4) 1810 (2) 29(1)
C (116) 1 868 (5) 478 (4) 2004 (2) 36(1)
c(117) 1 593(5) 221(5) 2567(2) 39(1)
C(118) 1 1603 (5) 481(5) 2914 (2) 36(1)
cf119) 1 4920 (5) 1682 (5) 4468 (2) 36(1)
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C(120) 1 6236 (6) 1459 (5) 4783 (2) 43(1)
c(121) 1 6144(6) 1524(5) 5334(2) 44(1)
Cf122) 1 4728(6) 1805(5) 5588(2) 38(1)
c(123) 1 3426 (6) 2008 (5) 5278 (2) 48(1)
c(124) 1 3508 f6) 1962 (5) 4724 (2) 46(1)
c(125) 1 4629 (6) 1884 (5) 6190 (2) 43(1)
0(126) 1 5846(4) 2030(4) 6404(1) 55(1)
0(127) 1 3421(4) 1796(4) 6441(1) 62(1)
N (21) 1 6448 (4) 252 (3) 1838(1) 24(1)
C(22) 1 7119 (5) -682 (4) 2236(2) 32(1)
C (23) 1 8087 f5) -1731 (5) 2125 (2) 37(1)
cf24) 1 8351 (5) -1825 (4) 1580 (2) 38(1)
C(25) 1 7667 (5) -886 (4) 1162 (2) 36(1)
C(26) 1 6711(5) 143(4) 1298(2) 27(1)
C(27) 1 5904 (5) 1196 (4) 885 (2) 25(1)
N(28) 1 5102 f4) 2125 (3) 1117(1) 26(1)
C(29) 1 4323 f5) 3185 (4) 803 (2) 24(1)
C(210) 1 4299 (5) 3322 (4) 238 (2) 29(1)
C(211) 1 5087 (5) 2387 (4) -19 (2) 30(1)
c(212) 1 5901 (5) 1300 (4) 320(2) 27(1)
Cf213) 1 3532 (5) 4077 (4) 1141 (2) 27(1)
N(214) 1 3772 (4) 3706(3) 1697 (1) 26(1)
c(215) 1 3094 (5) 4481 (4) 2025 (2) 30(1)
C(216) 1 2184 (s) 5627 (4) 1825 (2) 35(1)
C(217) 1 1941 f5) 5988 (5) 1260 (2) 37(1)
Cf218) 1 2611 (5) 5210 (4) 918 (2) 33(1)
C(219) 1 5071 (5) 2523 (4) -633 (2) 29(1)
C(220) 1 6026 (6) 1675(4) -895 (2) 34(1)
C(221) 1 6030(5) 1824(4) -1461(2) 35(1)
C(222) 1 5086 (5) 2813 f4) -1783 (2) 31(1)
C(223) 1 4116 (6) 3664 (5) -1529 (2) 37(1)
C(224) 1 4099 (5) 3508 (4) -961 (2) 35(1)
C(225) 1 5097 (6) 3001 (5) -2398 (2) 38(1)
0 (226) 1 5839 (4) 2053 (3) -2591 (1) 46(1)
0(227) 1 4461 (5) 3971 (4) -2693(1) 62(1)
P(1) 1 196 (2) 2251 f1) 239(1) 41 (1)
Ff11) 1 -1396 (4) 3201(3) 280 f1) 65(1)
F(12) 1 709(4) 3226 (3) -259(1) 69(1)
Ff13) 1 -552 (4) 1654 (4) -187 (1) 73(1)
F(14) 1 -324(4) 1286(3) 742(1) 62(1)
Ff15) 1 937(3) 2864(3) 665(1) 59(1)
Ff16) 1 1781(4) 1309 (3) 208(1) 68(1)

Table 3. Hydrogen coordinates (x i0) and isotropic dispiacement
3parameters (A x 10 ) for III-lb.

0cc. X y z Ueg

H(12) 1 7813 3086
H(13) 1 9838 3912

1282

1494

2412

39

48

52H(14) 1 10243 4018
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Hf15) 1 8639 3199 3095 45
H(11o) 1 3087 943 3823 39
H(112) 1 6935 2398 3709 39
H(115) 1 2313 1142 1427 35
H(116) 1 195 318 1756 43
Hf117) 1 -260 -123 2708 47
H(118) 1 1440 315 3298 43
H(120) 1 7202 1263 4619 51
H(121) 1 7048 1376 5542 53
Hf123) 1 2461 2181 5445 57
H(124) 1 2601 2122 4518 56
H(126) 0.50 5704 2019 6739 83
Hf22) 1 6922 -620 2606 38
H(23) 1 8555 -2366 2413 44
H(24) 1 9001 -2534 1494 46
1-1(25) 1 7848 -944 790 43
Hf210) 1 3743 4058 23 35
H(212) 1 6443 646 161 32
H(215) 1 3248 4229 2409 36
Hf216) 1 1740 6150 2066 42
1-1(217) 1 1320 6762 1112 45
H(218) 1 2447 5445 534 39
H(220) 1 6679 989 -682 40
H(221) 1 6689 1240 -1630 42
H(223) 1 3468 4349 -1744 45
H(224) 1 3416 4080 -793 42
H(226) 0.50 5769 2208 -2933 69

Table 4. nisotropic parameters (Â2 x io) for III-lb.
The anisotropic dispiacement factor exponent takes the form:

Uli U22 U33 U23 U13 U12

Ru(1) 23(1) 33(1) 12(1) -6(1) 0(1) -6(1)
Nf11) 23 (2) 31 (2) 24 (2) -8 (2) 3 (2) -8 (2)
C (12) 32 (2) 39 (3) 23 (2) -5 (2) 7 (2) -2 (2)
C(13) 38(3) 46(3) 40(3) -12(2) 14(2) -15(2)
C(14) 31(3) 63(4) 43(3) -16(3) 10(2) -23(3)
C (15) 36(3) 54(3) 29(2) -15(2) 2(2) -16(2)
C(16) 23 (2) 41 (3) 22 (2) -9 (2) 4 (2) -6 (2)
c(17) 25(2) 37(3) 24(2) -8(2) -2(2) -9(2)
N(18) 17(2) 40(2) 15(2) -8(2) 0(1) -5(2)
Cf19) 28 (2) 37 (3) 16 (2) -6 (2) 2 (2) -10 (2)
C(11o) 31(2) 55(3) 16(2) -7(2) 6(2) -18 (2)
C(111) 38 (3) 51 (3) 16(2) -11(2) 3 (2) -14 (2)
C(112) 28(2) 52 (3) 21(2) -10(2) -2 (2) -14(2)
Cf113) 25(2) 38(3) 21(2) -9(2) 2(2) -8(2)
N(114) 26 (2) 30 (2) 19 (2) -5 (2) -1 (2) -9 (2)
Cf115) 29(2) 35(3) 21(2) -7(2) -2(2) -2(2)
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Ru(1)-N(11) 2.084(3)
1.978 (3) N(11)-C(12) 1.340(5)
1.983(3) N(11)-c(16) 1.365(5)
2.068(4) c(12)-c(13) 1.375(6)
2.077(3) c(13)-c(14) 1.388(7)
2.080(3) C(14)-c(15) 1.376(6)

C(116) 26 (2) 49 (3) 35 (3) -ii (2) -12 f2) -9 (2)
c(117) 34 (3) 51 (3) 36 (3) -9 (2) -3 (2) -18 (2)
C(118) 33 (3) 52(3) 26(2) -8(2) 2(2) -16(2)
C(119) 37(3) 59(3) 16(2) -11(2) -2 (2) -19 (2)
C(120) 37 (3) 70(4) 24 (2) -15(2) 4(2) -14(3)
c(121) 35(3) 76 (4) 22 (2) -10 (2) -2 (2) -14 (3)
C(122) 41(3) 61(3) 18(2) -11(2) 2(2) -17(3)
c(123) 35(3) 91(4) 19(2) -14(3) 5(2) -17(3)
C(124) 31(3) 91(4) 21(2) -16(3) -1(2) -17(3)
C(125) 54 (3) 59(4) 18 (2) -8(2) —4 (2) -14(3)
0(126) 57(2) 97(3) 20(2) -21(2) 2(2) -24(2)
0(127) 55 (2) 116 (4) 23 (2) -20 (2) 14 (2) -35 (2)
N(21) 24 (2) 29 (2) 21 (2) -5 (2) 0 (2) -8 (2)
C(22) 33(3) 44(3) 21(2) -4(2) -2(2) -15(2)
c(23) 34(3) 39(3) 33(3) -1(2) -5(2) -3(2)
Cf24) 31 (3) 35 (3) 45 (3) -9 (2) 2 (2) 0 (2)
C(25) 37(3) 44(3) 28(2) -9(2) 4(2) -7(2)
C(26) 23 (2) 40 (3) 19 (2) -7 (2) 1 (2) -7 (2)
C(27) 20 (2) 36 (3) 20 (2) -9 (2) 1 (2) -7 (2)
N(28) 28 (2) 37 (2) 15 (2) -9 (2) 1 (2) -7 (2)
C (29) 26 (2) 32 (2) 14 (2) -3 (2) -2 (2) -8 (2)
Cf210) 30 (2) 37 (3) 19 (2) -3 (2) -4 (2) -5 (2)
C(211) 34(3) 40(3) 17(2) -8(2) 0(2) -10(2)
C(212) 27(2) 37(3) 18 (2) -10(2) 4 (2) -7 (2)
C(213) 25(2) 38(3) 22(2) -11(2) 1(2) -9(2)
N(214) 29 (2) 28 (2) 23 (2) -8 (2) 2 (2) -8 (2)
C(215) 32 (2) 43 (3) 23 (2) -16(2) 3 (2) -13 (2)
C(216) 29(2) 38(3) 41(3) —16(2) 9(2) -5(2)
C(217) 27(2) 41(3) 42(3) -10(2) 0(2) 0(2)
C(218) 30 (2) 38 (3) 27 (2) -3 (2) -1 (2) -3 (2)
C(219) 34 (2) 38(3) 15(2) -6(2) 2 (2) -11 (2)
C(220) 43 (3) 35 (3) 21 (2) -4 (2) -1 (2) -6 (2)
C(221) 40 (3) 41(3) 24 (2) -11(2) 2 (2) -3 (2)
C(222) 38 (3) 43 (3) 15(2) -4 (2) 0 (2) -13 (2)
C(223) 45 (3) 44 (3) 22 (2) -10 (2) -10 (2) -2 (2)
C(224) 41(3) 42(3) 23(2) -10(2) 3(2) -5(2)
C(225) 44(3) 51(3) 22(2) -7(2) -1(2) -18(3)
0(226) 57 (2) 61 (2) 20 (2) -13 (2) 3 (2) -6 (2)
0(227) 97(3) 59(3) 21(2) -2(2) -7(2) -1(2)
P (1) 36(1) 61 (1) 24(1) -6(1) 0(1) -10(1)
F(11) 49(2) 92(3) 42(2) -1(2) -1(2) 3(2)
F(12) 65(2) 97(3) 41(2) 3 (2) 10(2) -26(2)
F(13) 73(2) 107(3) 52(2) -28(2) -7(2) -31(2)
F(14) 67(2) 76(2) 40(2) 5(2) 3(2) -25(2)
F(15) 55 (2) 79 (2) 47 (2) -18 (2) -10 (2) -17 (2)
F(16) 57(2) 80(3) 62(2) -22(2) 3(2) 6(2)

for III-lb.Table 5. Bond lengths [ÂJ and angles [o]

Ru(1) -Nf 18)
Ru(1) -N(28)

Ru(1) -N(214)
Ru(1) -N (21)

Ru(1) -N(114)



XXIII

C (15) -C(16)

C (16) -C(17)
C(17) -Nf18)
C(17) -C(112)

N(18) —C(19)
C (19) -C(110)
C (19) -C(113)

C(110) -Cf111)
C(111) -C(112)
C (111) -C (119)
C (113) -Nf114)
C(113) -C(118)
N (114) -C(115)

C (115) -C (116)
C (116) -C(117)
C (117) -C(118)
C (119) -C (120)
C (119) -C(124)
C (120) -C(121)

C(121) -C (122)

C (122) -C (123)
C (122) -C(125)
C (123) -C (124)

C (125) -O (127)
C (125) -0(126)
N (21) -C(22)
N(21) -C(26)

C (22) -C(23)

C(23) -C(24)
C(24) -C(25)
C (25) -C (26)

C(26) -C(27)

C(27) -N(28)

C(27) -C (212)
N(28) -C(29)
C(29) -C(210)
C (29) -C (213)

C(210) -C(211)
C(211) -C (212)

C(211) -C(219)
C(213) -N(214)
C (213) -C(218)

N (214) -C(215)

C(215) -C (216)

C (216) -C (217)
C (217) -C (218)
C(219) -C (220)
C(219) -C(224)

C(220) -C(221)
C(221) -C(222)

C (222) -C(223)

C(222) -C (225)

C(223) -C (224)
C(225) -0(227)
C(225) -0(226)
Pf1) -Ff12)

P(1) -Ff13)

1.381(6)

1.478 f6)
1.345 f5)
1.379(5)

1.363 (5)
1.396(5)

1.463 (6)
1.403 (6)
1.396(6)

1.479 f5)
1.371(5)

1.378(6)
1.335(5)

1.379(6)

1.384 (6)
1.378(6)

1.386(6)
1.392 f6)
1.378 (6)
1.393 (6)
1.371(6)

1.507(6)

1.379(6)

1.229(6)

1.277(6)

1.339(5)

1.372 f5)
1.379(6)

1.379(6)

1.377 (6)

1.380(6)
1.474 f6)
1.354 f5)
1.377(5)

1.350(5)
1.376(5)

1.484 f5)
1.389 f6)
1.409 (6)
1.495(5)
1.364(5)

1.385(6)

1.346 f5)
1.379 f6)
1.386(6)

1.371(6)

1.389(6)
1.390(6)
1.376(6)

1.374 (6)
1.386(6)

1.491(6)

1.379(6)
1.222 f6)
1.299(6)
1.584 f3)
1.586(3)

P(1)-Ff14)

Pf1) -Ff16)
Pfl) -Ff15)
Pfi) -Ff11)

N(18) -RU1-N(28)
N (18) -RU1-N (214)
N (28) -RU1-N (214)
N f18) -RU1-N(21)
N f28) -J1-N f21)
N(214) -RU1-N(21)

N(18) -RU1-N (114)
N (28) -RU1-N (114)
N (214) -Ru1-N f114)
N(21) -Ru1-N(114)

N(18) -RU1-N(11)

N(28) -RU1-N fil)
Nf214) -Ru1-N(11)
N f21) -RU1-N fil)
N(114) -RU1-N(11)

C(12) -N(li) -Cf16)
C (12) -N(11) -RU1

C (16) -N(11) -RU1
Nfll) -Cf12) -C f13)
C (12) -Cf13) -Cf14)
C fis) -C (14) -C(13)
C (14) -C (15) -C(16)
N(11) -C f16) -C(15)
N(11) -C(16) -C (17)

Cf15) -C(16) -C (17)
Nf18) -C(17) -C(112)
Nf18) -Cf17) -C(16)
C f112) -C (17) -C (16)
Cf17) -Nf18) -Cf19)
C (17) -N(18) -RU1
C (19) -N (18) -RU1
N (18) -C (19) -C (110)
Nf18) -C (19) -C(113)
C f110) -C f19) -C (113)
C(19) -Cfllo) -Cflll)
C (112) -C(111) -C(110)
C (112) -C(111) -C(119)

C f110) -C (111) -C (119)
C(17) -C f112) -C (111)
Nf114) -C(113) -C (118)
Nf114) -C(113) -C f19)
C (118) -C(113) -C(19)
C fils) -N (114) -C (113)
C (115) -Nf114) -RU1

C(113) -Nf114) -Rul

Nf114) -C(115) -C(116)
C fils) -C (116) -C (117)
C f118) -C (117) -C(116)
C f117) -C (118) -C(113)
C (120) -C(119) -C f124)
C (120) -C (119) -C(111)
C(124) -C (119) -C(111)

1.588 f3)
1.593 f3)
1.594 (3)
1.606(3)

179.06 f15)
100.12 f14)
79.01 (14)

102.11 (14)
78.76 f14)

157.77(13)
79.11 f13)

101.20 f14)
90.06 (13)

94.63 f13)

78.85 f13)
100.82 f14)
92.31 (13)
91.44 f13)

157.91 f13)
118.7 f4)
127.6 (3)
113.6(3)

122.1(4)

119.5(5)

118.5(5)
119.9 f4)
121.1 f4)
115.2 (4)
123.6(4)

120.4 (4)
112.8 f4)

126.8 f4)
121 .7 f3)
119.5 f3)
118.8(3)

119.6 (4)

113.0(3)

127.4 f4)
119.7(4)

118.4(4)
120.5(4)

121.0 f4)
120.3 f4)
121.0(4)

115.5(4)

123.5(4)

118.3 f4)
128.2(3)

113 .6 f3)
122.7(4)

119.5(4)

118.2(4)

120.5(4)
118.3 f4)
121.3 (4)
120.4(4)
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C(121) -C (120) -C(119)
C(120) -C(121) -C (122)
C (123) -C(122) -C (121)
C (123) -C(122) -C(125)
C (121) -C(122) -C (125)
C(122) -C(123) -C(124)
C (123) -C (124) -C(119)
o (127) -C(125) -0(126)
0 (127) -C (125) -C (122)

0(126) -C(125) -C (122)

Cf22) -Nf21) -C(26)
C (22) -Nf21) -RU1

C(26) -N (21) -RU1

Nf21) -C(22) -C(23)

C(24) -C(23) -Cf22)
C(25) -C(24) -C(23)
C(24) -C (25) -C (26)
N(21) -C(26) -C (25)

Nf21) -C(26) -C (27)

C(25) -C(26) -C (27)
Nf28) -C (27) -C (212)
N(28) -C(27) -C(26)
C (212) -C(27) -C(26)
C (29) -N(28) -C (27)
C (29) -N(28) -RU1
C (27) -N(28) -RU1
N(28) -C(29) -C(21o)
Nf28) -C(29) -C(213)
C (210) -C (29) -C(213)
C (29) -C(210) -C (211)
C (210) -C (211) -C(212)
C (210) -C(211) -C (219)
C (212) -C(211) -C (219)
C (27) -C (212) -C(211)
N(214) -C(213) -C(218)
Nf214) -C(213) -C(29)
C (218) -C(213) -C (29)

Table 6. Bond lengths
bonding for III-lb.

120.6(5)

120.9(5)
118.4(4)
120.8 (4)
120.8 (4)

121.1(5)

120.7(4)

124.7(4)
119.3 (5)

116.1(5)

118.4(4)

127.6(3)

114.0(3)
122.7 (4)
118.3 (4)
120.3 (5)

118.8(4)

121.4(4)

115.1 (4)

123.5(4)
120.2 (4)
112 .6 f3)
127.2 (4)
121.3 (4)
119.3 (3)

119.4(3)

120.1(4)
112.3 f3)
127.6(4)
120.8 (4)
117.7 (4)

121.4(4)

120.9(4)
120.0 (4)

121.5(4)
115.2 (4)
123.3 (4)

[Â] and angles [0] related to the hydrogen

118.0 f4)

127.8(3)
114.1(3)

123.0(4)

118.3 (4)

119.7(5)

119.5(4)
117.7 (4)
121.3 f4)
121.0 (4)
120.9 (4)
121.0(4)

118.9(4)

121.6(4)
119.4 (4)
120.2 (4)
121.3 f4)
123.2(4)

122.4(5)

114 .5 f4)
89.70(19)

179.4 (2)
90.73 (19)
90.53 (19)

90.6(2)
89.93 (19)
90.01 (18)

179.4 (2)

89.55(18)
89.95 (18)
89.93 (19)
90.12 (19)
89.61 (18)

179.16 (18)

89.35(18)

D-H . .A d(D-H) d(H. .A) dfD. .A) <OHA

0(126)-Hf126) 0(226)4*1 0.83 1.68 2.491(4) 166.6
0f226)-Hf226) 0(126)4*2 0.83 1.69 2.491(4) 161.7

C(215) -Nf214) -C (213)

C (215) -N(214) -RU1
C (213) -N(214) -RU1
Nf214) -C (215) -C (216)

C (215) -C (216) -C (217)
C (218) -C (217) -C (216)

C (217) -C (218) -C (213)

C(220) -C(219) -C(224)
C (220) -C (219) -C (211)
C(224) -C(219) -C (211)

Cf221) -Cf220) -Cf219)
C (222) -C (221) -C (220)
C (221) -C (222) -C (223)
C (221) -C(222) -C(225)
C (223) -C (222) -C (225)
C (224) -C(223) -C(222)

C(223) -C(224) -C(219)

0(227) -C(225) -0 f226)

0(227) -C (225) -C (222)

0(226) -C (225) -C (222)
Ff12) -P fi) -Ff13)

Ff12) -P(1) -F(14)
Ff13) -P(1) -Ff14)

F(12) -P fi) -Ff16)
Ff13) -P fi) -Ff16)
Ff14) -P (1) -Ff16)

Ff12) -P fi) -Ff15)

Ff13) -P (1) -Ff15)

Ff14) -Pfl) -Ff15)
Ff16) -P fi) -Ff15)

Ff12) -Pfl) -Ff11)
Ff13) -P fi) -Ff11)
Ff14) -P fi) -Ff11)

Ff16) -P fi) -Ff11)
Ff15) -P fi) -F (11)
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Table 1. Crystal data and structure refinement for III-55.

xxv

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit ceil dimensions

Density f calculated)

Absorption coefficient

Ff000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

gar144

C83 H77 F12 N12 016 P2 Rh4 Ru

2301.22

100 f 2)K

1.54178 À

Orthorhombic

Pnna

4596

0.20 x 0.08 x 0.08 mm

2.34 to 67.90°

-19h17,-17k17,-45P45

107415

cl

Volume

z

a = 18.9022 f3) À
b = 14.4179(2) À
c = 37.8184 f5) À

10306 . 6 (3 ) À3

4

(X = 90°

f3 = 90°

y = 90°

1.483

7 .253

3
g/cm

-1
mm



Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

8483 [Rjnt = 0.0461

Semi-empirical f rom equivaients

0.560 and 0.368

Fuil-matrix least-squares on F’2

8483 / o / 605

XXVI

Goodness-of-fit on F2 1.074

Final R indices [I>2sigma(I)J

R indices (ail data)

Largest dif f. peak and hole

Ri = 0.0760, wR2 = 0.2335

Ri = 0.0963, wR2 = 0.2531

3.043 and -1.247 e/À3

Table 2. Atomic coordinates (x io4) and equivaient isotropic

dispiacement parameters (Â2 x loi) for III-55.

Ueq is defined as one third of the trace of the orthogonalized

Uij tensor.

0cc. x y z Ueq

Rh(i) 1 6953(1) -418(1) 1324(1) 45(1)
Rh(2) 1 6879(1) -156(i) 8257(1) 47(1)
Rufi) 1 7500 0 4792(1) 39(1)
N(i) 1 7956(4) 1273(5) 4692(1) 42(2)
N(2) 1 7500 0 4265(2) 44(2)
N(3) 1 8488 (4) -548(5) 4897(1) 42(2)
Nf4) 1 7500 0 5315(2) 44(2)
0(1) 1 7002 (3) -436 (4) 1861(1) 50 (2)

0(2) 1 7522(4) -1615(4) 1313(1) 53(2)
0(3) 1 6972 (4) -353 (4) 786 (2) 59 (2)
0(4) 1 6451(4) 827(5) 1332(1) 57(2)
0(5) 1 6914(3) -124(4) 7722(1) 47(2)
0(6) 1 7120 (5) -1534 (5) 8257 (2) 89 (2)
0(7) 1 6913 (5) -162(8) 8793 (2) 108(4)
0(8) 1 6721 (5) 1221 (5) 8283 (2) 83 (2)
c(i) 1 8214(5) 1877(6) 4924(2) 51(2)
Cf2) 1 8559(5) 2690(6) 4830 (2) 52(2)
C(3) 1 8647 (5) 2864 (6) 4468 (2) 55 (2)
c(4) 1 8386(5) 2263(7) 4227(2) 56(2)
c(5) 1 8047 (4) 1466 (6) 4333 (2) 44 (2)
c(6) 1 7771 (5) 741 (6) 4095 (2) 44 (2)
c(7) 1 7765 (5) 768 (7) 3730(2) 48 (2)
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Cf8) 1 7500 0 3540(3) 46(3)
Cf9) 1 7500 0 3149(3) 56(3)
C(1o) 1 8006(5) 516 (8) 2958 (2) 62 (3)
C(11) 1 7997(5) 504(8) 2592(2) 64(3)
C(12) 1 7500 0 2411(3) 51(3)
C(13) 1 7500 0 2011(3) 49(3)
C(14) 1 8997 f5) -816(6) 4658 (2) 47 (2)
C(15) 1 9645 (5) -1126 (6) 4760 (2) 49 (2)
C(16) 1 9796 (5) -1199 (7) 5120 (2) 54 (2)
Cf17) 1 9301 (4) -939 (6) 5364 (2) 46 (2)
C(18) 1 8645(5) -618(5) 5248(2) 39(2)
C(19) 1 8085 (4) -316 (6) 5490 (2) 39 (2)
C(20) 1 8091 (4) -317 f5) 5855 (2) 37 (2)
Cf21) 1 7500 0 6046(2) 37(3)
Cf22) 1 7500 0 6433(2) 34(2)
Cf23) 1 8123(4) 164(6) 6625(2) 39(2)
Cf24) 1 8125(5) 162(6) 6988(2) 46(2)
C (25) 1 7500 0 7174 (3) 46 (3)
C(26) 1 7500 0 7575 (3) 46 (3)
Cf27) 1 7500 0 633(3) 54(3)
C (28) 1 7500 0 235 (3) 71 (5)
Cf29) 1 6812(7) 1561(7) 1320(2) 53(3)
C (30) 1 6407 (6) 2461 f8) 1307 (3) 75 f3)
Cf31) 1 7235(9) 1746(9) 8293(5) 105(5)
C(32) 1 7108 (10) 2755 (10) 8381 (7) 179(11)
C(33) 1 7500 0 8939(4) 143(12)
C(34) 1 7500 0 9352(6) 250(20)
Cf200) 1 5147 (6) -443 f7) 8098 (2) 54 (2)
Cf201) 1 4478 (6) -506(9) 7958(3) 81(3)
N(200) 1 5708 (5) -389 (6) 8213 (2) 61 (2)
N(210) 1 5929 (4) -1171 (6) 1348 (2) 51 f2)
Cf210) 1 5438(7) -1513(8) 1426(3) 74(3)
C (211) 1 4753 (9) -1940 (10) 1535 (6) 156 f8)
Pf1) 1 9790(1) 207 (2) 3706(1) 52(1)
Ff1) 1 9499 (3) 658 (4) 4065(1) 63(1)
Ff2) 1 10100 (3) -239 (5) 3358 (2) 91(2)
F(3) 1 10249(3) -504(4) 3944(2) 69(2)
Ff4) 1 9346 (3) 952(4) 3486 (1) 71 (2)
F(5) 1 9139 (4) -493 (5) 3710(2) 85 (2)
Ff6) 1 10445(3) 912 (4) 3721 (1) 57(1)
C(300) 1 5146 (10) 7500 7500 83 (5)
C(301) 1 4900 (13) 8008 (12) 7257 (3) 128 (7)
C(312) 1 4265(15) 8147(18) 7206(6) 159(8)
C(322) 1 3784(10) 7744(12) 7372(3) 106(5)
C(303) 1 5967(17) 7500 7500 226(19)
C(400) 1 4054(13) 7500 2500 110(7)
C(401) 1 4483(11) 6655(14) 2415(4) 130(6)
Cf402) 1 5135(13) 6656(19) 2370(9) 235(15)
Cf403) 1 5525(15) 7500 2500 230(20)
Cf404) 1 3212(17) 7500 2500 370(40)
N(600) 1 6721(14) 7219(12) 9231(4) 209(10)
C(600) 1 6295(12) 7425(10) 9018(3) 128(7)
Cf601) 1 5839 (10) 7623(11) 8731 (4) 127 f6)
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4Table 3. Hydrogen coordinates tx 10 ) and isotropic dispiacement
3parameters (A x 10 ) for III-55.

0cc. x y z Ueq

H(1) 1 8160 1744 5169 61
Hf2) 1 8728 3112 5004 62
H(3) 1 8891 3405 4392 66
Hf4) 1 8437 2392 3982 67
H(7) 1 7936 1298 3607 58
HflO) 1 8351 871 3080 74
Hf11) 1 8340 851 2465 77
H(14) 1 8892 -784 4412 56
H(15) 1 9990 -1290 4589 59
H(16) 1 10241 -1430 5196 64
H(17) 1 9402 -976 5610 55
H(20) 1 8497 -533 5978 44
H(23) 1 8552 279 6501 47
H(24) 1 8553 271 7112 55
H(28A) 0.50 7727 -568 148 106
H(28B) 0.50 7761 542 148 106
H(28C) 0.50 7012 26 148 106
Hf3OA) 1 6465 2748 1074 112
Hf3OB) 1 6588 2882 1490 112
Hf30C) 1 5904 2339 1350 112
Hf32A) 1 7370 2918 8596 268
Hf323) 1 6601 2857 8420 268
H(32C) 1 7270 3143 8184 268
H(34A) 0.50 7169 471 9438 373
H(343) 0.50 7977 140 9438 373
Hf34C) 0.50 7354 -612 9438 373
H(20A) 1 4185 0 8050 121
H(20B) 1 4267 -1103 8024 121
H(20C) 1 4504 -461 7700 121
H(21A) 1 4847 -2490 1680 234
H(21B) 1 4485 -2119 1324 234
H(21C) 1 4479 -1490 1673 234
H(322) 1 3326 7845 7275 127
H(300) 0.50 6140 8129 7454 339
H(30E) 0.50 6140 7080 7315 339
H(30F) 0.50 6140 7291 7731 339
H(401) 1 4241 6080 2395 156
H(402) 1 5373 6153 2259 282
H(403) 1 6027 7500 2500 273
H(40A) 0.50 3039 7548 2256 551
Hf4OB) 0.50 3039 8030 2638 551
H(40C) 0.50 3039 6923 2606 551
Ht6OA) 1 6121 7769 8521 190
H(60B) 1 5539 8154 8791 190
H(60C) 1 5540 7081 8683 190
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Table 4. Anisotropic paranteters (Â2 x io) for III-55.
The anisotropic dispiacement factor exponent takes the form:

-2
2 [ 2 2 U11 + . . + 2 h k a* 5* u12

Uli U22 U33 U23 U13 U12

Rh(1) 50(1) 65 f1) 21 f1) 0(1) -1 (1) -5(1)
Rh(2) 53(1) 65(1) 24(1) 2(1) 3(1) -2(1)
Ru(1) 36(1) 66(1) 17(1) 0 0 14(1)
N(1) 33(5) 67(4) 27(3) 4(3) 3(3) 13(3)
N(2) 36(7) 66(6) 31(4) 0 0 20(5)
N(3) 29(5) 72(4) 24(3) -3(3) 2(3) 19(3)
N(4) 48(8) 60(5) 23 (4) 0 0 18(5)
0(1) 47 (4) 79 (4) 22 (2) 0 (2) 1 (2) -5 (3)
0(2) 57(6) 69(4) 34(3) 3(2) -1(2) 2(3)
0(3) 76(6) 73(4) 27(3) 0(2) -4(3) -14(3)

0(4) 60(5) 71(4) 39(3) -2(2) -6(3) 3(4)

0(5) 34(5) 85(4) 23(3) 1(2) 3(2) 4(3)
0(6) 72 (7) 60 (4) 136 (7) 29 (4) -11 (5) -3 (4)
0(7) 81(8) 214 (11) 30(4) 1(5) 7(3) -34(6)
0(8) 68 (6) 55 (4) 125 (6) -18 (4) 27 (5) 2 (4)
C (1) 47 (6) 71 (6) 36 (4) -3 (4) 5 (3) 25 (4)
C (2) 46 (7) 64 (5) 45 (4) -1 (4) 3 (4) 10 (4)
Cf3) 51(7) 62(5) 53(4) 11(4) 0(4) 12(5)
C(4) 49 (7) 81 (6) 36 (4) 12 (4) 6 (4) 15 (5)
C(5) 27(6) 75(5) 31(3) 3(3) 2(3) 16(4)
Cf6) 29(6) 73(5) 30(3) 8(3) 6(3) 18(4)
C(7) 32(6) 88(6) 24(3) 5(4) 2(3) 9(4)
C(8) 24(8) 85(8) 30(5) 0 0 6(6)
C(9) 45 (10) 92 (9) 30 (6) 0 0 —3 (7)
Cf10) 41 (7) 121 (9) 23 (4) 0 (4) -3 (3) -19 (5)
CUl) 51 (7) 119 (9) 22 (4) -4 (4) -6 (3) -7 (6)
C(12) 41(9) 83(9) 30(6) 0 0 5(6)
C(13) 39(9) 75(8) 31(5) 0 0 1(6)
C(14) 45(6) 72(5) 23(3) -6(3) 9(3) 14(4)
C(15) 41(6) 76(5) 30(3) -5(3) 6(3) 11(4)
C(16) 43(6) 82(6) 36(4) -1(4) -1(4) 22(5)
C(17) 35(6) 75(5) 27(3) -3(3) 0(3) 19(4)
C(18) 35(6) 59(4) 22(3) -2(3) 4(3) 7(4)
C(19) 30(6) 56(4) 31(4) -2(3) 1(3) 11(3)

C(20) 35(6) 49(4) 25(3) 0(3) -2(3) 9(3)
Cf21) 39 (8) 49 (6) 24 (5) 0 0 3 (5)
C(22) 30(8) 46(5) 26(5) 0 0 1(5)
C(23) 28(6) 66(5) 25(3) 3(3) 2(3) 6(4)
C(24) 38(6) 75(5) 24(4) -4(3) -7(3) 5(4)
C(25) 35 (9) 75 (8) 26 (5) 0 0 1 (6)
Cf26) 35(9) 74(8) 29(5) 0 0 0(6)
C(27) 62(11) 71 (8) 28 (5) 0 0 -17 (7)
C(28) 82(14) 97(11) 33(7) 0 0 -23(9)
C(29) 63(9) 66(6) 30(4) -1(3) -3(4) 2(5)
C(30) 67(9) 73(7) 85(7) -7(5) 3(6) 2(6)
C(31) 65(11) 71(8) 178(15) -29(8) 44(9) 4(7)



xxx

Rh(i) -0(1)
Rh(1) -0(4)
Rhfl) -0(3)
Rh(1) -0(2)

Rh(1) -N (210)
Rh(1) -Rh(1) #1

Rh(2) -0(8)
Rh(2) -0(6)
Rhf2) -0(5)
Rh(2) -0(7)

Rh(2) -N(200)

Rh(2) -Rhf2)#1
Ru(1) -N(4)
Ru fi) -Nf2)
Ru(1) -N(1)#1

Ru(1) -Nf1)

Ru(1) -N(3)#1
Ru(1) -Nf3)
N(1) -c(1)

N(1) -c(5)

2.033 (5)
2.030(7)

2.036(6)
2.035(7)
2.222(8)
2.3934(14)

2.010(7)
2.038(8)

2.022(5)
2.029(7)

2.244(10)
2.3907 (14)
1.977(8)

1.994 (9)
2.062 (7)
2.062(7)

2.066(6)

2.066(6)

1.329(11)
1.396(9)

N(2) -c(6)#1

N(2) -c(6)

N(3) -c(14)
N(3) -c(18)

N(4) -c(19)#1

N(4) -c(19)
0(1) -c(13)

0(2) -c(29)#i

0(3) -C(27)

0(4) -c(29)

0(5) -C (26)

0(6) -C(31)#1

0(7) -C(33)

0(8)-C(31)
C(1) -C(2)

Cf1) -H(1)

Cf2) -C(3)

C(2) -H(2)

C(3) -Cf4)

C(3) -Hf3)

1.348 (9)

1.349(9)
1.377(9)

1.364 (8)
1.367 (9)
1.367 (9)
1.266(7)
1.260 (12)
1.260 (8)
1.261 (12)
1.253 (7)

1.264 (17)
1.262 (10)
1.231 (16)
1.388 (13)
0.95

1.401 (11)
0.95

1.351 (13)
0 .95

Cf32) 116 (15) 69 (9) 350 (30) -47 (14) 70 (18) 6 (9)
C(33) 81 (18) 310 (40) 35 (8) 0 0 -51 f19)
Cf34) 180 (40) 530 (80) 40(11) 0 0 -50 (40)
C(200) 45(8) 77 (6) 41 (4) 0 (4) 6 (4) 2 (5)
Cf201) 58 (9) 122 (10) 61 (6) -15 (6) 6 (5) 10 f7)
N(200) 61(7) 85(5) 38(4) 12(3) 13 (4) -1(5)
N(210) 39(6) 75(5) 37(3) -5(3) 3 (3) -10(4)
C(210) 67 f9) 67 (6) 88 (7) -27 (5) 23 (6) -4 (6)
C(211) 96 (14) 87 (9) 290 (20) -40 (12) 80 (14) -38 (9)
P (1) 38 (2) 73(1) 46(1) -7(1) -2(1) 5(1)
F(1) 46 f4) 98 f4) 46 (2) -3 (2) 1 (2) 17 (3)
F(2) 51(4) 146(6) 74(4) -59(4) 1(3) -2(4)
Ff3) 52(4) 73(3) 83(4) 9(3) 5(3) 10(3)
Ff4) 48(4) 113(4) 50(3) 9(3) -12(2) 8(3)
Ff5) 50(5) 92(4) 112(5) -24(3) 4(3) -6(3)
Ff6) 42(4) 81(3) 48(2) 6(2) -13(2) 4(3)
C(300) 72(15) 80(11) 97(12) -25(9) 0 0
C(301) 210 (20) 109 (11) 69(7) -6(7) -38(11) 35(13)
C f312) 190 (30) 160 (20) 131(17) -35(15) -41(17) -1(18)
C f322) 99 (13) 140 (14) 79(9) 6(8) -12 (7) -17 (10)
C f303) 140 f30) 160 (30) 380(50) -180 (30) 0 0
Cf400) 110 f20) 109 (16) 113 f14) -4 (12) 0 0
Cf401) 83(14) 152(16) 157(15) -1(12) -13(10) 4(12)
C f402) 62 f18) 180 f20) 470 f50) 40(30) 10 (20) 16 f15)
C(403) 40(20) 220 f40) 420 f60) -130(40) 0 0
C(404) 70 f20) 230 (40) 810 f120) 230 (60) 0 0

Nf600) 400(30) 147(13) 82(8) 19(9) -72(13) 43(17)
Cf600) 220 f20) 103 (10) 60 (7) 32 (7) -13 (9) -7(11)
Cf601) 138(15) 114(12) 128(12) 45(9) -9(10) -30(11)

Table 5. Bond lengths [Â] and angles [0] for III-51,.



XXXI

C(4) -C(5)

C(4) -Hf4)

Cf5) -C(6)
C(6) -C(7)
C(7) -Cf8)
C(7) -Hf7)

C(8) -C(7)#1

C(8) -C(9)

C(9) -C(10)#1

C(9) -C(10)
C (10) -C(11)
Cf10) -H(10)

C(11) -C(12)

C(11) -H(11)

C(12)-C(11)#1

C(12) -C (13)
C(13) -0f1)#1

C(14) -C(15)

C(14) -H(14)

C(15) -C(16)

C(15) -H(15)

C(16) -C(17)

C(16) -H (16)

C(17) -C(18)

C (17) -H(17)
C fis) -C(19)

C(19) -Cf20)

C (20) -C(21)
C (20) -H (20)
C(21)-Cf20)#1

C(21) -C (22)
C(22)-C(23)#1

C(22) -C(23)

C(23) -C(24)

C(23) -H(23)

C (24) -C(25)

C(24) -H(24)
C (25) -C(24)#1
C(25) -C(26)
C(26) -0(5)#1
C(27) -0f3)#1

C(27) -C (28)

C (28) -Hf28a)
C (28) -H(28b)
C (28) -Hf28c)
C(29) -0(2)#1
C(29) -C (30)

C(30) -H(30a)
C (30) -H(30b)
C (30) -Hf3Oc)
C (31) -0(6)#1

C(31) -C(32)
C (32) -H(32a)

C(32) -Hf32b)

C(32) -Hf32c)

1.376(13)

0.95
1.477 (12)
1.382 (10)
1.410 (ii)
0.95

1.410(11)
1.478 (15)
1.411(11)
1.411 (11)
1.383(11)

0.95

1.371 (11)
0 .95

1.371(11)

1.510 (14)

1.266(7)

1.360 (12)
0.95

1.397(10)

0.95

1.366(11)

0.95

1.393(11)
0.95
1.468 (10)
1.379 (10)

1.406(9)
0.95

1.406(9)
1.464 (13)
1.404 (10)
1.404 (10)
1.372 (10)
o . 95

1.395(10)

0.95

1.395 (10)
1.517 (14)
1.253 (7)

1.260(8)

1.508(15)

0.98

0.98

0.98

1.260 (12)
1.508 (15)

0.98

0.98

0.98

1.265(17)
1.511 (19)
0.9801

0.98

0.98

C(33) -0(7)#1

C(33) -C(34)
C(34) -H(34a)
C (34) -H(34b)

C(34) -H(34c)
C(200) -N(200)
C (200) -C(201)

C (201) -H(20a)

Cf201) -Hf2Ob)

C(201) -H(20c)
N (210) -C (210)
C (210) -C (211)

C(211) -H(21a)
C (211) -Hf21b)

Cf211) -Hf21c)
Pf1)-Ff2)

P(1)-Ff5)

P(1)-Ff6)
Pf1)-F(4)

Pfi)-Ff1)

Pf1) -Ff3)

Cf300)-Cf301)#2

C(300) -C(301)

C(300) —C(303)
C (301) -C (312)

C(312) -C (322)

C(322) -C(322) 4*2

C(322) -H(322)

C(303) -H(30d)

C(303) -H(30e)

C(303) -H(30f)

C(400) -C(401)#3

C(400) -C(401)

C(400) -C(404)

C(401) -C(402)

C(401) -H(401)

C(402) -C(403)

C(402) -H(402)

C(403) -C(402)#3

C(403) -H(403)

C(404) -H(40a)

C(404) -H(40b)

C(404) -H(40c)
N (600) -C(600)

C (600) —C (601)

C(601) -H(60a)

C(601) -H(60b)
C(601) -H(60c)

0(1) -RH1-0(4)

0(1) -RH1-0(3)

0(4) -RH1-0(3)

0(1) -RH-0(2)
0(4) -RH1-0(2)

0(3) -RH1-0f2)

0(1) -RH1-N(210)

0(4) -RH1-N(210)

1.262 (10)

1.56(3)
1.0437
1.0437

1.0437
1.149 (13)

1.376(16)

0.98

0.98
0.98

1.091 (13)
1.490(18)

0.9849
0.9849

0.9849
1.579(6)

1.591(7)
1.604 (6)
1.597(6)

1.601(5)

1.616(6)
1.264 (16)

1.264(16)

1.55(4)
1.23 f3)
1.25(3)
1.20 (3)
0.95

1 . 0128

1.0128

1.0128

1.50 (2)
1.50 (2)
1.59 (4)
1.24 (2)
0.95

1.51 (3)
0.95

1.51 (3)
0.95

1.0245

1.0245

1.0245

1.17(2)

1.42 (2)
0.98

0.98

0.98

91.0 (2)

175.9(3)
89.1(2)

89.1(2)
175.9 (3)

90.5(2)
89.6(2)

91.4(3)



XXXII

0(3) -RH1-N(210)

0(2) -RH1-N (210)

0(1) -RH1-RH1#1
0(4) -RH1-RH1#1

0(3) -RH1-RH1#1

0(2) -RH1-RH1#1
N (210) -RH1-RH1#1

0(8) -RH2-0(6)
0(8) -RH2-0f5)

0(6) -RH2-0(5)

0(8) -RH2-0(7)

0(6) -RH2-0(7)

0(5) -RH2-0(7)

0(8) -RH2-N(200)

0(6) -RH2-N(200)
0(5) -RH2-N(200)

0(7) -RH2-N(200)

0(8) -RH2-RH2#1

0(6) -RH2-RH2#1

0(5) -RH2-RH24*1

0(7) -RH2-RH2#1

N(200) -RH2-RH2#1

N(4) -RU1-N(2)
N(4) -RU1-N(1)#1

N(2) -RU1-N(1)#1

N(4) -RU1-N(1)

N(2) -RU1-Nfl)

N(1)*1-RU1-N(1)

Nf4) -RU1-Nf3)4*1

N(2) -RU1-N(3)#1
N(1)4*1-RU1-N(3)4*1

N(1) -RU1-N(3)4*1

N(4) -RU1-N(3)

N(2) -RU1-N(3)
N(1)4*1-RU1-N(3)

N(1) -RU1-N(3)
N(3)#1-RU1-N(3)

C(1) -N(1) -Cf5)
C(1) -N(1) -RU1

C(5) -N(1) -RU1

C(6)#1-N(2) -C(6)
C(6)#1-N(2) -RU1

C(6) -N(2) -RU1

C (14) -N(3) -C (18)
C (14) -N(3) -RU1
C (18) -N(3) -ROi

Cf19)#1-N(4) -C(19)

C(19)#1-N(4) -RU1

C (19) -N(4) -RU1

Cf13) -0(1) -RH1
C(29)#1-0f2)-RH1

C(27) -0(3) -RH1

C(29) -0(4) -RH1

C(26) -0(5) -RH2

Cf31)#i-0f6) -RH2

C(33) -0(7) -RH2

C(31) -0(8) -RH2

94.5(2)

92.7 (3)
88.09(17)
87.7(2)

87.79(18)

88.3(2)
177.48 (16)
174.8 (4)
91.7(3)

90.9(3)
87.8 (4)
89.3 (4)

176.2 (3)
90.3 (3)
94.3 (3)
87.9(2)

95.9 (3)
87.7 (3)

87.9(3)

87.91(16)
88.3 (2)

175.27 (18)
180.000(1)

100.59 (16)
79.41 (16)

100.59 (16)
79.41(16)

158 .8 (3)
78.93 (15)

101.07(15)
89.9 (3)
94.2 (3)
78.94 (15)

101.06(15)

94.2 (3)
89.9 (3)

157.9 (3)
117.7(8)

128.0(5)
114.1 (6)

122.9(9)
118.5(5)

118.5(5)
117.8(7)

127.8(5)
114.4 (5)

121.9(9)
119.0(4)

119.0 (4)
112.5(6)

118.3 (6)
119.4 (6)
119.2 (7)
118.5(6)

116.8(8)

117.7(9)

119.4(9)

N(1) -C(1) -Cf2)
N(1) -C(1) -‘-1(1)
Cf2) -C(1) -H(i)
C(3) -C(2) -C(1)

C(3) -Cf2) -H(2)
C(1) -Cf2) -H(2)
C(4) -Cf3) -C(2)
C(4) -C(3) -H(3)
C(2) -C(3) -H(3)
C(5) -C(4) -Cf3)
C(5)-C(4)-H(4)

C(3) -C(4) -H(4)
C(4) -C(5) -Nf1)
C(4) -C(5) -Cf6)
N(1) -C(5) -C(6)
N(2) -C(6) -Cf7)
N(2) -C(6) -Cfs)
C(7) -C(6) -Cf5)
C(6) -C(7) -C(8)

C(6) -C(7) -H(7)
C(8) -C(7) -H(7)
C(7)#1-C(8) -C(7)
C(7)#1-C(8) -C(9)
Cf7) -C(8) -C(9)
C(10)#1-Cf9) -C(10)
C (10) #1-C(9) -C (8)
C(10) -C(9)-C(8)
C(11) -C (10) -C(9)
C (ii) -C (10) -H(10)

C(9) -C(10) —H(10)
C(10) -C fil) -C(12)
C(10) -Cfll) -H(ii)
Cf12) -Cfll) -H(11)
C(11)#1-C(12) -C(11)

Cf11)#1-C(12) -C(13)
Cfll) -Cf12) -C(13)
0(1) -C(13) -0(1)4*1
0(1) -C(13) -C(12)
ofl)#1-Cfi3) -C(12)
C(15) -C (14) -N(3)

Cf15) -C(14) -H(14)
N(3) -C(14) -H(14)
C(14) -C(15) -C(16)
C(14) -C(15) -H(15)
C(16) -C (15) -H(15)
C(17) -C(16) -C(15)
C(17) -C(16) -Hf16)
C (15) -C (16) -H (16)

C(16) -C(17) -Cf18)
C(16) -C(17) -Hf17)
C(12) -C(17) -H(17)
N(3) -C(18) -C(17)

Nf3) -C(18) -C(19)
C(17) -C (18) -C(19)
N(4) -C (19) -C(20)

N(4) -C(19) -C(18)
C(20) -C(19) -Cf18)

123.9(7)

118 .1
118.1
117.2(8)

121.4

121.4

120.1(9)
119.9
119.9

120.5(7)

119.8
119 .8

120.6(8)
125.2 (7)

114 .1 (7)
119.8(8)

113.8(6)
126.5(8)
119.3 (9)
120.4

120.3

118.9(1)
120.6(5)

120.6 (5)

118.2(1)

120.9(5)

120.9(5)
119.9 (9)
120

120.1

121.0(9)
119.5

119.5

120.00(11)

120.0(6)
120.0(6)

126.6(1)

116.7(5)
116.7(5)

122.3 f6)
118.8

118.8

119.1(7)
120.4

120.5

119.8 (8)
120 .1

120.1

119.2 (7)
120.4

120.4

121.7 (6)
115.4 (7)
122.9(6)

119.5(7)

112.3 (6)
128.2(7)



XXXIII

C(19) -Cf20) -C(21)
C(19) -C(20) -H(20)

C(21) -C(20) -H(20)
C(20)#1-C(21) -C(20)

C(20)#1-C(21) -C(22)
C(20) -C(21) -C(22)

C(23)#1-C(22) -C(23)

C(23)#i-C(22) -C(21)
Cf23) -C(22) -C(21)

C(24) -C(23) -C(22)

C(24) -C(23) -H(23)

C(22) -C(23) -H(23)

C(23) -C(24) -C(25)
C(23) -Cf24) -H(24)
C (25) -C(24) -H(24)

C(24)#1-C(25)-C(24)

C(24)#1-C(25) -C(26)

C(24) -C(25) -C(26)

0(5) #1-C (26) -0(5)

0(5)#1-C(26) -C(25)

0(5) -C(26) -C(25)

0(3) -C (27) -0(3)1*1

0(3) —C (27) -C (28)

0(3)*1-C(27) -C(28)

C(27) -C(28) -H(28A)
C(27) -C(28) -E1(28B)

H(28A) -C (28) -H(283)
C(27) -C (28) -H(28C)

H(28A) -C (28) -Hf28C)

H(28B) -C(28) -Hf28C)

0(4) -C(29) -0(2)#1

0(4) —C(29) -C (30)

0(2)#1-Cf29) -C(30)
C (29) -C(30) -H(30A)

C(29) -C(30) -H(303)
H(30A)-Cf30)-H(303)

C(29) -C(30) -H(30C)
Hf3OA) -C(30) -H(30C)

Hf30B) -C(30) -H(30C)

0(6)#1-C(31) -0(8)

0(6)#1-C(31) -C(32)

0(8) -C (31) -C (32)

C(31) -C(32) -Hf32A)

C(31) -C(32) -H(32B)

H(32A) -C(32) -H (323)

C(31) -C(32) -H(32C)

H(32A) -C(32) -H(32C)

H(32B) -C(32) -H(32C)

0(7) -C(33) -0(7)1*1
0(7) -C(33) -C(34)
0(7) #1-C (33) -C (34)

C(33) -C(34) -Hf34A)
C (33) -C(34) -H(343)

H(34A) -C (34) -H(34B)

C(33) -C(34) -H(34C)

Hf34A) -C(34) -H(34C)
H(343) -C (34) -H(34C)

120.3 (7)
119.8

119.8
118.3 (9)
120.8(4)

120.8 f4)
117.6(9)

121.2 (5)
121.2 (5)
121.3 (8)
119.4

119.4

120.3 (8)
119.9

119.9

119.3(1)

120.4(5)
120.4 (5)

127.2(1)
116.4 (5)
116.4 (5)
125.4(1)
117.3 (5)
117.3 (5)
109.5
109.5

109.5
109.5

109 .5
109.5

126.4 f9)
116.6(1)

117.0(9)
109.4

109.5
109.5

109.4

109.5

109.5

127.50 (12)
114.20 (14)
118.20 (13)
110.4

109.2

109.5

108.9

109.5

109.5

128.10(15)
115.9 (8)
115.9 (8)
115.6

115.6

102.7

115.6

102 . 7
102.7

N (200) -C(200) -C(201)
C(200) -C(201) -Hf2OA)

C(200) -C(201) -H (203)

H(20A) -C(201) -H(203)

C(200) -C(201) -H(20C)
Hf2OA) -C(201) -H(20C)
H (203) -C(201) -H(20C)

C(200) -N (200) -RH2

C(210) -N (210) -RH1

N(210) -C(210)-C(211)

C(210) -C(211) -Hf21A)

C(210) -C(211) -H(213)

H(21A) -C(211) -H(213)
C(210) -C(211) -H(21C)

H(21A) -C(211) -H(21C)

H (213) -C (211) -H(21C)

Ff2) -P(i)-F(5)

Ff2) -P(1)-Ff6)

Ff5) -P(i)-Ff6)
Ff2) -P(1) -Ff4)

Ff5) -P(i) -Ff4)

Ff6) -PU) -Ff4)

Ff2) -P(1) -Ff1)

Ff5) -P(i)-F(1)

Ff6) -P(i)-F(1)

Ff4) -P(1)-Ffl)

Ff2) -PU) -Ff3)
Ff5) -PCi) —Ff3)

Ff6) -P(1) -Ff3)

Ff4) -P(i) -Ff3)

Ff1) -p(i) -Ff3)

C(301)#2-C(300) -C(301)

C(301)#2-C(300) -Cf303)

C(301) -Cf300) -C(303)

C(312) -C(301) -C(300)
C(301) -C(312) -C (322)

C(312)-C(322)-Cf322)#2

C(312) -C(322) -H (322)

C(322)#2-C(322)-H(322)

C(300) -C(303) -H(30D)

C(300) -C(303) -H(30E)

H(30D) -C(303) -H(30E)

C(300) -C(303) -H(30F)

H(300) -C(303) -H (30F)

H(30E) -C(303) -H(30F)

C(401)#3-C(400) -C(401)

C(401)#3-C(400) -C(404)

C(401) -C(400) -Cf404)

C(402) -C(401) -C(400)

Cf402) —Cf401) -H(401)

C(400) -Cf401) -H(401)

C(401) -C f402) -C(403)

C(401) -C f402) -H(402)

C(403) -Cf402) -H(402)

C(402)#3-C(403)-C(402)

C(402)#3-C(403) -H(403)
C (402) -C (403) -H(403)

179.50(11)
109.4

109.5
109.5

109.5

109.5

109.5

161.4(7)
166.6 (8)
177.60 (12)
110

109.9

109

110

109

109

92.1(4)

90.0(3)
177.5(3)

92.0(3)

91.5(4)
89.8(3)

178.3 (4)
89.1(3)

88.8(3)
89.3 (3)

90.4(4)

90.4(4)
88.2 (3)

176.9(3)

88.3 (3)
137 (3)

111.60(14)
111.60 f14)
125 f3)
124 (3)

132.80(15)
113 .7

113 .5

112 .6

112 .6

106.1

112 .6
106.1

106.1

115 (2)
122.70 (11)

122.70(11)
124 (2)
117.9

117 .7

116 (3)
121 . 8
122 .1

121 (3)

119.3
119.3



C(400)-C(404)-H(4oA) 113.6
Cf400) -C(404)-H(4o3) 113.6
H(40A)-Cf404)-H(403) 105

C(400)-C(404)-H(40C) 113.6
H(40A)-C(404)-Hf40c) 105
Hf403)-Cf404)-H(4oc) 105
Nf600)-C(600)-Cf601) 173(2)
C(600)-C(601)-H(60A) 109.5

C(600) -c(601) -H (60E) 109.5
H(60A)-Cf601)-H(60B) 109.5

c(600) -c(601) -H(GOC) 109.4
H(60A)-C(601)-H(EOC) 109.5

H(60E) -C(601) -H(60c) 109.5

XXXIV



C7t4c

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit ceil dimensions

Volume

z

Density (calculated)

Absorption coefficient

Ff000)

Crystal size

Theta range for data collection

C67 H77 F9 N6.50 05 Pl.50 Ru

1372.03

293 f2)K

1.54178 À

Monoclinic

C2 / c

a = 36.4372 (4)

b = 16.9548 (2) À
c = 26.0003(3) À

13933 . 5 f3 ) A3

8

1.309 g/cm3

-1
2.786 mm

5701

0.67 x 0.31 x 0.23 mm

2.80 to 72.99°

C26a

C27

023 t20 C21

08 Cl?
C61

C32

163
063

Table 1. Crystal data and structure refinement for III-4.

cL = 90°

13 = 119.8360f10)°

y = 90°

Index ranges -45h45, -21k20, -28?3l



xxxv’
Reflections collected 56953

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

13729 [Rint 0.036]

Semi-empirical f rom equivalents

0.6800 and 0.4200

Fuil-matrix least-squares on F2

13729 / 292 / 1038

Goodness-of-fit on F2 0.980

Final R indices [I>2sigma(I)J

R indices (ail data)

Largest dif f. peak and hole

R1 = 0.0544, wR = 0.1453

R1 = 0.0784, wR2 = 0.1560

1.105 and -0.441 e/Â3

Table 2. Atomic coordinates (x
;Q4)

and equivalent isotropic

displacement parameters (À2 i io) for III-4.

Ueq ±5 defined as one third of

Uij tensor.

the trace of the orthogonalized

0cc. X y z Ueq

Ru(l) 1 2013(1) 3632(1) 7729(1) 27(1)
N(1) 1 1760(1) 4519 (2) 8013(1) 26(1)
c(l) 1 1428(1) 4916 (2) 7559 (2) 28(1)
C(2) 1 1202(1) 5471(3) 7670(2) 32(1)
C(3) 1 1294(1) 5639(3) 8250(2) 35(1)
C(4) 1 1641 (1) 5256 (3) 8699 (2) 35(1)
C(5) 1 1863(1) 4715 (3) 8567 (2) 31(1)
c(6) 1 1334(1) 4690 (2) 6958 (2) 28(1)
N(2) 1 1583(1) 4095(2) 6963(1) 27(1)
Cf7) 1 1550(1) 3805 (2) 6457 (2) 29(1)
C(8) 1 1260(1) 4127 (3) 5917 (2) 33(1)
C(9) 1 990(1) 4731 (3) 5889 (2) 30(1)
CflO) 1 1032(1) 5008 (3) 6423 (2) 29(1)
c(11) 1 1846(1) 3148 (2) 6557 (2) 29(1)
N(3) 1 2098(1) 2943 (2) 7140(1) 29(1)

c(12) 1 2378(1) 2356 (3) 7257 (2) 36(1)
C(13) 1 2421(1) 1972(3) 6823(2) 39(1)
c(14) 1 2166(1) 2174(3) 6224(2) 36(1)
c(15) 1 1875(1) 2771 (3) 6107 (2) 33(1)
c(16) 1 664(1) 5048 (3) 5305 (2) 32(1)

C(l7) 1 532 (2) 4607 (3) 4791 (2) 42(1)
C(l8) 1 235(1) 4903(3) 4241(2) 44(1)
C(19) 1 59 (1) 5632 (3) 4199 (2) 39(1)
Cf20) 1 178(1) 6063 (3) 4705 (2) 40(1)
c(21) 1 481 (1) 5780 (3) 5255 (2) 36(1)
C(22) 1 -250(1) 5978 (4) 3609 (2) 46(1)



xxxv”
0(23) 1 -410(1) 6623(3) 3558(2) 59(1)
0(24) 1 -322(1) 5500 (2) 3165(1) 49(1)
C(25) 1 1015 (2) 6205(3) 8367 (2) 42(1)
C (26) 0.315 (9) 856 (7) 5762 (12) 8694 (9) 65 (7)
C(27) 0.315(9) 598(5) 6443(13) 7736(8) 62(7)
Cf28) 0.315(9) 1258(7) 6913(12) 8651(9) 60(6)
C(26A) 0.685(9) 560(2) 5929(5) 8045(4) 49(2)
c(27A) 0.685(9) 1067(3) 7034 (5) 8203 (5) 66(3)
C(28A) 0.685(9) 1150(3) 6227(5) 9050(3) 56(3)
C(29) 1 2227 (2) 1776 (3) 5745 (2) 42(1)
C(30) 1 2197 (2) 875(3) 5780(2) 46(1)
C(31) 1 2669 (2) 1998 (3) 5857 (3) 59(2)
C(32) 1 1902(2) 2050(3) 5123(2) 51(1)
N(4) 1 2540(1) 4299 (2) 7905(1) 30(1)
C(41) 1 2897(1) 4091(3) 8425 (2) 29(1)
C(42) 1 3274(1) 4479 (3) 8622 (2) 35(1)
C(43) 1 3313(1) 5100(3) 8304(2) 39(1)
C(44) 1 2952(2) 5275(3) 7766(2) 43(1)
C(45) 1 2583 (2) 4873 (3) 7584 (2) 38(1)
C(46) 1 2845(1) 3422 (2) 8745(2) 25(1)

N(5) 1 2446(1) 3141 (2) 8480 f1) 25(1)

C(47) 1 2342(1) 2510 (2) 8698 (2) 26(1)
C(48) 1 2650(1) 2137 (2) 9210 (2) 26(1)

Cf49) 1 3064(1) 2427 (2) 9496 (2) 25(1)

C(50) 1 3158(1) 3074(2) 9253(2) 27(1)
C(51) 1 1889(1) 2308 (2) 8349 (2) 27(1)

N(6) 1 1657(1) 2791 (2) 7867 f1) 29(1)
C(52) 1 1237(1) 2685(3) 7566(2) 34(1)

C(53) 1 1033 (1) 2119 (3) 7720 (2) 36(1)
C(54) 1 1261(1) 1610(3) 8194(2) 32(1)
C(55) 1 1701(1) 1724(3) 8504(2) 31(1)
Cf56) 1 3395(1) 2090 (2) 10063 (2) 26(1)
C(57) 1 3297(1) 1842 (2) 10490 (2) 28(1)
C(58) 1 3613(1) 1614 (2) 11043 (2) 29(1)
C(59) 1 4036(1) 1633 (2) 11189 (2) 26(1)
C(60) 1 4134(1) 1852 (3) 10758 (2) 32(1)
C(61) 1 3817(1) 2072(3) 10199(2) 33(1)
C(62) 1 4368(1) 1441(2) 11811 (2) 28(1)

0(63) 1 4737(1) 1691(2) 11970(1) 40(1)

0(64) 1 4258(1) 1083(2) 12125(1) 43(1)
C(65) 1 3735(2) 5522(3) 8539(3) 54(2)
C(66) 0.279(10)3876 (7) 5236 (12) 8020 f10) 64 (7)
C(67) 0.279 (10)4085 (6) 5223 (14) 9105(11) 69 (8)
C(68) 0.279(10)3690 (9) 6351 (16) 8498 (14) 67 (7)

C(66B) 0.721 (10)4059 (3) 4976 (5) 8577 f5) 65(3)
C(67B) 0.721(10)3876(2) 5827(5) 9190(3) 56(2)

C(683) 0.721(10)3692(3) 6259(5) 8190(4) 52(2)

C(71A) 1 1062(1) 966(3) 8385(2) 41(1)
C(72A) 1 1220(2) 986(4) 9041(2) 69(2)
C(73A) 1 1162(2) 171(3) 8217(4) 98(3)
Cf74A) 1 589(2) 1072(4) 8065(3) 92(3)
C(91) 0.50 4441(2) 3809(4) 10091(3) 280(30)
C(92) 0.50 4834 (5) 3298(11) 10369(9) 109 (6)
C(93) 0.50 5091(8) 3240(20) 11041(10) 168(12)

0(94) 0.50 5100(4) 3540(9) 10152(7) 146(6)
C(95) 0.50 4992(9) 3395 (15) 9530 (10) 172 (10)
C(96) 0.50 5122(7) 4020 (15) 9211 (12) 200(12)
C(97) 0.50 5197(10) 2624(16) 9468(14) 226(14)
C (101) 0.50 4885 (5) 3448 (12) 11005 (7) 92 (6)
C(102) 0.50 4529(3) 3670(8) 10420(6) 60(3)
N(103) 0.50 4244 (4) 3799 (7) 9986 (5) 79 (4)
C(111) 0.50 4723 (5) 2927 (10) 9217(7) 96(5)



xxxv”

Table 3. Hydrogen coordinates (x i0) and isotropic dispiacement

parameters (Â2 x ion) for

C (112) 0.50 4535(4) 2707(9) 8581 (6) 75(4)
C(113) 0.50 4844(6) 2266(12) 8471(9) 140(8)
0(114) 0.50 4189 (5) 2186 (7) 8445(8) 68 (4)
C(115) 0.50 3800 (12) 2580 (20) 8388 (16) 205 (15)
C(116) 0.50 3504(6) 1853(13) 8388(9) 72(5)
C(117) 0.50 3545 (6) 2945(10) 7765 (6) 86 f5)
Pfl) 0.60 2665(3) 9742(3) 9321(3) 71(3)
Ff11) 0.60 3068(3) 9236(5) 9775(4) 110(3)
Ff12) 0.60 2975(4) 10245(9) 9208(6) 177(7)
Ff13) 0.60 2734(3) 10278(5) 9849(4) 98(3)
Ff14) 0.60 2374(4) 9173(6) 9418(5) 129(4)
Ff15) 0.60 2554 (4) 9163 (6) 8773 f4) 116(4)
Ff16) 0.60 2297 f3) 10290(7) 8881 (5) 99(4)
Pfll) 0.40 2603(4) 9762(6) 9272(5) 71(4)
Ff111) 0.40 2788 f4) 9138(6) 9791(5) 90(4)
Ff112) 0.40 3017 (3) 10323 f7) 9503 (6) 89(4)
Ff113) 0.40 2484(5) 10335(7) 9652(6) 94(4)
Ff114) 0.40 2176(4) 9338 f9) 9079(7) 142 f7)
Ff115) 0.40 2764 f4) 9330 f9) 8889(6) 82 f4)
Ff116) 0.40 2374 (5) 10369 f9) 8752 f6) 73 f4)
Pf2) 0.50 3750 f1) 2410 f3) 8316(2) 52 f1)
Ff21) 0.50 3937(3) 2817(6) 8937(4) 119(3)
Ff22) 0.50 3587 f6) 1772(11) 8608 f7) 156 f7)
Ff23) 0.50 3333f2) 2899(5) 8109(4) 91(3)
Ff24) 0.50 3929 f4) 3036 f6) 8077 f6) 121 f4)
Ff25) 0 .50 4151 f4) 1864 f6) 8508 f6) 71 f3)
Ff26) 0.50 3524f3) 1935(6) 7721(4) 126(4)

III-4.

0cc. x y Z Ueq

Hf2) 1 983 5740 7354 39
Hf4) 1 1725 5366 9093 42
Hf5) 1 2097 4473 8878 38
Hf8) 1 1244 3940 5571 39
HflO) 1 856 5408 6419 34
Hf12) 1 2551 2203 7649 43
Hf13) 1 2621 1574 6928 47
Hf15) 1 1695 2921 5716 40
Hf17) 1 644 4106 4816 50
Hf18) 1 154 4606 3901 53
Hf20) 1 54 6552 4679 48
Hf21) 1 561 6083 5593 43
Hf24) 1 -477 5720 2849 73
Hf26A) 0.315f9) 692 6104 8797 97
Hf26B) 0.315(9) 1090 5553 9049 97
Hf26C) 0.315(9) 681 5337 8453 97
Hf27A) 0.315f9) 503 5991 7480 93
Hf27B) 0.315f9) 671 6858 7551 93
Hf27C) 0.315f9) 377 6620 7806 93
Hf28A) 0.315(9) 1080 7287 8702 90
Hf28B) 0.315(9) 1360 7140 8407 90
Hf28C) 0.315(9) 1493 6779 9031 90
Hf26D) 0.685(9) 542 5417 8188 73
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H(26E) 0.685(9) 462 5901 7627 73
H(26F) 0.685(9) 388 6295 8114 73
H(27D) 0.685(9) 889 7385 8272 98

H(27E) 0.685(9) 988 7051 7792 98
H(27F) 0.685(9) 1357 7194 8441 98
H(28D) 0.685(9) 1438 6404 9277 83
H(28E) 0.685(9) 1126 5708 9177 83
Hf28F) 0.685(9) 969 6583 9108 83
H(30A) 1 2386 703 6178 69
H(303) 1 2274 629 5515 69
Hf30C) 1 1912 732 5670 69
H(31A) 1 2684 2558 5818 88
H(31B) 1 2721 1736 5573 88
H(31C) 1 2877 1838 6250 88
H(32A) 1 1623 1924 5048 77
H(32B) 1 1953 1789 4837 77
H(32C) 1 1926 2610 5094 77
H(42) 1 3508 4323 8976 42
H(44) 1 2963 5672 7526 52

Hf45) 1 2350 5003 7221 45

Hf48) 1 2580 1699 9360 31
H(50) 1 3433 3272 9434 32

1-1(52) 1 1074 3006 7240 41
H(53) 1 740 2079 7503 44

H(55) 1 1869 1395 8821 37

H(57) 1 3016 1829 10401 33
H(58) 1 3544 1445 11323 35

H(60) 1 4414 1851 10846 38

H(61) 1 3886 2209 9911 39

H(63) 1 5000 1670(40) 12500 60

H(66A) 0.279(10)4164 5388 8155 96
H(66B) 0.279(10)3693 5488 7648 96
H(66C) 0.279(10)3850 4674 7970 96
Hf67A) 0.279(10)4335 5528 9215 103
H(67B) 0.279(10)4138 4680 9059 103

H(67C) 0.279(10)4009 5267 9408 103

H(68A) 0.279(10)3962 6589 8628 100
H(68B) 0.279(10)3579 6529 8744 100

H(68C) 0.279(10)3500 6497 8093 100

H(66D) 0.721(10)4324 5249 8731 97
H(66E) 0.721(10)3977 4774 8190 97

H(66F) 0.721(10)4089 4547 8836 97

Hf67D) 0.721(10)3901 5386 9437 83

H(67E) 0.721(10)3668 6188 9175 83
H(67F) 0.721(10)4144 6090 9351 83

H(68D) 0.721(10)3958 6533 8369 79
H(68E) 0.721(10)3479 6593 8188 79

H(68F) 0.721(10)3613 6119 7790 79

H(72A) 1 1068 606 9136 104

H(72B) 1 1176 1503 9151 104
H(72C) 1 1516 863 9253 104

H(73A) 1 997 101 7796 148

H(73B) 1 1096 -240 8412 148
Hf73C) 1 1458 147 8338 148
H(74A) 1 484 1091 7645 138

1-1(743) 1 521 1555 8191 138
H(74C) 1 462 637 8154 138

H(91A) 0.50 4569 4304 10268 420
H(91B) 0.50 4197 3723 10133 420

H(91C) 0.50 4357 3817 9678 420
H(92) 0.50 4741 2762 10220 131
H(93A) 0.50 5353 2971 11155 252



XL
Hf93B) 0.50 4933 2942 11183 252
Hf93C) 0.50 5148 3755 11211 252
Hf95) 0.50 4685 3330 9295 206
H(96A) 0.50 4885 4357 8974 299
H(96B) 0.50 5208 3757 8961 299
H(96C) 0.50 5353 4330 9501 299
H(97A) 0.50 5061 2177 9528 339
H(97B) 0.50 5493 2619 9759 339
H(97C) 0.50 5164 2598 9078 339
Hf1OA) 0_50 4781 3141 11216 138
14(103) 0_50 5019 3917 11228 138
1I(10c) 0.50 5086 3143 10954 138

H(11A) 0.50 4522 3229 9271 145
Hf11B) 0.50 4973 3237 9336 145
H(11C) 0.50 4795 2458 9454 145
H(112) 0.50 4435 3178 8331 89
H(11D) 0.50 4719 2154 8055 211
14(11E) 0.50 4919 1780 8689 211

H(11F) 0.50 5094 2580 8597 211

H(115) 0.50 3866 2959 8705 246

H(11G) 0.50 3654 1563 8752 108
H(11H) 0.50 3437 1509 8059 108
H(11I) 0.50 3248 2062 8352 108

H(11J) 0.50 3710 3352 7720 129
14(11K) 0.50 3288 3167 7717 129
H(11L) 0.50 3479 2545 7470 129

3Table 4. Anisotropic parameters (A x 10 ) for III-4.

The anisotropic dispiacement factor exponent takes the form:

-2 7t2 [ h2 a*2 U11 + . . . + 2 h k a* b* U12 J

Uli U22 U33 U23 U13 U12

Ru(1) 20(1) 33(1) 16(1) 8(1) 1(1) 6(1)
N(1) 20 (2) 33 (2) 19 (2) 4(1) 5(1) 1 (1)
C(1) 23(2) 35(2) 18(2) 6(2) 5(2) 0(2)
C(2) 22(2) 39(2) 31(2) 9(2) 10(2) 3(2)
cf3) 31 (2) 38 (3) 37 (2) -5 (2) 18 (2) -6 (2)
C(4) 30 (2) 46 (3) 25 (2) -4 (2) 9 (2) -8 (2)
c(5) 23(2) 42(2) 17(2) 4(2) 1(2) -7(2)
c(6) 22(2) 30(2) 26(2) 6(2) 7(2) 3(2)
N(2) 24(2) 32(2) 17(2) 7(1) 3(1) 6(1)
c(7) 27(2) 33(2) 19(2) 7(2) 5(2) 6(2)
Cf8) 32(2) 38(2) 17(2) 5(2) 4(2) 5(2)
C(9) 24 (2) 35 (2) 20 (2) 10 (2) 2 (2) 5 (2)
C (10) 22 (2) 34 (2) 23 (2) 8 (2) 6 (2) 5 (2)
C (11) 23 (2) 29 (2) 24 (2) 7 (2) 5 (2) 5 (2)
N(3) 24(2) 32(2) 22(2) 8(1) 4(1) 5(1)
C(12) 27(2) 42(3) 31(2) 17(2) 9(2) 11(2)
C(13) 32(2) 41(3) 41(3) 16(2) 16(2) 16(2)
Cf14) 36(2) 33(2) 38(2) 9(2) 19(2) 6(2)
C(15) 32(2) 33 (2) 28(2) 10(2) 10(2) 7(2)
C(16) 22(2) 43(3) 21(2) 12(2) 2(2) 6(2)



XLI
C(17) 36(3) 46(3) 27(2) 9(2) 4(2) 10(2)
Cf18) 34(3) 61(3) 23(2) 12(2) 3(2) 2(2)
C(19) 19(2) 61(3) 26(2) 21(2) 4(2) 7(2)
C(20) 28(2) 52(3) 32(2) 18(2) 9(2) 14(2)
C(21) 28(2) 46(3) 25(2) 13(2) 7(2) 11(2)
C (22) 19 (2) 76 (4) 28 (2) 26 (3) 2 (2) 5 (2)
0(23) 36(2) 95(3) 32(2) 32(2) 7(2) 34(2)
0(24) 32 (2) 69 (2) 21 (2) 22 (2) -5(1) -4 (2)
C(25) 33(3) 52(3) 44(3) -8(2) 21(2) 2(2)
C(26) 84(16) 73(14) 71(14) 3(11) 66(13) 13(11)
C(27) 35 (9) 107 (18) 38 (10) -18 (10) 14 (8) 11 (10)
C(28) 68(14) 61(13) 46(11) -21(10) 26 (10) -4(10)
C(26A) 31(4) 73(6) 40(4) -14(4) 16(3) 1(4)
C(27A) 71(7) 47 (5) 105 (9) -6 (5) 64 (7) 10 (5)
C(28A) 39 (4) 81 (7) 43 (4) -23 (4) 17 (4) 0 (4)
C(29) 51(3) 43(3) 41(3) 13(2) 29(2) 15(2)
Cf30) 58(3) 43(3) 49(3) 8(2) 35(3) 13(2)
C(31) 67(4) 55(3) 77(4) 11(3) 52(4) 10(3)

Cf32) 78(4) 48(3) 38(3) 8(2) 36(3) 18(3)
N(4) 26(2) 36(2) 23(2) 9(1) 8(1) 7(2)
Cf41) 28 (2) 35 (2) 23 (2) 8 (2) 11 (2) 6 (2)
Cf42) 27 (2) 38 (2) 34 (2) 10 (2) 11 (2) 5 (2)
C(43) 34(2) 36(3) 48(3) 14(2) 20(2) 3 (2)
C (44) 46(3) 40(3) 46(3) 20(2) 24(2) 9(2)
C(45) 40(3) 41(3) 29(2) 17(2) 14(2) 11(2)
C (46) 22 (2) 28 (2) 21 (2) 2 (2) 7 (2) 2 (2)
N(5) 18(2) 33(2) 15(2) 7(1) 3(1) 5(1)
C(47) 19(2) 30(2) 19(2) 3(2) 4(2) 4(2)
C(48) 19(2) 33(2) 19(2) 4(2) 5(2) 2(2)
C(49) 19(2) 34(2) 16(2) 5(2) 5(2) 6(2)
C(50) 15(2) 36(2) 22(2) 3(2) 4(2) -1(2)
C(51) 18(2) 31(2) 21(2) 3(2) 1(2) 3(2)
N(6) 19(2) 34(2) 22(2) 7(1) 2(1) 2(1)
C(52) 20(2) 42(3) 21(2) 1(2) -3(2) 6(2)
C(53) 17(2) 46(3) 29(2) -4(2) -1(2) 0(2)
C(54) 23(2) 33(2) 31(2) -1(2) 6(2) -1(2)
C(55) 21(2) 32(2) 26(2) 3(2) 3(2) 3(2)
C(56) 18(2) 32(2) 17(2) 5(2) 2(2) 2(2)
C(57) 15(2) 37(2) 22(2) 7(2) 3(2) -2(2)

C(58) 22(2) 38(2) 18(2) 6(2) 4(2) -4(2)
C(59) 17 (2) 26 (2) 20 (2) 3 (2) -1 (2) 3 (2)
C(60) 16(2) 46(3) 27(2) 8(2) 6(2) 7(2)
C(61) 20(2) 50(3) 24(2) 10(2) 8(2) 7(2)

C(62) 19(2) 30(2) 20(2) 1(2) 0(2) 4(2)

0(63) 18(2) 61(2) 26(2) 6(1) -1(1) 0(1)
0(64) 28(2) 60(2) 23(2) 18(2) -1(1) 0(2)
C(65) 38(3) 46(3) 73(4) 28(3) 23(3) 1(2)
C(66) 57(14) 52(13) 86(17) 26(12) 39(13) 5(10)
C(67) 41(12) 66(16) 84(18) 18(13) 20(12) -18(11)
C(68) 68(16) 63(15) 80(20) 8(16) 44(16) 7(12)
C(663) 47(5) 53(5) 107(8) 27(5) 48(5) 8(4)
C(673) 42(4) 56(5) 59(5) 5(4) 18(4) -19(4)
C(68B) 40 (4) 48 (5) 68 (6) 22 (5) 26(5) -3 (3)
C(71A) 25(2) 36(3) 50(3) -1(2) 10(2) -4(2)
C(72A) 64(4) 83(5) 62(4) 2(3) 32(3) -32(4)
C(73A) 106(6) 44 (4) 179(9) -40(5) 97(6) -33 (4)
C(74A) 32(3) 94(5) 128(7) 43(5) 23(4) -9(3)
C(91) 250 (30) 290(30) 290(30) 50 (20) 130 (20) 40 (20)
C(92) 77(10) 125(13) 135(14) 24(11) 59(10) -2(9)
C(93) 150 (20) 200 (20) 157 (19) 46 (16) 84 (16) -3 (16)
0(94) 102(9) 187(13) 166(13) 33(10) 79(9) -7(8)
C(95) 153 (18) 210 (20) 133 (17) -26 (16) 58 (14) -14 (16)



XLII

Ru fi) -Nf5)

Ru fi) -N(2)
Rufi) -N(3)
Rufi) -N(4)

Ru(1) -N(6)
Ru(1) -N(1)

N(1) -C(5)

Nf1) -c(1)

Cfl) -C(2)

cfl) -c(6)

c(2) -c(3)

c(2) -H(2)

Cf3) -C(4)

C(3) -C(25)

c(4) -c(5)

Cf4) -H(4)

cf5) -H(5)

cf6) -N(2)

c(6) -Cf10)

N(2) -C(7)

cf7) -c(8)
C(7) -C(11)

1.982 (3)
1.984 (3)
2.069 (4)
2.074 (4)
2.075(3)

2.083 (3)

1.335(5)
1.374(5)

1.373 (6)
1.475(5)

1.402 (6)
0.93
1.383 (6)
1.535(6)

1.376(6)

0.93

0.93
1.351 (5)
1.383 (5)
1.353 (5)
1.382 (5)
1.481(6)

C(8)-c(9)

c(8) -H(8)

C(9)-C(10)

C(9) -cf16)

c(10) -H(10)

c(11) -Nf3)
C (11) -C(15)
N(3) -C(12)

C(12) -C(13)
C(12) -H(12)
C(13) -C(14)

C(13) -H (13)
C (14) -C(15)
C (14) -C(29)

C(15) -H(15)

C(16) -C(21)

C(16) -C(17)

C(17) -C(18)

C(17) -H(17)

C(18) -C(19)

C(18) -H(18)

C(19) -C(20)

C(19) -C (22)

1.396(6)

0.93

1.400(6)

1.488 (5)
o . 93

1.369 (5)
1.382 (6)
1.347 (5)

1.376(6)
0 .93

1.401 (6)
0.93

1.384(6)

1.530(6)

0.93

1.384 f6)
1.391(6)

1.389(6)

0.93

1.371(7)

0.93
1.374 (7)
1.497 (5)

C(96) 128 (16) 230 (20) 230 (20) 66 (17) 84 (15) -34 (15)
C(97) 220 (20) 200 (20) 250 (20) -21 (17) 106 (17) 37 (17)
C(101) 66(10) 92(12) 81(11) -7(8) 9 (8) -7(9)
C(102) 30 (5) 72 (8) 70 (8) -20 (7) 20 (5) -5 f5)
Nf103) 67(7) 86(8) 86(8) 19(7) 39(7) -3 (6)
Cf111) 93(11) 82(10) 87(10) -18(8) 24(8) -33(9)
C(112) 66 (8) 80(9) 58 (7) -16(7) 17(6) -7(7)
C(113) 86 f11) 181 (16) 141(14) -72(12) 46(10) 10(11)
0(114) 60(6) 54(7) 93 (9) -21(7) 40(6) -1(6)
C (115) 220 (20) 220 (20) 210 (20) -10 (18) 127 (19) 36 (18)
Cf116) 48(8) 91(11) 67(9) 8(8) 22(7) 3(7)
Cf117) 84(10) 92(11) 67(9) 1(8) 27(8) 15(9)
P(1) 106(5) 35(3) 71(4) -8(2) 43 (3) 16(3)
Ff11) 110(6) 86(5) 90(5) -8(4) 16(5) 36(5)
F(12) 159 (9) 228(11) 194(11) 1 (8) 125 (8) 6 (7)
Ff13) 104(6) 63(4) 92(5) -33(4) 22(5) 16(4)
Ff14) 179(9) 96(6) 140(8) -7(6) 99(7) -44(6)
Ff15) 161 (9) 88 (6) 86(6) 6 (4) 50 (6) 61 (6)
Ff16) 82(5) 61(5) 130(8) 9(5) 35(5) 32(4)
Pfll) 81 (5) 70 (7) 67 (5) 28 (4) 41(4) 42 (4)
Ff111) 91 (7) 62 (6) 70 (6) 23 f5) 5 (6) 9 (6)
Ff112) 48(5) 71(6) 104(8) -8(6) 5(5) 8(5)
Ff113) 141(9) 78(7) 87(7) 5(6) 74(7) 16(7)
Ff114) 112 f9) 118 (9) 133 (10) 26 (8) 13 f7) -36 (7)
Ff115) 97(8) 78(7) 88(8) 3(6) 58(6) 34(6)
Ff116) 107 f9) 57 (7) 52 (5) -1 (4) 38 (6) 21 f6)
Pf2) 54(2) 58(2) 41(2) 3(1) 21(1) 22(2)
Ff21) 106 f6) 168 f8) 73 f5) -35 f5) 38 (5) 26 f6)
Ff22) 173(11) 172(11) 174(12) 13(8) 124(9) 21(8)
Ff23) 71 (5) 97 f6) 93 (5) -27 f4) 31 (4) 22 f4)
Ff24) 120(7) 102(7) 162(8) 44(6) 86(6) 26(6)
Ff25) 66(6) 68(7) 61(5) 2(5) 19(4) 11(5)
Ff26) 90 f6) 135 f7) 118 (7) -52 f6) 25(5) 43 f5)

Table 5. Bond lenqths [Â] and anqies [0] for III-4.



XLIII

C(20) -C(21)
C(20) -H (20)
C(21) -H (21)
C(22) -O (23)
C (22) -0(24)
0(24) -H (24)
C(25) -C(26)

C(25) -C (28)
C(25) -Cf27a)
C(25) -C(26a)
C (25) -Cf28a)
C(25) -C(27)

C(26) -H(26a)

C(26) -H(26b)

C(26) -H(26c)
C(27) -H(27a)
C(27) -H(27b)
C(27) -H(27c)
C(28) -H(28a)

C(28) -H(28b)
C (28) -H(28c)
C(26a) -H(26d)
Cf26a) -H(26e)
C(26a) -H(26f)
C (27a) -H (27d)
C(27a) -H(27e)
C(27a) -H(27f)
C(28a) -H(28d)
C(28a) -H(28e)
C(28a) -H(28f)
C(29) -C (32)
C(29) -C(31)

C(29) —C (30)
C (30) —H(30a)

C (30) -H(30b)
C (30) -H(30c)
C (31) -H(31a)
C(31) -H(31b)
C(31) -H(31c)

C(32) -H(32a)

C (32) -H(32b)
C(32) -H(32c)

N(4) -C(45)
Nf4) -C(41)

C(41) -C(42)
C(41) -C(46)
C(42) -C(43)
C(42) -H(42)
C (43) -C(44)

C(43) -C(65)
C(44) -C(45)
C (44) -H(44)
C(45) -H(45)
C(46) -Nf5)
C(46) -C(50)
Nf5) -Cf47)

C(47) -C(48)

1.387(5)

0 . 93
0 . 93
1.215(7)

1.327 (6)
0.82
1.452(17)

1.456(19)
1.508 (10)
1.511(8)
1.588(9)
1.638 (18)
0.96
0.96

0.96
0.96
0.96
0.96
0.96

0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96

0.96
0.96
0.96
1.525(6)

1.532(7)
1.536(7)

0.96

0.96
0.96
0.96
0.96
0.96

0.96

0.96
0.96

1.339(5)
1.376(5)
1.372 (6)
1.474 (5)
1.389 (6)
0 .93
1.395(6)

1.521(7)
1.367 (6)
0.93
0.93
1.347 (5)
1.377 (5)
1.352 (5)
1.395(5)

C(47) -C (51)
C(48) -C(49)
C(48) -H (48)
C(49) -C(50)
C(49) -C(56)
C(50) -H(50)
C(51) -C(55)

C(51) -N(6)

N(6) -C(52)
C(52) -C(53)
C(52) -H(52)

C(53) -C(54)

C(53) -H(53)
C (54) -C(55)
C(54) -C(71a)
C(55) -H(55)
C(56) -C(57)
C (56) -C(61)
C(57) -C(58)
C(57) -H(57)
C(58) -C(59)
C(58) -H(58)

C(59) -C(60)
C(59) -C(62)
C(60) -C(61)
C(60) -H(60)

C (61) -H(61)
C(62) -0(64)

C(62) -0(63)
0(63) -H(63)
C(65) -C(68)
C(65) -C(66b)

C(65) -C(67)

C(65) -Cf68li)

C(65) -C(67b)

C(65) -C(66)
C(66) -H(66a)
C(66) -H(66b)
C(66) -H(66c)
C (67) -H(67a)

C(67) -H(67b)
C (67) -H(67c)
C(68) -H(68a)
C(68) -H(68b)

C(68) -H(68c)

C(66b) -H(66d)
C(66b) -H(66e)

C(66b) -Hf66t)
C(67b) -H(67d)

C(67b) -H(67e)
Cf67b) -H(67f)
C(68b) -H(68d)
C(68b) -H(68e)
C(68b) -H(68f)
C(71a) -C(72a)

C(71a) -C(74a)

C(71a) -C(73a)

1.473 (5)

1.399(5)
0.93
1.392(5)

1.479 (5)
o . 93
1.374 (6)
1.379 (5)
1.341(5)
1.388 (6)
0.93

1.391(6)
0.93
1.404 (6)
1.522 (6)
o . 93
1.391 (5)
1.397 (5)
1.377 (5)
o . 93
1.390 (5)
0.93
1.383 (6)
1.498 (5)
1.384 (5)
o . 93

o . 93
1.233 (5)
1.267 (5)
1.226 (4)
1.41 (3)
1.464 (9)

1.48(2)
1.506(9)

1.591 (10)
1.74 (2)
0.96
0.96
0.96

0.96
0.96

0.96

0.96
0.96
0.96
0.96
0.96
0.96
0.96

0.96
0.96
0.96
0.96
0.96

1.504 (7)

1.505 (6)
1.517(7)



XLIV

C(72a) -H(72a)

C(72a) -H (725)
C(72a) -H(72c)
C(73a) -Hf73a)

C(73a) -H(73b)
C(73a) -H(73c)

Cf74a) -H(74a)
C(74a) -Hf74b)
C(74a) -Hf74c)
C(91) -C(92)

C(91) -Hf9la)

C(91) -Hf91b)
C(91) -H(91c)
C f92) -0(94)
C (92) -C(93)
C (92) -H(92)

C(93) -H(93a)

C(93) -H(93b)

C(93) -H(93c)
0(94) -Cf95)

C(95) -C(97)
C(95) -C(96)
C (95) -H(95)

C(96) -Hf96a)

C(96) -H(96b)

C (96) -Hf96c)

C(97) -H(97a)
C(97) -Hf97b)
C (97) -Hf97c)

C(101) -C (102)
C (101) -HflOa)
C (101) -H(lOb)

C (101) -HflOc)

C(102) -Nf103)
C (102) -Hf9la)

C(102) -H (915)

N(103) -Hf9la)
N (103) -H(91b)
N (103) -Hf9lc)
C (111) -C (112)
C (111) -H fila)
C (111) -Hfllb)

C (111) -H flic)
C (112) -0(114)

C (112) -C (113)

Cf112) -Hf112)

C (113) -H(lld)

C(113) -H file)

C(113) -H (11f)

0(114) -C (115)
C (115) -C (117)

C(115) -C(116)
C (115) -H (115)

C (116) -H(llg)

C(116) -H (11h)
C(116) -H (iii)
C (117) -Hfllj)

0.96

0.96
0.96
0.96

0.96
0.96

0.96
0.96
0.96
1.514 (15)
0.96

0.96
0. 9598

1.404(14)

1.522(19)
0.98
0.96

0.96
0.96
1.481(17)

1.554 (19)
1.558 (19)

0.98

0.96

0.96

0.96

0.96

0.96
0.96

1.475(14)
0.96
0.96
0.96

1.112(14)
1.1782
1.0639
1.3455

0.5076
1 . 0694

1.488 (18)
0.96
0.96

0.96

1.430(18)
1.494 (19)

0.98

0.96

0.96

0.96

1.50(4)
1.54 f4)
1.63 f4)
0.98
0.96

0.96
0.96
0.96

C (117) -H (11k)

C(117) -H (iii)
P(1) -Ff14)
P(l)-F(12)

P(l) -Ff13)
P(1) -F(16)

Pfl)-F(1l)

P(1)-Ff15)

P(11) -Ff114)

P(11) -Ff115)

P(11) —Ff116)

P(11) -Ff111)
P (11) -Ff113)
Pf11) -Ff112)

Pf2) -F(24)

Pf2) -Ff26)

P(2) -Ff21)

P(2) -Ff23)
Pf2) -Ff25)
Pf2) -Ff22)

Nf5) -RU1-N(2)

Nf5) -RU1-Nf3)

Nf2) -RU1-Nf3)

Nf5) -RU1-Nf4)

Nf2) -RU1-Nf4)
Nf3) -RU1-Nf4)
Nf5) -RU1-Nf6)
Nf2) -RU1-Nf6)

N(3) -RU1-Nf6)

Nf4) -RU1-N(6)

Nf5) -RU1-Nf 1)

N(2) -RU1-Nfl)
Nf3) -RU1-Nf1)

Nf4) -RU1-N(1)
Nf6) -RU1-N(1)

Cf5) -Nfl) -C(1)

Cf5) -N fi) -ROi

C(1) -N fi) -RU1

Cf2) -C fi) -N(1)
C(2) -C fi) -C(6)
N(1) -C fi) -C(6)
C(1) -C f2) -C(3)

Cf1) -Cf2) -H(2)

Cf3) -Cf2) -Hf2)
Cf4) -Cf3) -Cf2)

Cf4) -Cf3) -Cf25)

Cf2) -C (3) -Cf25)
Cf5) -Cf4) -Cf3)

Cf5) -C (4) -Hf4)

Cf3) -Cf4) -Hf4)

Nfl) -C (5) -Cf4)
Nfl) -C(5) -H f5)
Cf4) -Cf5) -Hf5)

N(2) -Cf6) -C(10)
Nf2) -Cf6) -C(1)
C (10) -C (6) -C fi)

0.96

0.96
1.543 f9)
1.555 f11)
1.559 f8)
1.562 f9)
1.600(9)
1.608 f9)
1.553 f13)
1.565 f12)
1.568 f12)
1.579 f12)
1.592 f12)
1.626 f12)
1.53 f1)
1.565(9)
1.568 f9)
1.572 f8)
1.586 f11)
1.596 f14)

178.08(14)

98.78 f13)

79.31 f13)

79.37 f13)
100.81 f13)

90.48 f14)
78.52 f13)

101.35(13)

94.40 (14)
157.83 f13)

103 .31 f13)
78.59 f13)

157.89 f12)

92.98(13)
90.59 f13)

117.4 f4)
128 . 7 f3)
113.8 f3)
121.2 f4)
123 .6 (4)
115.1 f4)

121.2 f4)
119.4

119.4

116.1(4)
122.9 f4)

120.9(4)

120.5(4)

119.8
119.8

123.4(4)
118.3

118 .3

119.7(4)
112.5 f3)
127.8 f4)



()801

f17)ii1
5601
S601

9601

5601

5601

5601

5601

5601

5601

9601
9601

5601
9601

5601

5601

9601

5601

9601

9601

5601

5601

9601

5601
5601
S”601

5601

5601

S601

5601

5601

5601

5601

5601

5601
5601

9601

(L)ILEI
(L)E601

(8)19

(6)80L

ft)0E601

(1)06501

(5)9111

(5)6501

(9)1’901

(6)069

(6)961’
(S)E011

f5)L601

(6)L801

(8)8901

(9)611
f1)ti6EI

(6)E19

(8)6017

(IE)D-(6)D-(E)D

f171)D-(6)D-(E)D

(8)H-(v8)D-(8)H
f8)H-(v8)D-(a8)H

fS8)H-(v8)D-(5)D

(8)H-(V8)D-fa8)H
fa8)H-fv8)D-(s)D

fa8)H-(v8)D-(S)D
(L)H-fVL)D-(L)H

f6L)H-fvL)D-(aL)H
(.L)H-(vL)D-(S)D

(L)H-fvL)D-(aL)H

(L)H-fVL)D-(S)D
(aL)H-fvL)D-fs)D

fs9)H-fv9)D-(a9)H

f9)H-fv9)D-(a9)H

(9)H-fV9)D-fs)D
f9)H-fV9)D-(Q9)H

f9)H-fv9)D-(5)D

fa9)H-fv9)D-(5)D

fD8)H-(8)D-fa8)H

fD8)H-(8)D-(v8)H

(D8)H-(8)D-(S)D

fa8)H-(8)D-fv8)H

fa8)H-(8)D-fs)D

Çv8)H-(8)D-fS)D
(DL)H-(L)D-(L)H

(DL)H-(L)D-fvL)H

(DL)H-(L)D-(5)D

(L)H-(L)D-fvL)H

fHL)H-(L)D-f5)D

(vL)H-(L)D-(5)D

(D9)H-(9)D-f9)H

(D9)H-(9)D-fv9)H

(D9)H-(9)D-fs)D

(9)H-(9)D-(v9)H
(9)H-(9)D-f5)D

(V9)H-f9)D-(S)D
(L)D-(5)D-(v8)D

fL)D-(5)D-fE)D
(L)D-f5)D-fV9)D
(L)D-f5)D-(vL)D
(L)D-(5)D-(8)D

(L)D-fS)D-(9)D
(v8)D-f5)D-fE)D

Çv8)D-fS)D-(V9)D
fv8)D-(S)D-(vL)D

fv8)D-fs)D-(8)D
fv8)D-f5)D-(9)D

fE)D-fS)D-(v9)D

(E)D-fS)D-(VL)D
(E)D-fS)D-f8)D

fE)D-fS)D-(9)D

(v9)D-f5)D-fvL)D
fv9)D-fs)D-f8)D

fv9)D-f9)D-(9)D
(vL)D-f5)D-f8)D

(6)

fr1)OL911
5601

fS)0-t1

(S)L

f17)E51
8611

8611

(17)1701

9611

9611

(s)601

(S)16ti

f5)E11

(17)E611

6611

6611

(5)oi
9611

9611

(5)601

(17)E01

f17)511

(17)811

611
611

(17)5ii
(li)801

f17)EE1
(17)8511

9611
9611

f17)8•01
5811

5811

f17)0E1

(E)E1711

fE)L81

f17)6911

(17)LE1

f)t’ii

(17)611
8611

8611

(17)170i

f17)0

(17)1o1

(17)8L11

8611
8611

(17)501

f17)891

(E)5£11

(17)L611
(E)17811

(E)L611

(E)611

fvL)D-fS)D-(9)D

f8)D-fS)D-(9)D
(17)H-f17)o-()D
(61)D-()D-(T)O
(61)D-f)D-(E)o
(17)O-f)D-(E)o

(1)H-f1)D-(0)D

(1)H-f1)D-(91)D

(0)D-f1)D-f91)D

(0)H-f0)D-(1)D

(0)H-(0)D-f61)D

f1)D-(0)D-f61)D
f)D-(61)D-f0)D

()D-(61)D-(81)D

for)D-(61)D-(81)D

f81)H-(81)D-fLI)D

(81)H-f81)D-(61)D

(L1)D-(81)D-(61)D
fLI)H-fLI)D-(91)D

(L1)H-(L1)D-(81)D

f91)D-(L1)D-(81)D
f6)D-(91)D-(L1)D

f6)D-(91)D-(1)D

fLI)D-(91)D-(1)D

fSl)H-(51)D-f171)D
(S1)H-fSI)D-fII)D
(171)D-fSI)D-fII)D

(6)D-f171)D-fE1)D

(6)D-(171)D-(51)D

(E1)D-(171)D-(S1)D

fE1)H-(E1)D-(171)D

fEI)H-(E1)D-f1)D

f171)D-(E1)D-(1)D

f1)H-(1)D-(E1)D

f1)H-f1)D-fE)N

fEI)D-(1)D-fE)N
1n-(E)N-(11)D

1ffl1-fE)N-(1)D
f11)D-fE)N-(1)D
(L)D-fII)D-(51)D

(L)D-fII)D-fE)N
(51)D-fII)D-(E)N

(01)H—fOI)D—f6)D

(01)H-foI)D-f9)D

(6)D-f01)D-f9)D

f91)D-f6)D-(01)D

f91)D-f6)D-(8)D

(01)D-(6)D-(8)D

f8)H-f8)D-(6)D

f8)H-(8)D-(L)D

f6)D-(8)D-fL)D
fII)D-(L)D-f8)D
(11)D-fL)D-f)N

(8)D-fL)D-()N
ma-f)N-(L)D

ma-()N-(9)D
fL)D-()N-f9)D

AJX
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C (14) -C (29) -C(31)

Cf32) -C(29) -C (30)
C(14) -C(29) -Cf30)
C(31) -C(29) -Cf30)
C(29) -C(30) -H(30A)
C (29) -C (30) -H(30B)
H(30A) -C(30) -Hf3OB)
C (29) -C(30) -Hf30C)
H(30A) -C(30) -H(30C)
H (303) -C (30) -H(30C)

C(29) -C (31) -H(31A)
C (29) -C(31) -H (313)
H(31A) -C(31) -H(313)
C (29) -C(31) -H(31C)
H(31A) -C (31) -H(31C)
H(313) -Cf31) -H(31C)

C(29) -C(32) -H(32A)
C(29) -C(32) -H(323)
H(32A) -C(32) -H(323)
C(29) -C(32) -Hf32C)

Hf32A) -C(32) -Hf32C)

H (323) -C (32) -Hf32C)
C (45) -Nf4) -C(41)

C(45) -Nf4) -RU1

C(41) -N(4) -RU1

C(42) -C(41) -N(4)

C(42) -C(41) -C(46)

Nf4) -C(41) -C(46)
C (41) -Cf42) -C(43)
C(41) -C(42) -Hf42)

Cf43) -C(42) -Hf42)

C(42) -Cf43) -C(44)
C(42) -Cf43) -C(65)
C(44) -C(43) -C(65)
C (45) -C(44) -C(43)
C(45) -Cf44) -H(44)

C(43) -C(44) -H(44)
N(4) -C(45) -C(44)
N(4) -C (45) -H(45)

C(44) -C(45) -H(45)

N(5) -C(46) -C(50)
N(5) -C (46) -C (41)
C(50) -C (46) -Cf41)
C(46) -N(5) -C (47)

C(46) -N(5) -RU1

C(47) -N(5) -RU1

N(5) -C(47) -C(48)
Nf5) -C (47) -C(51)
C(48) -C(47) -C(51)
C(47) -C(48) -Cf49)
C(47) -C(48) -H(48)
C(49) -C(48) -Hf48)

C(50) -C (49) -Cf48)
C(50) -C(49) -C(56)
C(48) -Cf49) -C(56)
C(46) -C(50) -C(49)
C(46) -C(50) -H(50)

107.6(4)

109.0(4)

110.2 (4)
109.5(4)

109.5
109.5
109.5
109.5
109.5

109.5

109.5
109.5

109.5

109.5

109.5
109 .5
109.5
109.5

109.5
109.5

109.5

109.5

116.9(4)

129.8 (3)
113.3(3)

121.7 (4)

123.0(4)

115.3 (4)
121.5 (4)
119.3
119.3
115.7 (4)
120.0(4)

124.3 (4)
121.0 (4)
119.5

119.5

123.2(4)
118 .4

118 .4

120.5(4)

113.1(3)

126.3 (4)
121.5 (3)

118 .9 (3)
119.6(3)

119.9(4)
112.8(3)

127.2(4)

119.4(4)
120.3

120.3

118.8 (3)
119.5 (3)
121.6(4)

119.9(4)

120

120

121.6(4)

123 .8 (4)
114.4(3)
117.2 (4)
128.4(3)
114.3 (3)
122.8 (4)
118 .6

118 .6
121.1 (4)
119.4
119.4

115.4 (4)
124.3 (4)
120.3 (4)
121.7 (4)

119.2

119.2
118 .8 (3)
120.4 (3)
120.7(4)

120.1(4)

119.9

119.9

121.2(4)
119.4

119.4
118 .7 (3)
122.5 (4)
118.7(4)

120.5(4)

119.7
119.7

120.5(4)
119.8

119 .8
126.2 (4)
117.9 (4)
115.9 (4)
117.60(14)

133.90(12)
115.30 (17)
56.50(11)
32.40 (11)

113.8(6)

131.6(9)

112.50(12)

110.4 (5)
116.0(8)
111.5(5)

73.80(13)
108.1(6)
52.40(11)

104.7 (6)
107.9(5)
106.70 (14)

C(49) -C(50) -H(50)
C(55) -C(51) -Nf6)

C(55) -C(51) -C(47)
N(6) -C(51) -C(47)
C(52) -N(6) -C(51)
Cf52) -N(6) -RU1

C(51) -N(6) -RU1

N(6) -C(52) -C(53)
N(E) -C(52) -H(52)

C(53) -C(52) -H(52)

C(52) -C(53) -C(54)
C(52) -C(53) -H(53)
C(54) -C(53) -H(53)
C(53) -C(54) -C(55)
C(53) -C(54) -C(71A)
C (55) -C(54) -C(71A)
C(51) -Cf55) -C(54)
C(51) -C(55) -H(55)

C(54) -C(55) -H(55)
C(57) -C(56) -C(61)
C(57) -C(56) -C(49)
C(61) -C(56) -C(49)

C(58) -C(57) -C(56)
Cf58) -C(57) -H(57)

C (56) -C (57) -H(57)
C (57) -C(58) -C(59)
C(57) -C(58) -H(58)
C(59) -C(58) -H(58)
C(60) -C(59) -C(58)
C(60) -C(59) -C(62)
C(58) -C(59) -C(62)
C(59) -C(60) -C(61)

C(59) -C(60) -H(60)
C(61) -Cf60) -H(60)

C(60) -C(61) -C(56)
C(60) -C(61) -H (61)
C(56) -C(61) -H(61)
0(64) -C(62) -0(63)
0(64) -C(62) -C(59)

0(63) -C(62) -C(59)
C(62) -0(63) -H(63)
C(68) -C(65) -C(66B)
C(68) -C(65) -C(67)
C(66B) -C(65) -C(67)

C(68) -C(65) -C(683)
C(663) -C (65) -C(683)
C (67) -C (65) -C(683)
C(68) -Cf65) -C(43)
C(663) -C(65) -Cf43)
C(67) -C(E5) -Cf43)
C(68B) -C(65) -C(43)
C(68) -C (65) -C(673)

C(663) -C (65) -C(67B)
C(67) -C(65) -C(67B)
C(683) -C(65) -C(673)
C (43) -C(65) -C(67B)
C(68) -C(65) -C(66)
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C(663) -C(65) -c(66)
C (67) -C(65) -c(66)
C(683) -C(65) -C(66)
c(43) -C(65) -C(66)
c(67B) -C (65) -c(66)
c(65) -c(66) -H(66A)
C (65) -C (66) -H (663)
H(66A) -c(66) -H(663)
c(65) -C(66) -H(66c)
H(66A) -c(66) -H(66c)
H(663) -C(66) -H(66c)
c(65) -c(67) -H(67A)

c(65) -c(67) -H(67B)
Hf67A) -C(67) -3(673)

C (65) -C (67) -H(67C)
H(67A) -Cf67) -H(67C)
H (673) -C(67) -H(67C)

c(65) -C(68) -H(68A)
C(65) -C (68) -H(68B)

H(68A) -C(68) -H(68B)

c(65) -C(68) -H(68C)
H(68A) -c(68) -H(68C)
H (683) -c(68) -H(68C)
c(65) -c(663) -H(66D)
C (65) -c(663) -H (66E)
H(660) -C(66B) -3(66E)

C(65) -C(66B) -H(66F)
H(66D) -C(663) -H(66F)

H(66E) -C(66B) -H(66F)

C(65) -c(673) -H(67D)

C(65) -C(673) -H(67E)
H (670) -c(67B) -H(67E)

C (65) -C(673) -H(67F)

H(670) -C(673) -H(67F)

3(67E) -cf67B) -H(67F)
C (65) -c(683) -H(68D)

C(65) -c(68B) -H(68E)
H(68D) -C(68B) -3(68E)

C(65) -C(68B) -H(68F)
3(680) -C(683) -H(68F)

H(68E) -C(68B) -H(68F)

Cf72A) -c(71A) -c(74A)

c(72A) -C(71A) -C(73A)

C(74A) -C(71A) -c(73A)

C(72A) -c(71A) -C(54)

c(74A) -c(71A) -c(54)
C(73A) -c(71A) -C(54)

C(71A) -C(72A) -H(72A)
c(71A) -C(72A) -H(72B)

H(72A) -C(72A) -H(723)

c(71A) -C(72A) -H(72C)

Hf72A) -C(72A) -H(72C)
H (723) -c(72A) -H(72C)

c(71A) -c(73A) -Hf73A)

c(71A) -C(73A) -H(73B)

H(73A) -C(73A) -3(733)

C(71A) -C(73A) -H(73C)

48.3 (8)

103 .60 (14)
75.2 (8)

100.8 (8)
148.7(9)
109.5

109.5
109.5
109.5

109.5
109.5

109.5

109.5

109.5

109.5

109 .5
109.5

109.5
109.5
109.5
109.5
109.5

109.5
109.5
109.5
109 .5

109.5
109.5

109.5

109.5
109.5

109 .5

109.5
109.5

109.5

109.5

109 .5
109.5

109.5
109.5
109.5

108.1(5)

109.6(5)

108.6(5)

112.2(4)
109.5 (4)
108.8 (4)

109.5
109.5

109.5

109.5
109.5

109.5
109.5

109.5

109.5

109.5

H(73A) -C(73A) -H(73C)

H(733) -Cf73A) -H(73C)
C(71A) -C(74A) -H(74A)
C(71A) -C(74A) -H(74B)
H(74A) -Cf74A) -3(743)
Cf71A) -C(74A) -H(74C)

H(74A) -c(74A) -H(74C)

H(74B) -C(74A) -H(74C)

c(92) -C(91) -H(91A)
c(92) -c(91) -H(913)

H(91A) -c(91) -HC91B)

C(92) -C(91) -H(91C)

H(91A) -C(91) -H(91C)

H(913) -C (91) -H(91C)

0(94) -c(92) -C(91)

0(94) -c(92) -c(93)

c(91) -C(92) -C(93)

0(94) -c(92) -H(92)

c(91) -c(92) -H (92)

C(93) -c(92) -3(92)

c(92) -C(93) —%(93A)

C (92) -C(93) -H(93B)

H(93A) -C(93) -H(93B)
c(92) -C(93) -H(93C)

H(93A) -c(93) -H(93C)
H(933) -C(93) -H(93C)

C(92) -0(94) -C(95)
0(94)-c (95)-c (97)

0(94) -C(95) -C(96)

C(97) -C(95) -C(96)

0(94) -C(95) -H(95)
C(97) -C(95) -H(95)

C(96) -c(95) -H(95)

C(95) -C(96) -H(96A)

c(95) -C(96) -3(963)
H(96A) -C(96) -H(96B)

C(95) -C(96) -H(96C)

H(96A) -c(96) -H(96C)

H(96B) -c(96) -H(96C)
c(95) -c(97) -H(97A)
C(95) -C(97) -H(973)

H(97A) -c(97) -H(97B)

C(95) -C(97) -H(97C)

H(97A) -C(97) -H(97C)

3(973) -C(97) -H(97C)
N(103) -C(102) -C(101)

N(103) -c(102) -H(91A)

C(101) -c(102) -H(91A)

N(103) -C(102) -H(913)

C(101) -c(102) -3(913)

%(91A) -C(102) -H(913)

c(102) -N(103) -H(91A)

C(102) -N(103) -H(913)

H(91A) -N(103) -H(913)

C(102) -N(103) -H(91c)

H(91A) -N(103) -H(91C)

H(913) -N(103) -H(91C)

109.5

109.5
109.5
109.5
109.5
109.5
109.5

109.5
98.9

124 .7
109.5
103 .9

109.5
109.5

108.60 (12)
109.30 (17)

118.80(17)
106.5
106.5
106.5
109.5
109.5
109.5
109.5

109.5
109.5

121.90(18)
112 (2)
119 (2)
103 (2)
107.5
107.5
107.5

109.5

109.5

109.5

109.5

109.5
109.5
109.5
109.5
109.5
109.5

109.5
109.5

174.90(16)
71. 9

112 .7

26.9

148.6

88.6
56.3

71.3
106.6

104.4

80.1

166.6
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C (112) -C (111) -H(11A)

C (112) -C(111) -H (113)

Hf11A) -Cf111) -Hf11B)
C (112) -C (111) -H(11C)
H filA) -C (111) -H(11C)
Hf11B) -C (111) -H fliC)
o (114) -C (112) -C(111)
o (114) -C(112) -C(113)
C (111) -C (112) -C (113)

o f114) -C (112) -H (112)

C (111) -C (112) -H(112)
Cf113) -C(112) -H(112)
Cf112) -C(113) -H(11D)
C (112) -C (113) -H (11E)

H(11D) -C(113) -H (11E)
C (112) -C(113) -H (11F)

HfllD) -Cf113) -Hf11F)

Hf11E) -Cf113) -H(11F)

C(112) -0(114) -C (115)

0(114) -Cf115) -Cf117)

0(114) -C(115) -Cf116)
C (117) -C (115) -C(116)
0(114) -Cf115) -H(115)

C(117) -C (115) -H (115)

C (116) -C (115) -3(115)
C (115) -C(116) -H(11G)
C(115) -C (116) -H(11H)

H(11G) -C(116) -H(11H)
C(115) -C (116) -H (111)

H(11G) -Cf116) -H(11I)
H (11H) -C (116) -H(11I)
C (115) -C(117) -Hf11J)

C(115) -C (117) -H (11K)

Hf11J) -C(117) -H(11K)
C (115) -C(117) -H(11L)
H(11J) -C (117) -H(11L)

Hf11K) -C(117) -H(11L)

Ff14) -P(1) -Ff12)

F(14) -P(1) -Ff13)

Ff12) -P fi) -Ff13)

Ff14) -P fi) -Ff16)

109.5

109.5

109.5
109.5

109.5
109.5

107.00 f13)
107.40 (13)
111.40 (14)
110.3

110.3
110.3

109.5
109.5
109.5
109.5
109.5

109.5

115.10 f19)
109 f2)
105 (2)
105 f3)
112 .5
112 .5

112 .5

109.5
109.5

109.5
109.5

109.5
109.5

109.5

109.5

109.5
109.5

109.5
109.5

174.5(8)

92.5(7)

91.9(7)

94.8(8)

F(12) -pfi) -Ff16)
Ff13) -P(1) -Ff16)
F(14) -P (1) -Ff11)
Ff12) -P(1) -F(11)

Ff13)-Pf1) -Ff11)
Ff16) -P (1) -Ff11)

Ff14) -Pfl) -Ff15)

Ff12) -P (1) -F fis)
Ff13) -P fi) -Ff15)
Ff16) -P fi) -Ff15)

Ff11) -P fi) -Ff15)

Ff114) -P fil) -Ff115)

Ff114) -P fil) -Ff116)
Ff115) -P fil) -F f116)

Ff114) -P (il) -Ff111)
Ff115) -P fil) -Ff111)
Ff116) -P fil) -Ff111)

Ff114) -P fil) -Ff113)

Ff115) -Pfll) -Ff113)

Ff116) -P fil) -Ff113)

Ff111) -P fil) -Ff113)

Ff114) -P fil) -Ff112)

Ff115) -P fil) -Ff112)

Ff116) -P (ii) -Ff112)

Ffill)-Pfii)-F f112)

Ff113) -P fil) -Ff112)

F f24) -P(2) -Ff26)

Ff24) -P f2) -Ff21)

Ff26) -P f2) -Ff21)

F(24)-P (2)-F f23)

Ff26) -P (2) -Ff23)

Ff21) -P (2) -Ff23)

Ff24) -P(2) -Ff25)
Ff26) -Ff2) -Ff25)

Ff21) -P (2) -Ff25)

Ff23)-Pf2) -Ff25)
Ff24) -Ff2) -Ff22)

Ff26) -P (2) -Ff22)

Ff21) -Ff2) -Ff22)

Ff23) -Pf2) -Ff22)

Ff25) -Ff2) -Ff22)

88.6(7)

90.1(6)
89.8 (7)
86.9 f8)
88.6(6)

175.3 (8)
82.7 f7)

93.1(8)

174.7(9)
88.2(7)

93.5(6)
102.10 (11)
90.4 f1)
88.2(9)
84 . 1 (8)
95.4(9)

174.00(12)
86.9 f1)

169.70(11)

86.6(8)
90.6(8)

170.80(11)
86.3 (9)
86.2(9)
98.8(1)

84 .4 f9)
94.4(7)

93.4(7)
172.0(7)

91.8(5)
89.5 f4)
88.3 f5)
91.2 (6)

87.7(6)

94.1(6)
176.1(6)
176.1(9)

89.2(8)

83.1(8)
89.8 (8)
87.5(8)
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Appendix 4: Supplementary information for chapter W.
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Table 1. Crystal data and structure refinement for IV-l.

Empirical formula C182 H162 34 F12 N16 P2 Ru2

Formula weight 3108.60

Temperature 220 (2)K

Wavelength 1.54178 Â

Crystal system Monoclinic

Space group P21

Unit ceil dimensions a = 18.6928(8) Â cL = 900

b = 22.4646(7) Â f3 = 94.336(3)°

c = 21.6484 (8) Â y = 900

Volume 9064.7f6)Â3

Z 2

Density (calculated) 1.139 Mg/m3



L

bsorption coefficient

F (000)

Crystal size

Theta range for data collection

Index ranges

Reflections coilected

Independent refiections

1Dsorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (ail data)

PâDsolute structure parameter

Largest dif f. peak and hoie

-1
2.033 mm

3224

0.54 x 0.48 x 0.20 mm

2.05 to 72.81°

-23h23, -27k27, -26?26

72843

33931 [Rint = 0.0271

Semi-empirical f rom equivalents

0.7400 and 0.5700

Fuil-matrix least-squares on F”2

33931 / 1344 / 1965

o . 874

R1 = 0.0707, wR2 = 0.1634

R1 = 0.1117, wR2 = 0.1794

0.549 (8)

1.813 and -0.580 e/Â3

Table 2. Atomic coordinates (x l0) and equivalent isotropic
o2 3

dispiacement parameters (A x 10 ) for IV-l.

Ueq is defined as one third of the trace of the orthogonalized

Uij tensor.

x Y Z Ueq

Ru(1) 4954(1) 1315(1) 2495(1) 36(1)

N(11) 4167(3) 1481(2) 3105(3) 45(2)

cf12) 3789 (4) 1093 (3) 3397 (4) 51 (2)

c(13) 3255(4) 1261(4) 3761(4) 66(2)

C(14) 3093 (5) 1859 (4) 3826 (4) 71 (2)

C(15) 3492 (4) 2273 (3) 3520 (3) 53 (2)

C(16) 4018 (4) 2085 (3) 3163 (3) 43 (2)

C(17) 4481 (4) 2473 (3) 2821 (3) 37 (2)

N(18) 4947 (3) 2222 (2) 2484 (2) 35 (2)

c(19) 5384(4) 2483(3) 2139(3) 37(2)



LI

c(110) 5357 (4) 3117 f3) 2117 (3) 42 (2)
C(111) 4891(4) 3428(3) 2459(3) 49(2)
c(112) 4444(4) 3103(3) 2816(3) 44(2)
C(113) 5872(4) 2099 (3) 1829(3) 42(2)
N(114) 5747(3) 1493(3) 1904(3) 48(2)
C(115) 6180(4) 1114(4) 1670(4) 60(2)
c(116) 6773 (4) 1283 (4) 1335 (4) 71(2)
C(117) 6909 (4) 1891 (4) 1260 (4) 70 (2)
Cf118) 6444(4) 2295(3) 1522(3) 50(2)

Cf119) 4850(4) 4084(3) 2441(4) 62(2)

c(120) 4726 (4) 4411 (3) 2983 (4) 68 (2)
cf121) 4706 (4) 5018 (4) 2998 (5) 81 (2)

c(122) 4848(5) 5322(3) 2450(5) 79(3)

c(123) 5010(5) 5016(4) 1924(4) 84(3)

c(124) 4991(4) 4409(3) 1923(4) 66(2)

C(125) 4855 (5) 6012 (4) 2442 (4) 85 (3)

N(126) 4528(4) 6264(3) 1952(3) 84(2)
C(127) 4517(4) 6898(3) 1832(4) 92(3)

c(128) 5198(4) 7121(3) 1655(5) 93(3)

c(129) 5215(5) 7791(3) 1517(4) 95(3)
N(130) 5158(4) 6314(3) 2914(3) 85(2)
Cf131) 5654 (5) 6104 (4) 3406 (4) 104 (3)

c(132) 6231(6) 6524(5) 3574(6) 149(5)

C(133) 6728(7) 6253(6) 4130(6) 189(6)

N(21) 5763 (3) 1107 (2) 3171 (3) 37(1)
C(22) 6222(4) 1489(4) 3469(4) 55(2)

C(23) 6783(4) 1313(5) 3872(4) 72(3)

C(24) 6910(4) 687(4) 3955(4) 66(3)

C(25) 6434(4) 297(3) 3642(4) 56(2)

Cf26) 5876(4) 511(3) 3255(3) 42(2)

C(27) 5356(4) 115(3) 2894(3) 46(2)

N(28) 4906 (3) 453(3) 2506 (2) 42(2)

C(29) 4392 (4) 149 (4) 2135(4) 53 (2)

C(210) 4321 (5) -441(3) 2163 (4) 67(3)

C(211) 4769 (5) -782 (4) 2562 (4) 72(3)
C(212) 5304(4) -479(3) 2929(4) 63(2)
c(213) 3956(4) 578(3) 1745(3) 42(2)

N(214) 4148(3) 1163(3) 1808(3) 43(2)

c(215) 3778(4) 1573(3) 1462(3) 52(2)

c(216) 3228(4) 1429(4) 1036(4) 59(2)
C(217) 3031 (5) 827(4) 959(4) 72 (3)

C(218) 3401 (5) 409(4) 1317 (4) 64(3)

Ru(3) 10077(1) 61(1) 7499(1) 42(1)

N(31) 9263 (3) 208 (2) 6824 (3) 45 (2)

c(32) 8890(4) -194(3) 6481(3) 48(2)

C(33) 8340 (4) -39(4) 6062 (4) 63 (2)

Cf34) 8162(4) 541(3) 5966(4) 56(2)

c(35) 8546 (4) 974(3) 6303 (4) 52 (2)

c(36) 9115(4) 790(3) 6726(3) 44(2)

C(37) 9544 (4) 1198 (3) 7095 (3) 36 (2)

N(38) 10044(3) 967(3) 7487(3) 48(2)

c(39) 10506 (4) 1234 (3) 7879 (3) 38 (2)

C(310) 10473(4) 1870(3) 7907(3) 51(2)

C(311) 9960 (4) 2164 (4) 7507(3) 50 (2)

C(312) 9509(4) 1833(3) 7087(3) 49(2)

C(313) 10993(4) 866(3) 8266(3) 44(2)
N(314) 10901 (3) 267 (2) 8172 (3) 40 (2)



LII

C(315) 11320(4) -108(3) 8514(3) 51(2)
C(316) 11877 (4) 105(4) 8930(3) 51(2)
Cf317) 11969 (5) 682 (4) 9006 (4) 64 (2)
C(318) 11542(4) 1078(3) 8676(3) 46(2)
C (319) 9917 f3) 2823 (3) 7516 (3) 49 (2)
C (320) 9873 (4) 3098 (3) 8092 (4) 66 (2)
C(321) 9803 (4) 3710 (3) 8130 (4) 72 (2)
c(322) 9817(4) 4047(3) 7598(4) 70(2)
C(323) 9865(5) 3778(4) 7032(4) 88(3)
C(324) 9920(4) 3157(3) 6984(4) 64(2)
C(325) 9744 (5) 4710 (3) 7645(5) 103 (3)
Nf326) 9159 (4) 4947 (3) 7373 f5) 138 (4)
Cf327) 8999 (6) 5576 (4) 7340 (6) 144 (5)
C(328) 8582 (8) 5732 (5) 7868 (6) 177 (6)
Cf329) 8284 (9) 6382 (6) 7721 (8) 272 (9)
Nf330) 10285(4) 5044(4) 7878(4) 119(3)
Cf331) 11009 (5) 4844 (4) 8046 (6) 127 (4)
C(332) 11529 (8) 4928 (8) 7600 (8) 252 (10)
Cf333) 11450(13) 5487(9) 7184(10) 338(14)
Nf41) 9344(3) -105(3) 8168(3) 53(2)
C(42) 9029 (5) 301(4) 8489 (4) 79(3)
C(43) 8597 (7) 162(6) 8922 (6) 127(4)
C(44) 8450 (7) -453 (6) 9035 (6) 124 (4)
C(45) 8799(5) -860(4) 8703 (5) 79 (3)
C(46) 9254 (5) -688 (4) 8272 (4) 58 (2)
Cf47) 9642 (5) -1104 (4) 7914 (4) 57 (2)
N(48) 10075(3) -797(4) 7511(3) 52(2)
C(49) 10476 (4) -1127(4) 7129 (4) 55 (2)
C (410) 10449 (5) -1722 (4) 7107 (5) 75 (3)
C(411) 10062 (5) -2004 (6) 7504 (5) 92 (4)
C(412) 9650 (5) -1701(4) 7924 (5) 78 (3)
C(413) 10876(4) -722(3) 6741(4) 50(2)
N(414) 10797(3) -128(3) 6845(3) 48(2)
C(415) 11152 (5) 251(4) 6517 (4) 63 (2)
C(416) 11589 (5) 73 (5) 6076 (4) 85 (3)
C(417) 11677 (5) -542 (5) 5957 (5) 87 (3)
C(418) 11307 (5) -926 (4) 6317 (4) 75 (3)
3(5) 3574 (4) 8832 (3) 9948 (4) 40 (2)
C(511) 3085(4) 8799(3) 9272(3) 43(2)
C(512) 2439(4) 8477(3) 9217(4) 51(2)
C(513) 2053(4) 8386(3) 8654(4) 61(2)
C(514) 2311 (5) 8635 (4) 8107 (4) 69 (3)
Cf515) 2929(5) 8953(4) 8142(4) 73(3)
Cf516) 3324(4) 9023(3) 8742(3) 50(2)
C(521) 3069 (4) 8806 (3) 10529 f4) 47 (2)
C(522) 3294(5) 8482(4) 11102(4) 58(2)
C(523) 2888(5) 8514(4) 11584(4) 77(3)
C (524) 2246 (6) 8838 (5) 11602 (5) 85 (3)
C(525) 2054(5) 9163(4) 11064(5) 75(3)
C(526) 2434(4) 9148(4) 10539(4) 55(2)
C(531) 4039(4) 9462(3) 10050 (4) 49 (2)
C(532) 4593(4) 9495(4) 10501(4) 58(2)
Cf533) 4963(5) 10005(5) 10642(4) 74(3)
C(534) 4807(5) 10536(5) 10303(5) 82(3)
C(535) 4274(5) 10521(4) 9854(4) 74(3)
C(536) 3886 (4) 9988 (4) 9740 (4) 58 (2)
C(541) 4140 (4) 8268(3) 9913 (3) 50 (2)



LIII

c(542) 4821(4) 8330(3) 9699(4) 57(2)
Cf543) 5271(5) 7848(4) 9643(5) 80(3)
Cf544) 5071(6) 7269(4) 9772(5) 78(3)
C(545) 4373(5) 7196(3) 9967(4) 73(3)
C(546) 3925(4) 7686(3) 10039(3) 52(2)
3(6) 6444(4) 8790(3) 5084(4) 39(2)
C(611) 6049(4) 9443(3) 5067(4) 52(2)
c(612) 6314(5) 9946(4) 5367(4) 76(3)
C(613) 5958(6) 10502(5) 5295(6) 101(4)
c(614) 5346(6) 10559(5) 4922(6) 94(4)
c(615) 5073 (5) 10066 (5) 4603 (5) 92 (3)
C(616) 5417(5) 9527(4) 4682(4) 66(3)
c(621) 6851(4) 8762(3) 4453(4) 51(2)
C(622) 7494(5) 9055(4) 4380(4) 66(2)
C(623) 7816(6) 9092(5) 3821(5) 90(3)
c(624) 7498(8) 8802(6) 3313(5) 114(4)
C(625) 6849(6) 8497(4) 3369(5) 94(3)
c(626) 6549 (5) 8491 (3) 3896 (4) 61 (2)
C(631) 7037 (4) 8694 (3) 5705 (4) 50 (2)
C(632) 6903(5) 8928(4) 6264(4) 65(2)
c(633) 7388(7) 8804(5) 6811(5) 97(4)
C(634) 7961(6) 8417(6) 6735(7) 113(5)

c(635) 8096(5) 8204(5) 6175(5) 93(4)
C(636) 7622(4) 8342(4) 5669(4) 62(2)

C(641) 5861(4) 8250(3) 5166(3) 50(2)
C(642) 5962(4) 7668(3) 4964(3) 59(2)
C(643) 5483(5) 7207(3) 5061(4) 75(3)

c(644) 4894(5) 7300(4) 5375(4) 80(3)
c(645) 4791(5) 7866(4) 5615(4) 76(3)

c(646) 5264(4) 8331(4) 5497(4) 62(2)
3(7) 8565 (5) 7680 (4) 59 (5) 56 (3)
C(711) 8111(4) 7656(3) 660(4) 52(2)

C(712) 7479(5) 7343(4) 654(4) 60(2)
C(713) 7077 (5) 7262 (4) 1163 (5) 77 (3)
cf714) 7360(6) 7488(5) 1711(5) 84(3)
C (715) 7936 (6) 7799(4) 1752 (5) 77(3)
C(716) 8312 (5) 7874(4) 1216 (5) 71(3)
C(721) 9168(4) 8206(3) 54(4) 56(2)
C(722) 9064(5) 8774(4) 298(4) 77(3)
Cf723) 9563(6) 9243(4) 253(5) 95(3)
C (724) 10175 (6) 9147 (5) -29 (5) 96 (4)
C(725) 10304 (5) 8616(4) -304 (5) 81 (3)
C(726) 9799 (5) 8154 (4) -244 (4) 72 (3)

C(731) 8056 (5) 7779 (4) -580 (4) 68 (3)
C(732) 7458 (5) 8152 (5) -588 (5) 101 (4)

C(733) 7020(6) 8321(5) -1112(6) 110(4)
C(734) 7215(7) 8039(7) -1642(7) 120(5)
C(735) 7801 (6) 7714 (5) -1719 (5) 105 (4)
C(736) 8201 (6) 7581 (4) -1153 (5) 92 (3)

C(741) 8979(4) 7015(3) 62(3) 47(2)
C(742) 8698(5) 6507(4) -253(4) 69(3)
C(743) 9027(6) 5971(4) -195(5) 85(3)
C(744) 9670(6) 5889 (4) 181(5) 84(3)
C(745) 9960(5) 6369(4) 493(4) 67(2)
C(746) 9606 (5) 6924 (4) 433 (4) 56 (2)
3(8) 8568(5) 2472(4) 4972(5) 54(3)
C(811) 9034(4) 1852(3) 5020(4) 48(2)



LIV

Cf812) 8800(4) 1325(4) 4728(4) 57(2)
c(813) 9186 (5) 801 (4) 4798 f5) 81 (3)
C(814) 9807(6) 777(4) 5205(5) 80(3)
Cf815) 10039(5) 1276(4) 5489(4) 70(2)
C(816) 9657(4) 1803(4) 5413(4) 54(2)
Cf821) 8108(4) 2558(3) 4328(4) 53(2)
Cf822) 7468(5) 2895(4) 4251(4) 70(3)
C(823) 7100 (5) 3008 (4) 3672 (5) 82 (3)
c(824) 7324 (6) 2768 (5) 3169 (5) 87 f3)
C f825) 7949 f5) 2417 (5) 3180 (5) 85 (3)
C (826) 8327 (5) 2320 (4) 3759 (5) 78 (3)
C f831) 9120 (4) 3060 (3) 5013 f4) 55(2)
Cf832) 9769(5) 3065(4) 4754(4) 70(3)
C(833) 10233(5) 3553(4) 4752(5) 90(3)
C(834) 10039(6) 4058(5) 5031(6) 93(3)
C(835) 9405(6) 4095 f4) 5278 f5) 86 (3)
Cf836) 8937 (4) 3605(3) 5292 f4) 64 (2)
C(841) 8050(4) 2436(3) 5545(4) 51(2)
C(842) 7440(4) 2102(4) 5510(4) 61(2)
C(843) 7007(5) 1996(4) 5984(4) 76(3)
C(844) 7212(5) 2255(4) 6568(5) 74(3)
C(845) 7804(5) 2607(4) 6641(4) 68(2)
C (846) 8221 (4) 2675 (3) 6136 (4) 56(2)
PCi) 2663(1) 9481 (1) 3520 (2) 101 (1)
Ff11) 3065 (3) 8997(3) 3110(3) 129(2)
Ff12) 2676(3) 9024(2) 4078(3) 111(2)
F(13) 3427(3) 9735(2) 3770(3) 133(2)
Ff14) 2660(4) 9944(3) 2969(4) 181(3)
Ff15) 1907 (3) 9224 (2) 3262 (3) 140 (2)
Ff16) 2280(4) 9941(3) 3906(4) 165(3)
P(2) 790(2) 6599(2) 8548(2) 133(1)
Ff21) 474(4) 6395(3) 7886(4) 168(3)
F(22) 1496(4) 6209(4) 8502(4) 196(3)
F(23) 1166(5) 7139 (4) 8223 (5) 211 (4)
F(24) 101 (5) 6982 (4) 8607 (5) 221 (4)
F(25) 412(5) 6038 (3) 8807 (4) 204(4)
Ff26) 1138 (6) 6765(4) 9237 (4) 226 (4)

Table 3. Hydrogen coordinates fx i0) and isotropic dispiacement

parameters (Â2 x io) for IV-l.

X Y Z Ueq

H(12) 3889 685 3354 61
Hf13) 2999 970 3966 80
Hf14) 2724 1980 4070 85
Hf15) 3399 2682 3560 64
H(110) 5661 3325 1866 50
Hf112) 4117 3301 3054 53
H(115) 6097 705 1727 72
H(116) 7066 994 1167 85



LV

H(117) 7296 2023 1043 84
11(118) 6527 2706 1487 60
11(120) 4654 4200 3348 81
11(121) 4602 5225 3358 97
1-1(123) 5132 5225 1571 101
11(124) 5077 4206 1556 79
H(126) 4301 6033 1680 101

H(12A) 4146 6985 1500 110

H(12B) 4389 7108 2205 110
H(12C) 5326 6904 1287 111
H(12D) 5566 7033 1990 111
11(1211) 4856 7884 1183 143
H(12F) 5686 7900 1394 143
H(12G) 5113 8012 1885 143

11(130) 5044 6689 2929 102
Hf13A) 5864 5728 3279 125
H(13B) 5391 6024 3772 125

H(13C) 6030 6905 3699 179

H(13D) 6514 6596 3218 179
H(13E) 6926 6572 4391 283
Hf13F) 7115 6029 3967 283

H(13G) 6446 5991 4372 283

11(22) 6155 1898 3398 66

11(23) 7077 1595 4088 87

11(24) 7301 546 4212 79

H(25) 6493 -116 3695 68

11(210) 3961 -630 1907 80

11(211) 4717 -1197 2587 86

11(212) 5627 -693 3199 75

11(215) 3903 1976 1517 62

H(216) 2986 1728 798 70
H(217) 2654 715 670 86

11(218) 3280 5 1272 77

11(32) 9009 -599 6530 58

11(33) 8081 -337 5837 76

H(34) 7785 647 5675 67

H(35) 8431 1379 6252 63
H(310) 10786 2085 8185 61

H(312) 9186 2028 6802 59

H(315) 11241 -520 8477 61

H(316) 12183 -164 9153 62

H(317) 12334 823 9291 77

H(318) 11617 1490 8725 55
H(320) 9892 2866 8454 79

H(321) 9747 3893 8514 87

H(323) 9862 4013 6672 106

11(324) 9957 2974 6598 77

11(326) 8842 4705 7198 166

H(32A) 8721 5668 6949 173

H(32B) 9445 5807 7357 173

Hf32C) 8889 5728 8256 212

H(32D) 8187 5451 7904 212

H(32E) 8664 6627 7577 407

H(32F) 8114 6554 8093 407

Hf32G) 7891 6360 7402 407
Hf330) 10195 5419 7935 142
H(33A) 11182 5050 8428 153



LVI

H(33B) 10991 4418 8141 153
H(33C) 11517 4578 7331 302
H(33D) 12005 4941 7824 302
H(33E) 10948 5548 7052 507
H(33F) 11721 5432 6823 507
H(33G) 11632 5832 7415 507
H(42) 9114 705 8408 95
H(43) 8389 462 9153 152
H(44) 8127 -570 9325 149
H(45) 8725 -1267 8771 95
1-1(410) 10698 -1935 6817 89
Hf411) 10063 -2422 7506 110
Hf412) 9388 -1913 8205 93
Hf415) 11102 661 6591 76
H(416) 11831 357 5851 102
H(417) 11968 -680 5652 105
H(418) 11358 -1339 6265 90
Hf512) 2262 8317 9577 61
H(513) 1627 8163 8633 74
H(514) 2052 8578 7722 83
H(515) 3098 9125 7785 88
H(516) 3761 9231 8764 60
H(522) 3718 8256 11129 70
Hf523) 3045 8300 11942 92
Hf524) 1969 8836 11947 102
H(525) 1644 9406 11059 90
Hf526) 2268 9367 10187 66
H(532) 4723 9147 10724 70
H(533) 5326 10006 10967 88
H(534) 5069 10887 10390 98
1-1(535) 4158 10863 9616 88
Hf536) 3501 9992 9434 70
Hf542) 4979 8711 9590 69
H(543) 5733 7916 9512 97
H(544) 5382 6945 9732 93
H(545) 4206 6811 10049 88
H(546) 3466 7623 10177 62
1-1(612) 6741 9920 5625 91
Hf613) 6150 10837 5509 122
H(614) 5110 10928 4881 113
H(615) 4656 10099 4335 110
H(616) 5219 9196 4465 79
H(622) 7727 9239 4729 80
H(623) 8240 9312 3792 108
Hf624) 7712 8806 2934 137
Hf625) 6628 8296 3025 113
H(626) 6106 8296 3909 73
H(632) 6498 9169 6300 78
H(633) 7317 8977 7197 116
H(634) 8259 8304 7084 136
Hf635) 8502 7967 6127 111
H(636) 7712 8183 5281 75
H(642) 6372 7583 4754 71
H(643) 5571 6826 4904 91
1-1(644) 4565 6992 5431 96
1-1(645) 4403 7938 5856 91
H(646) 5171 8712 5649 74



H(712)

H(713)

H (714)
H(715)

H (716)
H (722)
H(723)

H(724)
H (725)

H(726)
H(732)

H(733)
H(734)
H(735)

H(736)
H (742)
H (743)

H (744)

H(745)

H(746)

H(812)
H (813)

Hf814)
H (815)
H(816)

H (822)
H(823)

H (824)
H(825)

H(826)

H(832)
H(833)

H(834)

H(835)

H(836)

H(842)
H(843)

H(844)

H(845)
H (846)

7305

6634

7125
8105

8738
8645
9470

10518

10712

9898
7337

6639

6893
7935

8604

8272

8821

9891

10389

9807

8368
9031

10056

10469

9825

7278

6693
7059

8108

8745

9912

10667

10351

9268

8506
7302

6592

6937

7929

8647

7170

7062

7414
7972

8097
8847

9620
9453

8559

7783

8304

8593
8081
7588

7333

6542

5643

5514

6331

7250

1327

460

417

1270

2141

3051

3256
2833

2253

2087

2713

3530

4387

4459

3639

1927
1761

2182

2799

2897

277

1130

2072
2130

1257
500
418

-35

-525

-419
-205

-1105
-1994
-2108

-1175

-511

-412

215

745

657

4477

4574

5275

5745

5635
4607

3645

2788
2815
3772

4563

4561

5054
5446

5486

5125
5923

6906

7019

6197

Table 4. Anisotropic parameters (Â2 x io) for IV-1.

The anisotropic dispiacement factor exponent takes the f orm:

-2
2 E h2 a*2 U11 + . . . ÷ 2 h k a* b* U12 j

72

92

101

92

85
92

114

115

97

86
121

133
144

126

110

82
102

101

81

67

68
97

96

84

65
84

99

105
102

94

84

108

111
104

77

73
91

89

82

68

Uli U22 U33 U23 U13 U12

Ru(1) 47(1) 22(1) 39(1) 1(1) -9(1) -4(1)

N(11) 62(4) 29(3) 41(3) 5(2) -9(3) -12(3)

LVII



LVIII

c(12) 52(5) 43(4) 58(5) 2(3) 6(4) -9(3)
C(13) 72 (5) 47(4) 81(6) 11(4) 16(4) -18 (4)
C (14) 75 (6) 60 (5) 81 (6) -11 (4) 34 (5) -6 (4)
Cf15) 62(5) 41(4) 57(5) -5(3) 14(4) -6(3)
Cf16) 54(4) 30(3) 45(4) 1(3) -9(4) -6(3)
C(17) 52(4) 24(3) 34(4) 4(3) 1(3) -13(3)
N(18) 54(4) 11(2) 42(4) -1(2) 8(3) 1(2)
C(19) 45 (4) 30 (4) 35(4) 5 (3) 1 (3) 0 (3)
C(11O) 41 (4) 30 (4) 54 (4) 7 (3) 1 (4) -7 (3)
C(111) 58 (5) 21 (3) 67 (5) 6 (3) 5 (4) -2 (3)
C(112) 52(4) 27(3) 52(4) 0(3) 0(4) 2(3)
Cf113) 47(4) 38(4) 40(4) 9(3) -4(3) -2(3)
N(114) 55(4) 38(3) 50(4) -7(3) -12(3) 5(3)
c(115) 56(4) 50(4) 72(6) -2(4) -10(4) 5(3)
C (116) 68 (5) 62 (5) 83 (6) 1 (5) 9 (4) 9 (4)
C(117) 60 (5) 66 (5) 85 (6) 18 (4) 17 (4) —5 (4)
C(118) 46(4) 49(4) 54(4) 9(3) 0(4) -5(3)
C(119) 72(5) 37(3) 81(5) 6(4) 22(4) -2(3)
Cf120) 79(5) 44(4) 82(6) 6(4) 23(5) 1(4)
C(121) 84(5) 53(4) 108(7) 9(5) 14(5) -5(4)
C(122) 97 (6) 42 (4) 100 (7) -6 (5) 30 (6) 8 (4)
C(123) 105(6) 55(5) 95(6) 2(5) 22(5) -12(5)
C(124) 78(5) 40(4) 82(6) 8(4) 30(4) 1(3)
C(125) 92(7) 59(5) 105(7) -25(5) 20(6) 4(5)
N(126) 107 (6) 40 (3) 106 (6) 23 (4) 6 (5) 8 (4)
Cf127) 94 (6) 59 (5) 121 (8) 7 (5) -4 (6) -6 (5)
C(128) 79 (6) 52 (5) 146 (8) 17 (5) -2 (6) 1 (4)
C(129) 93(6) 67(5) 121(8) 11(5) -23(6) -1(5)
N(130) 114 (6) 41 (4) 100 (6) 8 (4) 11 (5) 0 (4)
C(131) 122(8) 77(6) 113(8) 5(6) 5(7) -13(6)
C(132) 148(10) 127(9) 168(11) -28 (9) -16(9) -13 (8)
C(133) 165(11) 212(13) 186(12) -35(11) -2(10) 29(11)
Nf21) 36 (3) 33 (3) 41 (3) 6 (2) -5 (3) -3 (2)
C(22) 56(5) 54(5) 54(5) 0(4) -4(4) -7(3)
C(23) 59(5) 87(6) 68(5) 9(5) -21(4) -20(5)
C(24) 54 (5) 80 (6) 61 (5) 28 (5) -19 (4) -8 (4)
C(25) 66(5) 39(4) 63(5) 14(4) -6(4) -3(3)
C(26) 50(4) 31(4) 44(4) 5(3) -2(4) 1(3)
C(27) 49 (4) 36 (4) 50 (4) 0 (3) -12 (3) -8 (3)
N(28) 38 (4) 53 (4) 31 (3) 4 (3) -21 (3) 3 (3)
C(29) 49(4) 43 (4) 66(5) -10(4) -7(4) -14(4)
C(210) 89 (6) 38 (4) 69 (5) -14 (4) -17 (5) -12 (4)
C(211) 119 (7) 22 (4) 71(6) 3 (3) -11(5) -16(4)
C(212) 77(5) 30(4) 77(6) 8(4) -15(5) 6(4)
C(213) 47 (4) 32 (4) 46 (4) -4 (3) -9 (4) -3 (3)
N(214) 49(4) 38(4) 43(4) -3(3) 2(3) 1(3)
C(215) 58(5) 44 (4) 51(5) 5(3) -12(4) 12 (3)
C(216) 63 (5) 54 (5) 55 (5) -6 (4) -19 (4) 13 (4)
C(217) 64 (5) 78 (6) 69 (6) -17 (5) -29 (5) 23 (5)
C(218) 66(6) 64(5) 59(5) -16(4) -7(5) 3(4)
Ru(3) 50(1) 28(1) 46(1) -3(1) -10(1) 5(1)
N(31) 55 (4) 30 (3) 48 (4) -3 (3) -5 (3) 4 (3)
C(32) 53 (4) 33 (4) 54 (5) -3 (3) -17 (4) -9 (3)
C(33) 65 (5) 60 (5) 60 (5) 2 (4) -23 (4) -24 (4)
C(34) 49 (4) 46 (4) 70 (5) 7(4) -21 (4) -2 (3)
C(35) 50(4) 42 (4) 61 (5) 11(3) -15(4) -1(3)
C(36) 45 (4) 38 (4) 46 (4) 5 (3) -6 (4) -7 (3)



LIX

C(37) 47 (4) 24 (3) 36 (4) 3 (3) —8 (3) 6 (3)
Nf38) 61(4) 20(3) 62(4) -8(3) 8(4) -5(3)
c(39) 48 (4) 28 (4) 37 (4) —2 (3) —‘ (3) 4 (3)
C(310) 61(5) 41(4) 47(4) -1(3) -8(4) 8(3)
c(311) 53 (4) 35 (4) 59 (5) 4 (3) -9 f4) -1 (3)
C(312) 61(4) 33 (4) 52(4) 0(3) -11(4) -1(3)
C(313) 50 (4) 39 (4) 45 (4) -9 (3) 7 (4) 3 (3)
Nf314) 42 (3) 38 (3) 39 (3) -3 (3) -9 (3) 5 (2)
C (315) 60 f5) 37 (4) 55 (5) -2 (3) -7 (4) 20 (3)
C(316) 55(4) 44(4) 54(4) 1(4) -5(4) 15(4)
C(317) 71 (6) 57 (5) 62 (5) -9 (4) -22 (5) 2 (4)
C(318) 43(4) 48(4) 44(4) -7(3) -17(4) 2(3)

C(319) 62 (4) 26 (3) 57 (4) -1 (3) -8 (3) -7 (3)
C(320) 77(5) 42(4) 73(5) -3(3) -27(4) 1(3)
C(321) 86 (6) 58 (5) 68 (5) -12 (4) -25 (5) 21 (4)
C(322) 81(5) 39(4) 84 (6) -12(4) -32 (5) 11 (3)
C(323) 105 (7) 60 (5) 95 (7) 13 (5) -27 (6) -12 (5)

C(324) 72 (5) 52 (4) 65 (5) 2 f4) -19 (4) -3 (4)

C(325) 101(6) 45(4) 155 (9) -23 (5) -53 (6) 8 (4)

N(326) 114 f6) 58 f5) 228 (10) -15(6) -87 (7) 19 (4)
C(327) 128 (9) 99 (8) 198 (12) -45 (8) -33 (9) 44 (7)
C(328) 196(12) 133(10) 199(13) -62(10) 1(11) 28(9)

C(329) 288(16) 215(15) 305(17) -52(14) -24(14) 51(13)

N(330) 119 (6) 55 (4) 170 (8) -14 (5) -68 (6) 13 (5)

C(331) 108 (8) 82 f7) 185(11) -32 (7) -38 f8) 8 (6)

C(332) 254 f16) 263 f17) 240 (16) -50 (14) 34 (14) 37 (14)

C(333) 350(20) 330 (20) 340 (20) -44 (17) 26 f16) 14(16)

N(41) 63(4) 41(4) 56(4) 7(3) 18(3) 8(3)
Cf42) 112 f8) 50 f5) 81 (6) 8 (4) 34 (6) 4 (5)

Cf43) 155(10) 90(8) 144(10) 6(7) 71(8) -8(7)

Cf44) 136(9) 109(9) 137(10) 12(8) 72(8) -21(7)

Cf45) 84 (6) 62 (5) 89 f7) 22 (5) -3 (6) -1 f5)
C(46) 61 (5) 52 (5) 60 f5) 9 (4) -4 (4) -8 (4)
C (47) 53 f5) 49 (5) 66 f6) 6 (4) -21 (5) 3 (4)
N(48) 38 (4) 66 (5) 47 (4) -2 (3) -25 (4) 3 (3)
C(49) 45 (4) 48 (5) 70 (6) -18 (4) -18 (4) 14 f4)
C(410) 81 f6) 45 (5) 97 (7) -12 (5) 1 (6) -8 (4)
C(411) 106(9) 50(6) 118(10) -10(6) -3 (8) 13 (5)
C(412) 90(7) 53(5) 88(7) 12(5) —9(6) 2(5)

C(413) 51(4) 47(4) 51(5) -18(3) -5(4) 15(3)
N(414) 46(4) 38(3) 58(4) -6(3) -16(3) 3 (3)
C (415) 66 (6) 52 (5) 70 (6) -8 (4) 2 (5) 8 (4)

C(416) 77 (6) 96 (7) 82 (6) -10 (6) 12 (5) -3 (6)

C(417) 78 (6) 95 (7) 91 (7) -21 (6) 20 (5) 4 (5)

C (418) 65(5) 72(5) 88 (7) -31(5) -1(5) 10 (4)

3(5) 47(4) 24(3) 49(5) -4(3) 4(4) 1(3)

Cf511) 46 (4) 39 (4) 45 (4) -6 f3) 0 (3) 4 (3)

C(512) 53 (4) 40(4) 59(5) -16(3) -6(4) 3 (3)

C(513) 45(4) 54(5) 84(6) -24(4) 0(4) 7(3)
C(514) 73 (6) 74 (6) 58 (5) -31 (4) -8 (5) 24 (4)
C(515) 102(7) 67(5) 52(5) 0(4) 17(5) 32(5)
Cf516) 57 f4) 50 (4) 43 (4) 1(3) -2 (4) 9 (3)

Cf521) 46(4) 48(4) 46(4) -14(3) -4(4) -8(3)
Cf522) 54(5) 62(5) 58(5) -15(4) 2(4) -4(4)

C(523) 75(6) 88(7) 66(6) 5(5) 1(5) -11(5)
C(524) 79(6) 110(8) 67(6) -14(6) 5(6) -24 (6)
C(525) 80 (7) 75(6) 69 (6) -14 (5) 6 (5) -5 (5)



LX

C(526) 54 (5) 56 (4) 56 (5) -13 (4) -2 (4) -3 (4)
Cf531) 53(5) 30(3) 65(5) -12(3) 3(4) 7(3)
C (532) 57 (5) 42 (4) 74 (6) -8 (4) -6 (5) 0 (4)
C(533) 61(5) 64(5) 94(7) -6(5) -5(5) -2(5)
C(534) 78 (6) 63 (6) 103 (8) -19 f5) 1 (6) -21 (5)
Cf535) 98(7) 35(4) 86(6) 4(4) -8(6) -12(4)
C(536) 56(4) 46(4) 71(5) -3(4) 4(4) 1(4)
Cf541) 58 (5) 38 (4) 53 (4) -7 (3) —7 (4) 4 (3)
C(542) 55(5) 36(4) 83(6) 6(4) 17(4) 7(3)
C(543) 60(6) 67(6) 115(8) -5(5) 10(6) 23(5)
C(544) 91 (7) 40 (4) 102 f7) -1 (4) 4 (6) 22 (4)
C(545) 88 f6) 40 (4) 89 (6) 4 (4) -ii f5) 2 (4)
Cf546) 57(4) 37(3) 61(5) -3(3) 1(4) -8(3)
Bf6) 43(4) 31(4) 44(5) -3(3) 5(4) -2(3)
C(611) 53 (4) 43 (4) 60 (5) 7 (4) 5 (4) -4 (3)
C(612) 75 (5) 47 (5) 106 (7) 1 (5) 11 (5) -3 (4)
C(613) 111(8) 53(5) 140(10) -20(6) 15(7) -7(5)
C(614) 91(8) 53(6) 142(10) 4(6) 23(7) 13(5)
C(615) 73(6) 81(7) 124(8) 36(7) 16(6) 17(6)
Cf616) 67 (6) 48 (5) 81 (6) 10 (4) 2 (5) -2 (4)
C(621) 56(4) 40(4) 57(5) -1(3) 2(4) 5(3)
C(622) 80(6) 59(5) 61(6) 10(4) 15(5) 5(4)
Cf623) 91(7) 86(7) 98(8) 15(6) 35(7) 5(5)
C(624) 168(11) 113(9) 66(7) 4(6) 32(8) -11(8)
C(625) 123(8) 77(6) 81(7) -5(6) -6(7) 15(6)
C(626) 69 f5) 54 (5) 60 f5) -2 (4) 2 f4) 10 (4)
C(631) 49(4) 48(4) 51(4) 19(3) -5(4) -12(3)
C(632) 82 (6) 66 (5) 46 (5) 11 (4) -2 f4) -24 (4)
C(633) 141(10) 93(7) 55(5) 5(5) 1(7) -52(7)
Cf634) 89 (8) 128 (9) 117 (10) 63 (8) -34 (8) -33 (7)
C(635) 59(5) 114(8) 104(8) 51(7) -8(6) -14(5)
C(636) 50 (4) 68 (5) 68 (5) 25 (4) -2 (4) -4 (4)
C(641) 59(5) 37(4) 52(4) -3 (3) -10(4) -5(3)
C(642) 66(5) 41(4) 72(5) -3(4) 6(4) -4(3)

C(643) 95(7) 41 f4) 90 (6) 5 (4) -2 (6) -22 (4)
C(644) 86(6) 61(5) 92(7) -4(5) 10(6) -26(5)
Cf645) 68 (5) 76 (6) 86 (6) 5 (5) 18 (5) -17 (4)
C(646) 59(5) 54(4) 72(5) -1(4) 5(4) -14(4)
B(7) 58(5) 45(5) 63(6) 6(4) -14(5) 3(4)
C(711) 65(5) 39(4) 52(5) 13(3) -2(4) 3(3)
C(712) 72(6) 53(5) 54(5) 9(4) 5(5) -4(4)
C(713) 64(6) 74(6) 94(8) 18(6) 13(6) 0(5)
Cf714) 93(7) 85(7) 77(7) 18(6) 31(6) 31(6)
C(715) 86 (7) 83 (7) 60 (6) -7 (5) 0 (5) 23 (5)
Cf716) 68 (6) 67 (6) 76 (6) -1 (5) -3 (5) 18 (5)
c(721) 56 (5) 44 f4) 66 (5) 17 (4) -12 (4) -6 f3)
Cf722) 76(5) 54(5) 99(7) 25(5) -5(5) -10(4)
C(723) 105(7) 48(5) 132(9) 6(5) 4(7) -3(5)
C(724) 90(7) 82(7) 114(8) 24(6) 4(7) -19(6)
Cf725) 59 (6) 69 (6) 114 (8) 25 (6) 3 (6) -1 (5)
Cf726) 72(6) 52(5) 88(6) 16(4) -13(5) -1(4)
C(731) 67(5) 73(6) 63(5) 29(5) -5(5) -23(4)
Cf732) 75 (6) 106 (8) 120 (8) 76 (7) -6 (6) -10 (5)
C f733) 81 (7) 126 (9) 121 (9) 70 (8) -15 (7) -6 (6)
C(734) 96 (9) 157(11) 103 (9) 66 (9) -18 (8) -48 (8)
C(735) 105(8) 136 (9) 71 (7) 36 (6) -14 (7) -35(7)
C(736) 89 (7) 85(7) 98 (8) 44 (6) -11 (6) -38 (5)



LXI

Ru fi) -N (28)
Ru(1) -N (18)
Ru(1) -N (214)

Ru(1) -N (114)
Ru fi) -N(21)
Ru fi) -N(11)

1.938 (7)
2.038 (5)
2.063 (6)
2.069(7)

2.076(5)

2.083 (6)

N(ll) -C(12)
N(ll) -C (16)

C(12) -C(13)
C (13) -C(14)
C(14) -C(15)

1.313 (8)
1.392 (8)

1.371(10)

1.387(11)
1.392 (10)

C(741) 58 (5) 44 (4) 38 (4) 4 (3) -5 (4) -6 (3)
C(742) 78 (6) 67 (6) 59 f5) 2 (4) -3 (5) -16 (4)
Cf743) 105(7) 65(6) 82(7) -7(5) -5(6) -17(5)
C(744) 116(8) 39(5) 102(8) 3(5) 44(7) 7(5)
C(745) 71(5) 52(5) 79(6) 13(4) 10(4) 13(5)
Cf746) 66(6) 44(4) 57(5) 1(4) 0(4) -2(4)
Bf8) 56 f5) 38 f4) 65(6) -2 (4) -13 (5) -6 (4)
C(811) 49 (4) 39 (4) 56 (5) -6 (3) 1 (4) -3 f3)
C(812) 58(4) 37(4) 74(5) -11(4) -3 (4) -2(4)
C(813) 95(7) 49(5) 99(7) -10(5) 6(6) -13(5)
Cf814) 90(7) 46(5) 105(7) 5(5) 9(6) 8(5)
C(815) 64(5) 53(5) 91(6) 12(5) -1(5) 6(4)
Cf816) 50 (5) 48 (4) 63 (5) -1 (4) -7 (4) 1 (4)
C(821) 53 (4) 44(4) 60(5) 16(4) -6(4) -12(3)
C(822) 67(6) 61(5) 78(6) 19(4) -13 (5) -3 (4)
Cf823) 76(6) 76(6) 90(7) 43(6) -22(6) -23(5)
Cf824) 107 (8) 89 (7) 62 (6) 23 (6) -15 (6) -36 f6)
Cf825) 91 (7) 90 (7) 76(7) 17 (5) 10 (6) -40 f5)
Cf826) 92 (7) 70 (6) 72 (6) 20 (5) -2 (5) -19 (5)
C (831) 51 (4) 38 (4) 73 (6) 2 (4) -3 (4) 2 (3)
C(832) 66 (5) 48 (5) 98 (7) 11 (5) 7 (5) 4 f4)
C(833) 68(6) 62(6) 138(9) 13(6) 3(6) -10(5)
C(834) 73 (6) 64 (6) 138 (9) 17 (6) -15 (6) -20 (5)
C(835) 109 (7) 45 (5) 100 f7) 10 (5) -26 (6) -2 (5)
Cf836) 74 (5) 49 (4) 66 f5) 11 (4) -12 f4) -9 (4)
Cf841) 47(4) 49(4) 57(5) 10(3) -2(4) 7(3)
Cf842) 63(5) 60(5) 62(5) 0(4) 13(4) -2(4)
C(843) 70(5) 77(6) 79(6) -1(5) 2(5) -11(4)
C(844) 79(6) 62(5) 84(7) 19(5) 25(5) 20(4)
C(845) 87(6) 59(5) 57(5) 9 (4) -5(5) 17(4)
C(846) 56(5) 49(4) 62 (5) 4(4) -11(4) -1(3)
Pfl) 83 (2) 60(1) 154 (3) 27 (2) -31 (2) -18(1)
F(11) 150(5) 105(4) 128(5) 9(4) -12(4) 8(4)
F(12) 115(4) 82(3) 134(5) 25(3) -2(4) -34(3)
F(13) 140(5) 81(3) 171(6) 25(4) -46(4) -54(3)
Ff14) 161 f6) 152 (6) 217 (7) 89 (5) —80 f5) -44 (5)
F(15) 110(4) 90(4) 208(7) 29(4) -64(4) -29(3)
Ff16) 141 f5) 107 f5) 249 (8) -25 (5) 32 (5) 20 (4)
P(2) 129(3) 80(2) 195(4) -52(2) 43 (3) -24 (2)
Ff21) 181 f6) 135(6) 180 (7) -43 (5) -44 (6) -26 (5)
Ff22) 135(6) 193(7) 261(9) -28(7) 23(6) -1(6)
Ff23) 186 f7) 152 f7) 293 (10) 31 f7) 11 (7) -68 (6)
Ff24) 215 f8) 155 (7) 301 (10) -61 f7) 75 (8) 35 (6)
Ff25) 251(9) 142(6) 229(9) -42(6) 92(7) -68(6)
Ff26) 291 (10) 209 (8) 177 (7) -87 f7) 2 (7) -60 (7)

Table 5. Bond lengths [À] and angles [0] for IV-1.



LXII

C(15) -C(16)

C(16) -C(17)

C (17) -N(18)

Cf17) -C(112)
N (18) -C(19)
Cf19) -C(11o)
C(19) -C(113)

C(110) -C(111)

C(111) -C(112)
Cf111) -Ct119)
C(113) -C (118)
C (113) -N(114)

N(114) -C(115)
C (115) -C (116)
C (116) -C (117)
C(117) -C (118)
C(119) -C(124)
C(119) -C(120)

C(120) -C(121)

C(121) -C (122)
C(122) -C (123)

C(122) -C (125)

C(123) -C (124)

C(125) -N(126)

C(125) -N(130)

N(126) -C (127)

C(127) -C(128)

C(128) -C (129)
N(130) -C (131)

C(131) -C(132)

C(132) -C(133)
N (21) -C (22)

N(21) -C (26)
C(22) -C (23)
C(23) -C(24)
C(24) -C(25)
C(25) -C(26)
C(26) -C(27)
C (27) -C (212)
C(27) -N(28)
N(28) -C(29)
C(29) -C(210)
C(29) -C(213)
C(210) -C(211)

C(211) -C(212)
C(213) -N(214)
C(213) -C(218)
N(214) -C(215)
C(215) -C(216)

C(216) -C(217)
C(217) -C(218)
Ru(3) -N(48)

Ru(3) -N(38)

Ru(3) -N (31)
Ru(3) -N (414)
Ru(3) -N(314)

Ru (3) -N(41)

1.364(10)

1.467(9)

1.307 (8)
1.417(8)

1.288 (8)
1.426(9)

1.456(9)

1.377(9)

1.387(9)
1.475(10)

1.372(9)
1.394(8)

1.305(9)
1.421 (11)
1.401(11)

1.405(10)

1.381(9)

1.418 f10)
1.365(9)

1.411(11)

1.383 (10)

1.548(11)
1.364 (9)
1.313 f8)
1.318 (8)
1.449 (7)
1.446(8)

1.536(7)
1.439 (7)

1.459(9)

1.585(9)
1.344(8)

1.366(8)
1.37(1)

1.435 (13)
1.389 (10)
1.374 (9)

1.493 (9)

1.339(10)

1.373 (8)
1.384 (8)
1.335(11)
1.483 (10)
1.388 (10)

1.406(10)
1.365(8)
1.392 (10)
1.346 (8)
1.368 (10)
1.409 (12)
1.371 (11)
1.930 (8)
2.035(6)

2.055(6)

2.070(7)
2.090(5)
2.100(6)

N(31) -C (32)
N (31) —C (36)
C(32) —C(33)
C(33) -C (34)
C(34) -C(35)
C(35) -C(36)
C(36) -C(37)
C(37) -N(38)

C(37) -C(312)

N(38) -C(39)
C(39) -C (310)
C(39) —C (313)
C(310) —C(311)
C(311) -C(312)
C(311) -C(319)
C(313) -N(314)
C(313) -C(318)

N(314) -C(315)
C (315) -C(316)

C(316) -C(317)
C(317) -C(318)
C(319) -C(324)
C(319) -C(320)
C(320) -C(321)

C(321) -C (322)
C(322) —C (323)

C(322) -C(325)
C(323) —C (324)
C(325) -N(326)

C(325) —N(330)
N(326) -C(327)
C(327) —C(328)

C(328) -C(329)
N(330) -C(331)

C(331) -C(332)
C(332) -C(333)
N(41) -C(42)

N(41) -C(46)

C(42) -C(43)
C(43) -C(44)
C(44) -C(45)

C(45) -C(46)

C(46) -C(47)
C (47) -C(412)

C(47) -N(48)
N(48) -C (49)
C(49) -C(410)
C(49) -C(413)
C(410) -C(411)

C(411) -C(412)

C(413) -C(418)

C (413) -N(414)

N(414) -C (415)

C(415) -C(416)

C(416) -C (417)

C(417) -C(418)
5(5) -C (521)

1.332 (7)
1.350(8)

1.365(9)

1.356(11)

1.383 (10)
1.412 (9)
1.424 (9)
1.320 (8)
1.426 (9)
1.311 (8)
1.431 f9)
1.448 (9)
1.408 (9)
1.405(9)

1.483 (10)
1.370(8)
1.390 (9)
1.336(8)

1.409 (9)

1.316(11)

1.36(1)
1.374 (9)
1.398(9)

1.384 (9)

1.381(10)
1.375 (11)

1.501(10)

1.402(10)
1.314 (8)
1.327 (9)
1.445(8)
1.474(9)

1.586(10)
1.446 (7)
1.432 (9)
1.546(10)
1.314 (10)

1.341(9)

1.318 (12)
1.435(15)

1.358 (13)
1.366(11)

1.445(11)

1.341(12)

1.413 (10)

1.374(9)
1.338(11)
1.479 (11)
1.325 (13)
1.409 (13)

1.346(11)
1.362 (9)
1.321 (10)
1.362(11)

1.417(13)

1.383 f12)
1.629 (11)



LXIII

3(5) -C(541)
Bf5) -C(531)
B (5) -c (511)
C(511) -C(516)
C (511) -C(512)
C(512) -C(513)
C (513) -C(514)
C (514) -C(515)
C (515) -C(516)
C (521) -c (526)
C (521) -C(522)

C(522) -C(523)
C (523) -C(524)
C(524) -Cf525)

C(525) -C (526)
C (531) -C (532)
C(531) -C(536)

C(532) -C (533)
C(533) -C (534)
C(534) -C(535)

C(535) -C(536)
C (541) -C (542)
C(541) -C(546)
C(542) -C (543)
C(543) -C(544)
C (544) -C(545)

C(545) -C(546)
B(6)-C(621)

B(6) -C(611)

B(6)-Cf641)
B(6)-Cf631)

C(611) -C(612)

C(611) -C (616)

C(612) -C(613)

C(613) -C(614)

C(614) -C(615)

C(615) -C(616)

C(621) -C(622)

C(621) -C(626)

C(622) -C (623)

C(623) -C (624)
Cf624) -Cf625)
C(625) -C(626)

C(631) -C(636)

C(631) -C(632)
C(632) -C (633)
C(633) -C(634)

C(634) -C(635)

Cf635) -C(636)
C (641) -C(646)

C(641) -C(642)
C (642) -C(643)
C (643) -C (644)
C (644) -C(645)

C(645) -C(646)
3(7) -C(711)

3(7) -C(731)

1.656 (10)

1.667 (10)

1.667 (10)
1.359(9)

1.406(9)

1.383 (10)
1.426(11)

1.355(11)

1.454 (10)

1.417(10)
1.471(10)

1.338 (11)

1.408(12)

1.398 (12)
1.385(11)

1.37(1)

1.378 (10)
1.363(11)

1.420(13)

1.339(12)

1.411 (11)
1.395(10)
1.401(9)

1.383(11)
1.389 (12)
1.410 (12)

1.40(1)

1.615 (11)
1.64(1)

1.65(1)
1.69(1)
1.376 (11)

1.406(11)

1.420 (13)
1.355 (14)
1.381 (14)
1.375(12)

1.389 (10)
1.428 (10)
1.394 (12)

1.373 (14)
1.406 (14)

1.307(12)
1.357 (10)
1.36(1)

1.461(12)
1.400(15)
1.345 (15)
1.391(11)

1.381(10)

1.397(9)

1.394 (10)

1.355 (12)
1.392 (12)
1.402 (10)
1.606(12)

1.633(11)

3(7) -C(721)

3(7) -C(741)

C(711) -C(716)
C(711) -C(712)

C(712) -C(713)
C (713) -C (714)

C(714) -C(715)

C(715) -C(716)
C(721) -C(726)
C(721) -C(722)
C (722) -C(723)
C(723) -C(724)

C(724) -C(725)

C(725) -C(726)
C(731) -C(736)

C(731) -C(732)

C(732) -C(733)

C(733) -C(734)
C(734) -C(735)
C(735) -C (736)
C(741) -C(746)

C(741) -Cf742)
C(742) -C(743)

C(743) -C(744)

C(744) -C(745)

C(745) -C(746)

B(8)-C(821)

3(8) -C (841)

3(8) -C (811)

3(8) -C(831)
C (811) -C (816)
C(811) -C(812)

C(812) -C(813)
C(813) -C(814)
C(814) -C(815)

C(815) -C(816)
C(821) -C (822)
C (821) -C (826)
C (822) -C(823)
C (823) -C(824)
C(824) -C(825)

C(825) -C(826)
C(831) -C(832)

C(831) -C(836)

C(832) -C(833)
C (833) —C(834)
C(834) —Cf835)
C(835) -C(836)

C(841) -C(842)

C(841) -C(846)
C(842) -C(843)
C(843) -C(844)
C(844) -C(845)

C(845) -C(846)

P(i) -F(16)

P(1)-Ff14)

P(1)-F(12)

1.635 (11)

1.683(11)
1.328(11)

1.375(10)

1.392(11)
1.360 (13)
1.280 (12)
1.410(12)
1.391 (12)
1.400(11)

1.415(11)

1.354 (14)
1.363 (14)
1.416 (12)
1.365 (13)

1.397 (12)

1.401 (12)
1.382 (16)
1.338 (16)

1.418 (12)

1.384 (10)
1.411(10)
1.353 (12)
1.412 (13)
1.363 (13)
1.414 (11)
1.595(11)

1.632 (12)
1.641(11)

1.674(11)
1.393 (10)

1.396(10)

1.384(11)
1.404 (13)
1.335(13)

1.386(11)

1.414(10)

1.430 (12)
1.407(11)

1.312 (13)
1.408 (13)
1.408 (12)

1.376(11)
1.418 (10)

1.399(11)
1.348 (14)
1.338(14)

1.407 (11)
1.363 (10)
1.402 (10)

1.373(11)
1.417 (12)
1.361 (12)
1.397 (11)
1.539 (7)
1.582(7)

1.583 (6)



LXIV

Pfl)-Ff15)

Pfl) -Ff13)

Pfl) -F(11)
Pf2)-F(24)

Pf2) -Ff25)

P(2) -Ff21)

P(2) -Ff23)

Pf2) -Ff22)

P(2) -Ff26)
N (28) -FUi-N (18)
N(28) -Fui -N(214)
N (18) -FUi -N(214)
N(28) -RU1-N(114)
N (18) -RU1-N(114)

N(214) -FUi -N(114)
N(28) -RU1-N(21)

N(18) -RU1-N(21)
N (214) -RU1-N(21)

N(114) -RU1-N(21)

N f28) -FUi-N fil)
N (18) -FUi-N fil)
N f214) -FUi-N fil)
N (114) -FUi-N fil)

N(21) -RU1-N(11)
C f12) -N(11) -C f16)
C f12) -Nfll) -RU1

Cf16) -N(11) -FUi

Nfli) -C (12) -C f13)

Cf12) -C f13) -C f14)
Cf13) -C f14) -C f15)
C f16) -cf15) -C(14)
C f15) -Cf16) -Nfll)

Cf15) -C f16) -C f17)
Nfll) -C f16) -C f17)
N(18) -C f17) -C(112)
Nf18) -C (17) -Cf16)
C f112) -C (17) -C f16)
C f19) -N(18) -C f17)
C(19) -Nf18) -Fui

C f17) -Nf18) -RU1
Nf18) -Cf19) -CfllO)
N (18) -C (19) -C f113)
C f110) -C(19) -C f113)
C f111) -C (110) -C f19)

C f113) -C(118) -C f117)

C f124) -C f119) -C(120)
C f124) -C (119) -C f111)
C f120) -C f119) -C f111)

C f121) -C f120) -C f119)
C f120) -C(121) -C f122)
C f123) -C (122) -C f121)

Cf123) -C(122) -Cf125)

C f121) -C (122) -C f125)
C (124) -C f123) -C f122)

C(123) -C(124) -C f119)

Nf 126) -C(125) -N f130)
N(126) -C (125) -C f122)
Nf130)-C(125)-Cf122)

C f125) -N f126) -C f127)
C(128) -C(127) -Nf126)

C f127) -C f128) -C f129)

Cf125)-Nf130)-Cf131)

Nf130) -C f131) -C f132)

C (131) -C(132) -C f133)

C(22) -Nf21) -C f26)
C(22) -N(21) -RU1
C f26) -N(21) -RU1

N(21) -C f22) -C f23)

Cf22) -C (23) -C f24)

Cf25) -Cf24) -C(23)
C f26) -C f25) -C f24)
Nf21) -C f26) -C f25)
N f21) -C f26) -C f27)
C f25) -C (26) -C f27)

C(212) -C(27) -Nf28)

C(212) -C(27) -C(26)

N(28) -C f27) -Cf26)
Cf27) -N(28) -C f29)
C(27) -N(28) -Fui
C f29) -N f28) -FUi
C f210) -C f29) -N(28)
C (210) -C f29) -C f213)

N f28) -C f29) -C f213)
C f29) -C f210) -C f211)

Cf210) -C(211) -Cf212)
C f27) -C f212) -C (211)

Nf214) -C f213) -C(218)

121.1 f7)
116.8 f7)
122.6 f7)
120.4 f7)
122.9 f8)
117.2 (8)
121.2 f8)
119.0 f8)
119.7 f8)
119.4 f8)
122.3 f8)
123.4 f8)
115.9 f7)
120.7 f8)
124.7 f7)
112.8(7)
115.0(7)

128.3 (8)

113.3(7)

108.6(8)

118.4(6)
126.9(5)
114.3 (4)

123.6(8)

118.2(8)

117.7(7)
120.4 f7)
121.7 f7)

115.3 f6)

123.0(7)

122.8(7)
127.6(7)

109.5(7)
116.7 (7)

122.2(5)
121.1 (5)
122.1(8)

128.2(7)

109.7(7)
121.2 (7)
117.1(7)

120.1(7)
120.4(7)

1.587(5)

1.596(5)

1.622(7)
1.561(9)

1.569(8)
1.578 (7)
1.594 (8)
1.594 (8)

1.625(8)

177.0(2)
79.1(2)

98.8(2)
103.7(2)
78.6 (2)

96.0(2)

78.4(2)
103.6(2)

157.5(2)
87.8 f2)

97.8 (2)

79.9(2)
88.6(2)

158.5(2)

96.1(2)
119.0 (7)

128.1(5)

112.8(5)
122.4 f7)
120.0(8)
118 .0 (8)

119.8(7)

120.7(7)

125.4 (6)
113 .9 (7)

117.5(6)
117.9(6)

124.6(7)

127.3 (6)
117.3 (5)

115.4(4)

116.9(7)

116.4(6)
126.7(7)
120.8 (7)

117.7(7)

121.7(7)

120.6(7)

119.9(7)

120.9(7)

124.9(7)
114.0(7)

118.5(7)

127.5(6)
113.3 (5)

123.7(8)

118.4(8)
117.3 (8)

N(214) -Cf213) -Cf29) 116.1(6)
C (110) -C(111) -C(i12)
C (110) -C (111) -C(119)

C(112) -Cflll) -C(119)
C(111) -Cf112) -Cf17)

C(118) -C (113) -Nf114)
C (118) -C(113) -C f19)
N(114) -C(113) -C(19)

C(115) -N (114) -C(113)

C(115) -N(114) -RU1

C (113) -N(114) -RU1
N(114) -C(115) -C(116)
C(117) -C(116) -C (115)
C(116) -c(117) -C (118)

C(218) -C(213) -C (29)

C(215) -N(214) -C (213)

Cf215) -N(214) -RU1

C (213) -N(214) -Fui
N (214) -C (215) -C (216)
C(215) -Cf216) -Cf217)
C(218) -C(217) -C(216)

C(217) -C(218) -C (213)

N (48) -RU3-N (38)

N(48) -RU3-N(31)
N(38) -RU3-N(31)

N(48) -RU3-N(414)
N(38) -RU3-N(414)

123.5(7)

118.9(6)

127.2 (5)
113.7(5)

122.8 f7)
118.9(8)
118.3 (8)

120.6(8)
178.2(2)

99.6(2)

79.1(2)

78.7(3)
102.6(2)



LXV

N(31) -RU3-Nf414)
N(48) -RU3-N (314)

N(38) -RU3-N(314)
N (31) -RU3-N (314)
N (414) -RU3-N(314)
N (48) -RU3-N (41)
N (38) -RU3-N (41)

N(31) -RU3-N(41)

N (414) -RU3-N (41)

N(314) -RU3-N(41)

C(32) -N(31) -C(36)
C (32) -N (31) -RU3

C(36) -N (31) -RU3

N(31) -C(32) -C(33)

C(34) -C(33) -C(32)

C(33) -C(34) -C (35)

C(34) -C(35) -C(36)

N(31) -C(36) -C (35)

N(31) -C(36) -C (37)

Cf35) -Ct36) -C (37)

N(38) -C (37) -C (36)
N (38) -C(37) -C(312)

C(325) -N(326) -C (327)
N (326) -C (327) -C(328)
C(327) -C(328) -C (329)
C(325) -N(330) -C(331)

C(332) -C(331) -N (330)
C(331) -C(332) -C(333)

C(42) -N(41) -C(46)

C(42) -N(41) -RU3

C (46) -N (41) -RU3

N(41) -C (42) -C(43)

C(42) -C(43) -C(44)

C(45) -C(44) -C(43)

Cf44) -C(45) -C(46)
Nf41) -C(46) -C(45)

Nf41) -C(46) -C(47)
C(45) -C (46) -C(47)
C(412) -C (47) -N(48)

C (412) -C(47) -C(46)

Nf48) -C(47) -C(46)

Cf49) -Nf48) -C(47)
C (49) -N (48) -RU3

C (47) -N(48) -RU3

C(410) -C(49) -N(48)
C (410) -C(49) —C(413)

N(48) -C (49) -C(413)

C(411) -C(410) -C(49)

C(410) -C(411) -C(412)

C (47) -C(412) -C(411)

C(418) -C (413) -N(414)

C(418) -C (413) -C(49)

N(414) -C (413) -C(49)

C(415) -Nf414) -C(413)

C(415) -N(414) -RU3

C(413) -N (414) -RU3

N(414) -C(415) -C(416)

C(415) -C(416) -C(417)

C (418) -C(417) -C (416)
C (413) -C (418) -C(417)

C(521) -B(5) -C(541)
C(521)-Bf5)-C(531)

C (541) -B (5) -C(531)

C (521) -3(5) -C(511)

C (541) -3(5) -C(511)
C (531) -B(5) -C(511)
C (516) -C(511) -C(512)
Cf516)-C(511) -3(5)
C(512)-Cf511) -3(5)

C(513) -C(512) -C(511)

C(512) -C(513) -C(514)

C(515) -C(514) -C(513)

C(514) -C(515) -C(516)

C(511) -C(516) -C(515)

C(526) -C(521) -C(522)

C(526) -Cf521) -B(5)
C(522)-C(521) -3(5)

C (523) -C(522) -C(521)

C(522) -C(523) -C(524)

125.5(8)
108.3 (9)
105.1 (9)
126.3 (8)

117.4(9)
117.40(11)
121.4 (8)

125.7(6)
112.7(6)

122.4(9)
119.00 (11)
116.9(1)

121.3 (9)

118.9(9)

117.9(8)
123.2(8)
119.5(1)

130.1(1)

110.4(8)

118.2(9)
121.9(6)

119.9(6)
122.6(1)

127.8 (9)

109.5(7)
118.40(11)

122.70(12)

118.50(11)
121.7(9)

122.1(8)
116.2 (7)
118.5(8)

127.9(5)

113.6(6)

122.7(9)
119.9(1)

115.9(9)
121.4(9)

114.6 (6)
104.8 (6)

109.1(6)

111.5(6)

103.6(6)
113 .5(6)

117.0(7)

122.1(6)

120.5(7)

122.6(8)

119.2(8)

120.0(8)

118.7(8)

122.5(8)
116.2 (8)
121.8 (7)
121.6 (7)

119.2(8)

125.8(1)

91.8(2)
102.3 (2)
78.9(2)

158.0(3)

92.2(2)
79.1(3)

99.6 (2)
91.9 (2)

157.9(3)

92.5(2)

118.5(6)
128.0(5)

113.5(5)
122.2(7)

120.7(7)
118.9 (7)
118.2(7)
121.3 (7)
115.8 (6)

122.7(7)
116.6 (6)
115.6 (6)
127.8 (6)
129.4(7)

115.6(5)

114.9(4)

117.1(6)
117.8 (7)

125.0(7)

118.2(7)
119.7(8)

120.5(6)
119.7(7)

119.8(7)

120.7(7)

114.1(6)

125 .1f 7)

118.3(6)

128.1(5)
113.5(5)

121.0(7)
119.8(7)

120.9 (8)
119.1 (7)
120.6(6)

122.0(7)
117.4 (6)
120.3 (7)
119.1(8)

120.6(7)
120.6(8)

118.7(8)
120.8 (8)
118 .4 (7)
121.7(8)

116.7(7)
121.1(8)

C(36) -C(37) -C(312)

C(39) -N(38) -C(37)

C(39) -N(38) -RU3

C(37) -N(38) -RU3

N(38) —C(39) -C(310)

N(38) —C(39) -C(313)

C(310) -C(39) -C(313)

C(311) -C(310) -Ct39)
C(312) -C(311) -C(310)
C(312) -C(311) -C(319)

C(310) -C(311) -C(319)

C(311) -C(312) -Ct37)

N(314) -C (313) -C(318)

N(314) -C(313) -C(39)

C(318) -C(313) -C(39)

C(315) -N(314) -C(313)

C(315) -N(314) -RU3

C(313) -N(314) -RU3

N(314) -C(315) -C(316)

C(317) -Cf316) -C(315)

C(316) -C(317) -C(318)

C(317) —C(318) -Cf313)

C(324) -C(319) -C(320)

C(324) -C(319) -C(311)
C(320) -C (319) -C(311)
C (321) -C(320) -C(319)

C(322) -C(321) -C(320)

C(323) -C(322) -C(321)

C(323) -C(322) -C(325)

C(321) -C(322) -C(325)
C(322) -C(323) -C(324)
C(319) -C(324) -C(323)
N(325)-C(325)-N(330)

N(326) -C(325) -C(322)
N(330)-C(325)-C(322)
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C (525) -C(524) -C(523)
C(526) -C (525) -C (524)

C(525) -C (526) -C(521)
C(532) -C (531) -C (536)
C(532) -C (531) -Bf5)
C(536)-Cf531) -B(5)
C(533)-C(532)-Cf531)
C (532) -C(533) -C (534)
C(535) -C(534) -C(533)
C(534)-C(535)-Cf536)

C(531) -C(536) -C (535)
C(542) -C (541) -C (546)
C(542) -C(541) -B(5)
C(546) -C(541) -3(5)
C (543) -C(542) -C (541)
C (542) -C(543) -C (544)
C(543) -C(544) -C (545)
C(546) -C (545) -C(544)
C(545) -C(546) -C (541)
C(621) -B(6) -C (611)
C (621) -3(6) -C(641)
C (611) -3(6) -C (641)
C(621) -3(6) -Cf631)
Cf611) -3(6) -C(631)
C(641) -B(6)-C(631)

C(612) -C(611) -C(616)
C(612) -C(611) -3(6)
C(616) -C(611) -3(6)
C(611) -C(612) -C(613)
C (614) -C(613) -C(612)
C (613) -C(614) -C(615)
C(616) -C(615) -C(614)
C(615) -C(616) -C(611)
C(622) -C(621) -C(626)
Cf622) -Cf621) -3(6)
C (626) -C (621) -3(6)
C(621) -C (622) -C(623)
C(624) -C(623) -C(622)
C(623) -C (624) -C (625)
C(626) -C (625) -C(624)
C (625) -C(626) -C(621)
C(636) -C(631) -C(632)
C(636) -C(631) -5(6)

C(632) -C(631) -3(6)

C(631) -C(632) -C(633)
C(634) -C(633) -C(632)
Cf635) -C(634) -Cf633)
Cf634) -C(635) -Cf636)
C(631) -C (636) -C(635)

C(646) -C(641) -Cf642)
C(646) -C(641) -5(6)
C(642) -C(641) -5(6)
C(643) -C(642) -C(641)
C(644) -C (643) -C (642)
C(643) -C(644) -C(645)
C(644) -C (645) -C(646)
C(641) -C(646) -C(645)

114.3(1)
123.8(1)

120.5(9)
114.8(7)
119.9(7)
125.2 (7)
123.3 (8)
120.7 (9)
117.8 (9)
119.6 (9)
123.9(8)

116.1(7)
122.8(7)
120.8 (7)
121.9(8)
122.8(1)

116.0(8)

121.1(7)
122.0(8)
104.9(6)
114.8(6)

111.1(6)
110.2(6)

113.5(6)

102.7(6)
115.2 (8)
125.3 (7)
119.4 (7)
121.4 (9)
121.10 (11)
119.0(1)
119.5(1)

123.8(9)
113.2(8)
123.0(7)

123.4(7)
124.2 (9)
118.50 (11)
119.10(11)
120.60 (11)
124.3 (9)
118.6 (8)
120.8 (7)
120.4 (7)
120.2 (9)
117.10(11)

121.70(11)
118.50(11)

123.6(1)

114.7(7)
121.7(7)
123.3 (7)
123.0(8)
121.1(8)

117.9(9)
120.3 (9)
122 .8 (8)

C(711) -3(7) -C (731)
C(711) -3(7) -C(721)

C(731)-B(7)-C(721)
C(711) -3(7) -C(741)
C(731) -3(7) -C (741)
C(721) -3(7) -C(741)
C(716) -C(711) -C (712)
C(716) -C(711) -3(7)
C(712) -C(711) -3(7)
C(711) -C(712) -C(713)
C(714) -C(713) -C(712)
C(715) -C(714) -C (713)
C(714) -C(715) -C(716)
C(711) -C(716) -C(715)
C(726) -C(721) -C(722)
C(726) -C(721) -B(7)
C(722) -C(721) -3(7)

C(721) -C(722) -C(723)
C(724) -C(723) -C(722)
C(723) -C(724) -C(725)
C(724) -C(725) -C(726)
C(721) -C(726) -C(725)

C(736) -C(731) -C(732)
C(736) -C(731) -3(7)

C (732) -C(731) -3(7)

C(731) -C(732) -C (733)

C(734) -C(733) -C(732)
C(735)-C(734)-C(733)
C(734) -C(735) -C(736)
C(731) -C(736) -C(735)
C(746) -C(741) -C(742)
C(746) -C(741) -3(7)
C(742) -C(741) -3(7)
C(743) -C(742) -C(741)
C(742) -C(743) -C(744)
C(745) -C(744) -C(743)
C(744) -C(745) -C(746)
C(741) -C(746) -C(745)
C(821) -3(8)-C(841)

C(821) -B(8) -C(811)

C(841) -3(8)-C(811)
C(821)-3(8)-C(831)

C(841) -3(8) -C(831)
C(811) -3(8) -C(831)

C(816) -C(811) -C(812)

C(816) -C(811) -B(8)
C(812) -C(811) -3(8)

C(813) -C(812) -C (811)
C(812) -C(813) -C(814)

C(815) -C(814) -C(813)
C(814) -C(815) -C(816)
C(815) -C(816) -C(811)

C(822) -C(821) -C(826)
C(822) -C(821) -3(8)
C(826) -C(821) -3(8)

C(823) -C(822) -C(821)
C(824) -C(823) -C(822)

112.5 (7)
115.8 (7)

104.7(7)
103 .7 (6)
111.3 (7)
108.9(7)
112.3 (9)
126.4(8)

121.0(8)
125.1(9)

116.4(1)
122.20(11)
118.5(1)

125.3(1)
113.6(8)
123.4(8)

122.7(8)

122.7(9)
119.8 (1)
121.30(11)

117.50(11)
125.0 (9)
113.5(9)
125.6(9)
120.4 (9)

126.10(12)

111.90(12)
128.60(13)
113 .00 (12)
126.00(11)
115.4 (7)
120.1(7)

124.2(7)
121.7 (9)

122.0(9)
118.2(9)
119.1(9)
123.6(8)
111.1(7)

114.0(7)
104.7(6)
103 .8 (6)
113.4(7)
110.1(7)
115.4 (7)
121.4 (7)
122.9(7)

121.9(7)
120.0(9)

118.8(9)
121.0(8)
122.7(8)
113.2(8)
124.3 (8)
122.5(8)

123.6(1)
120.00 (11)



LXVII

C (823) -C(824) -C (825)

C (824) -C (825) -C(826)
C (825) -C (826) -C (821)
C (832) —C(831) -C (836)
Cf832) -Cf831) -B (8)

Cf836) -Cf831) -3(8)

C(831) —Cf832) -C(833)

C (834) -C (833) -C (832)
C (835) -C (834) -C (833)
C (834) —C (835) —C (836)

Cf835) -C(836) -Cf831)
C (842) -C (841) -C (846)
C (842) -C (841) -B (8)

Cf846) -Cf841) -3(8)

C (841) -C(842) -C(843)
C(842) -C (843) -C (844)
C (845) -C(844) -C (843)
C (844) -C(845) -C(846)
C (845) -C (846) -C (841)

Ff16) -Pfl) -F(14)

Ff16) -P(1) -Ff12)

Ff14) -PU) -F(12)

Ff16) —P fi) -Ff15)

Ff14) -Pf1) -Ff15)

Ff12) -P(1) -Ff15)

Ff16) -P fi) -Ff13)

122.10(11)

117.50(11)

123.5(1)
114.5 (8)

122.9(8)

122.5(7)

125.0(9)

118.1(1)

120.4 f1)
122.1f9)

119.7(9)
113.1 f8)
121.9 f7)
124.6(7)

126.3 (8)

117.4 (8)
120.2 f9)
118.0 (9)
124.7 (8)

89.6(4)

90.1(4)

179.0(4)

89.9(4)
91.3 f3)
89.7(3)

90.9(4)

Ff14) -P fi) -Ff13)
Ff12)-Pfl)-F (13)

Ff15) -P (1) -Ff13)
Ff16) -P fi) -Ff11)

Ff14) -pfi) -Ff11)

Ff12) -Pfl) -Ff11)

Ff15) -Pfl) -Ff11)

Ff13) -P fi) -Ff11)
Ff24) -Pf2) -Ff25)

Ff24) -P (2) -Ff21)

Ff25) -P f2) -Ff21)
Ff24) -P f2) -Ff23)

Ff25) -Pf2) -Ff23)

Ff21) -P f2) -Ff23)

Ff24) -P (2) -Ff22)

Ff25) -P (2) -Ff22)

Ff21) -P f2) -Ff22)

Ff23) -P (2) -Ff22)

Ff24)-Pf2)-Ff26)

Ff25) -P f2) -Ff26)

Ff21) -Pf2) -Ff26)

Ff23) -P (2) -Ff26)

Ff22) -P f2) -Ff26)

88.4(3)

90.6(3)

179.1(5)
179.7(5)
90.2 f4)
90.1(3)

90.1(4)

89.1(4)
91.0(5)

88.9(5)
86.8 f4)
90.6(5)

174.7(6)

88.2(5)

178.9(6)
88.8 f5)
92.2 f5)
89.7(5)
94.3 f5)
90.9(5)

176.1(5)

94.1(5)

84.7(5)

Table 6. Bond lengths [À] and angles [0] related to the hydrogen

bonding for IV-1.

D-H . .A dfD-H) dfH. .A) dfD. .A) <DHA

Nf326)-Hf326) Ff15)#1 0.87 1.98 2.845(9) 173.9

Nf330)-Hf330) Ff21)#2 0.87 2.26 3.055(11) 152.4

Nf330)-Hf330) Ff25)#2 0.87 2.36 3.004(11) 131.5
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C13

C123

Table 1. Crystal data and structure refinement for IV-3.

LXVIII

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit ceil dimensions

Volume

C85 367 32 N7 O Ru

1325.15

100 (2)K

1.54178 Â

Monoclinic

C2 / c

a = 21.4989(6) Â
b = 22.1518(5) Â
c = 18.1137 (4) Â

8625 . 5 f4) Â

Œ = 90°

= 90.8620f10)°

y = 90°

HJ23

G]?7

Cl 2LJ

C]2)

C I 20

C25

C212

C21 I

z 4



Density f caiculated)

Alsorption coefficient

Ff000)

Crystal size

Theta range for data collection

Index ranges

Refiections coilected

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigmafl)]

R indices (ail data)

Extinction coefficient

Largest dif f. peak and hole

1.020 g/cm3

-1
1.799 mm

2752

0.10 x 0.05 X 0.05 mm

2.86 to 68.30°

-25h24, -26k26, -21P21

45834

7814 [Rint = 0.031]

Semi-empirical f rom equivalents

0.9400 and 0.7100

Fuli-matrix least-squares on F2

7814 / 49 / 422

1.125

R1 = 0.0751, wR2 = 0.2093

R1 = 0.0972, wR2 = 0.2327

y

1.262 and -2.410 e/Â3

Table 2. Atomic coordinates (x io) and equivalent isotropic
3dispiacement parameters fA x 10 ) for IV-3.

Ueq is defined as one third of the trace of the orthogonalized

Uij tensor.

LXIX

0cc. X y z Ueq

Rufi) 1 5000 1956(1) 2500 46(1)
Nf11) 1 4373 (2) 2137 (2) 1653 (2) 48 f1)
C(12) 1 4069 (2) 1736(2) 1222 (3) 56(1)
C(13) 1 3693(3) 1904(2) 645(3) 64(2)
Cf14) 1 3630(3) 2513(2) 475(3) 66(2)
Cf15) 1 3939(3) 2932(2) 906(3) 54(1)
C(16) 1 4303 (2) 2736 (2) 1492 (2) 46(1)
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C(17) 1 4639 (2) 3150 f2) 1995 (2) 45(1)
N(18) 1 5000 2857 (2) 2500 43(1)
C (111) 1 5000 4104 (2) 2500 40(1)
C(112) 1 4635 (2) 3770 (2) 1989 (2) 48(1)
cf119) 0.50 4916(2) 4764(2) 2543(2) 53(2)
C(120) 0.50 5441(2) 5110 (2) 2697 (2) 57 (5)
C(121) 0.50 5393 (6) 5740(5) 2767(6) 58 (3)
C(122) 0.50 4820(6) 6016 (4) 2708 (6) 60(3)
C(123) 0.50 4276(6) 5677(4) 2535(6) 57(3)
C(124) 0.50 4341(8) 5044(5) 2474(7) 58(3)
N(125) 0.50 4775(5) 6648(3) 2836(5) 74(3)
C(126) 0.50 4266 (6) 7080 (7) 2772(9) 112 (5)
0(127) 0.50 3786 (6) 6894 (4) 2549 (7) 117(4)
N(21) 1 4313 (2) 1778 (2) 3265 (2) 52(1)
C(22) 1 3977(3) 2166(3) 3658(3) 66(1)
C(23) 1 3546(4) 1993(3) 4163(3) 86(2)
C(24) 1 3455 (3) 1376(4) 4282 (3) 98(2)
C(25) 1 3805 (3) 970(3) 3890 (3) 84(2)
C(26) 1 4227(3) 1164(2) 3391(3) 65(1)
C(27) 1 4614 (3) 768(2) 2941 (3) 70 (2)
N(28) 1 5000 1055(2) 2500 55(1)
C(211) 1 5000 -164 (4) 2500 140 (5)
C(212) 1 4595(4) 145(3) 2932(5) 113(3)
3(3) 1 2479(3) 4364(2) 1017(3) 60(2)
C(31) 1 3080 (2) 4364(1) 439 (2) 58(1)
C(32) 1 3646 (2) 4618(1) 654 (2) 61(1)
C(33) 1 4159(2) 4565(2) 202(2) 77(2)
C(34) 1 4108 (2) 4258 (2) -466 (2) 88 (2)
C(35) 1 3542 (2) 4004 (2) -681 (2) 78 (2)
C(36) 1 3028 (2) 4057(1) -229 (2) 68 (2)
Cf41) 1 2567 (2) 3715(1) 1479 (2) 57(1)
C(42) 1 2939 (2) 3706(1) 2114 (2) 56(1)
C(43) 1 3048(2) 3165(1) 2482(2) 68(2)
C(44) 1 2786 (2) 2633(1) 2216 (2) 83 (2)
C(45) 1 2415(2) 2641 (1) 1581(2) 88 (2)
C(46) 1 2306 (2) 3182 (2) 1213 (2) 75(2)
C(51) 1 1787(2) 4413(2) 562(2) 74(2)
C(52) 1 1264(2) 4140(2) 854(2) 100(2)
C(53) 1 688(2) 4210(2) 506(3) 130(3)
C(54) 1 635(2) 4553(3) -135(3) 134(3)
C(55) 1 1159 (3) 4827 (2) -427 (2) 121 (3)
C(56) 1 1735 (2) 4757 (2) -79 (2) 90 (2)
Cf61) 1 2465(2) 4961(1) 1605(2) 63(1)
C(62) 1 2143(2) 4889(1) 2259(2) 78(2)
C(63) 1 2092(2) 5370(2) 2747(2) 96(2)
C(64) 1 2363(2) 5923(1) 2582(2) 96(2)
C(65) 1 2685 (2) 5994(1) 1928 (2) 92 (2)

C(66) 1 2736(2) 5513(1) 1439(2) 73(2)
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Table 3. Hydrogen coordinates (x io) and isotropic dispiacement

parameters (Â2 x iû) for IV-3.

0cc. X y z Ueq

Hf12) 1 4120 1318 1324 67
Hf13) 1 3475 1608 363 77
H(14) 1 3378 2638 68 79
H(15) 1 3901 3350 801 64
1-1(112) 1 4384 3977 1636 58
H(120) 0.50 5835 4919 2755 68
H(121) 0.50 5756 5976 2855 70
H(123) 0.50 3884 5867 2463 69
H(124) 0.50 3982 4804 2384 70
H(125) 0.50 5128 6812 2984 89
Ht126) 0.50 4320 7493 2903 134
H(22) 1 4041 2586 3582 79
H(23) 1 3314 2285 4427 103
H(24) 1 3158 1239 4626 117

H(25) 1 3752 549 3969 101
H(211) 1 5000 -593 2500 168

Hf212) 1 4302 -67 3223 136
H(32) 1 3681 4828 1110 73

1-1(33) 1 4546 4738 349 92
1-1(34) 1 4459 4222 -775 105

H(35) 1 3507 3794 -1137 93

H(36) 1 2642 3884 -376 82

H(42) 1 3118 4070 2296 67

H(43) 1 3302 3159 2916 82
Hf44) 1 2861 2263 2468 99
1-1(45) 1 2236 2278 1399 106

H(46) 1 2052 3188 779 90
H(52) 1 1300 3905 1291 120

H(53) 1 330 4023 705 156
H(54) 1 242 4601 -372 161

H(55) 1 1123 5061 -864 145

H(56) 1 2093 4943 -278 108
H(62) 1 1957 4512 2372 93
H(63) 1 1872 5321 3194 115
H(64) 1 2328 6251 2916 115

H(65) 1 2870 6372 1815 110

H(66) 1 2956 5562 992 87



LXXII

3Table 4. Anisotropic parameters (A x 10 ) for IV-3.

The anisotropic dispiacement f actor exponent takes the form:

-2
2

[ h2 2 U11 + ... + 2 h k a* b* U12 j

Uli U22 U33 U23 U13 U12

Ru(l) 62(1) 24(1) 51(1) 0 -14(1) 0
N(11) 59(3) 32(2) 53(2) -6(2) -12(2) 6(2)
C(12) 67(3) 33(2) 68(3) -13(2) -24(3) 6(2)
cf13) 81(4) 37(2) 73 (3) -18(2) -27(3) 12(2)
c(14) 90(4) 42(2) 64(3) -14(2) -33(3) 18(3)
c(15) 77 f4) 34 (2) 49 (3) -6 f2) -16 (2) 8 (2)
cf16) 62 (3) 29 (2) 47 (2) -5 (2) -4 f2) 6 (2)
c(17) 63(3) 34(2) 38(2) 4(2) -9(2) 9(2)
Nf18) 61(3) 23(2) 44(3) o 0(3) 0
Cf111) 60(4) 34(3) 25(3) 0 1(3) 0
C (112) 71(3) 33 (2) 41(2) 5(2) -10 (2) 5(2)
C(119) 74(7) 35(3) 49(4) 2(7) -20(4) 19(6)
C(120) 77(10) 43(7) 50(8) 0(5) -21(7) 2(6)
C(121) 66(8) 46 (6) 62 (7) -9 (5) -22 (6) 1 (6)
C (122) 89 (10) 32 (4) 60 (8) -2 (4) -20 (6) -7 (5)
C(123) 75 (9) 30 (5) 66 (7) -3 (5) -8 (6) 1 (5)
C(124) 98 (10) 28 (5) 49 (6) -7 (4) -16 (8) 4 (6)
N(125) 90(7) 35(4) 97(7) -10(4) -18(5) -1(4)
C(126) 100(8) 133(9) 102(8) 3(7) -20(7) -35(8)
0(127) 117 (7) 61 (5) 171 (8) 2 (5) -12 (7) 1 (5)
N(21) 59 (3) 45 (2) 53 (2) 7 (2) -8 (2) -18 (2)
Cf22) 82(4) 60(3) 56(3) 1(2) -4(3) -5(3)
C(23) 98(5) 99(5) 61(4) 1(3) 9(4) -17(4)
C(24) 112(6) 115(6) 67(4) 9(4) -4(4) -55(5)
C(25) 105(5) 73 (4) 73 (4) 10(3) -15(4) -36(4)
C(26) 78(4) 49(3) 68(3) 13 (2) -16(3) -29(3)
C(27) 92(4) 35(2) 80(4) 6(2) -31(3) -13(3)
N(28) 75(4) 23(2) 65(3) 0 -15(3) 0
C(211) 159 (12) 32 (4) 230 (15) 0 1 (11) 0
C (212) 144 (7) 36 (3) 159 (7) 17 (4) -10 (6) -15(4)
B(3) 74(4) 38(3) 67(3) -14(2) -27(3) 14(3)
C(31) 87 (4) 37 (2) 49 (3) 0 (2) -21 (3) 13 (2)
C(32) 88(4) 45(2) 48(3) 10(2) -13 (3) 5(3)
C(33) 107 (5) 61 (3) 62 (3) 19 (3) -17 (3) —3 (3)
C (34) 120 (6) 78 (4) 65(4) 14 (3) 17 (4) 26 (4)
C(35) 105(5) 68(4) 60(3) —3 (3) -13 (4) 8(3)
C(36) 96(4) 50(3) 59(3) -8(2) -16(3) 19(3)
C(41) 68(3) 35(2) 68(3) -13(2) -5(3) 7(2)
C(42) 76(4) 32(2) 58(3) -4(2) -3(3) 2(2)
C(43) 91(5) 45(3) 68(3) 5(2) 6(3) 5(3)
C(44) 113(5) 33(2) 103(5) 15(3) 24(4) -1(3)
C(45) 122 (6) 36(3) 106(5) -6(3) -7(4) -16 (3)
C(46) 84 (4) 49(3) 91(4) -15(3) -17 (3) 5(3)
C(51) 86(4) 57(3) 79(3) —34(3) -20(3) 29(3)
Cf52) 71(4) 98(4) 130(5) -55(4) -24(4) 18(4)
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Ru(1) -N(18)

Ru(1) -N(28)

Rufi) -N(11)#1
Ru(1) -N(11)
Rufi) -N(21)#1
Rufi) -N(21)

N(11) -C(12)

Nf11) -C(16)
C (12) -C(13)

Cf12) -H(12)

C(13) -C(14)

C(13) -H(13)
C(14) -C(15)

C(14) -H(14)

C(15) -C(16)
C(15) -H(15)

C(16) -C(17)

C(17) -N(18)

C(17) -C(112)

N(18) -C(17)#1
C(111) -C(112)
C (111) -C(112)#1
C (111) -C (119) #1

C(111) -C (119)

C(112) -H(112)

C (119) -C(124)

C(119) -C(120)

C (120) -C (121)

C(120) -H (120)
C(121) -C (122)

C (121) -H (121)
C(122) -C(123)

C(122) -N(125)

C(123) -C(124)
C (123) -H(123)

C(124) -H(124)

N(125) -C(126)

N(125) -H(125)

C (126) -0(127)
C (126) -H (126)
N(21) -C(22)

1.995(5)

1.996(5)
2.066(4)

2.066(4)
2.078 (4)
2.078 (4)

1.345(6)

1.366(5)

1.364 (7)

0.95

1.388 (6)
0.95

1.376(6)

0.95

1.380(6)
0.95

1.474(6)

1.356 (5)
1.373 (5)
1.356(5)

1.413 (5)
1.413 (5)
1.475(6)

1.475(6)

0.95

1.387(15)

1.39

1.407 (11)
0.95

1.378 (16)
0.95
1.421(16)

1.423(11)

1.413 (14)
0.95
0.95
1.457 (9)
0.88

1.179 (16)
0 .95
1.335 (7)

N(21) -C(26)

C(22) -C(23)

C(22) -H(22)

C(23) -C(24)

C(23) -H(23)

C(24) -C(25)

C(24) -H(24)

C(25) -C(26)

C(25) -H(25)

C(26) -C(27)
C (27) -N(28)

C(27) -C(212)

N(28)-C(27)#1

C(211) -C(212)#1

C(211) -C(212)
C(211) -H(211)

C(212) -H(212)

B(3) -C(41)

B(3) -C(31)
3(3) -C(51)

3(3) -C(61)

C(31) -C(32)

C(31) -C(36)

C(32) -C(33)

C(32) -H(32)

C(33) —C(34)

C(33) —H(33)

C(34) -C(35)
C(34) -H (34)

C(35) -C(36)

C(35) -H(35)

C(36) -H(36)

C(41) -C(42)

C(41) -C(46)
C(42) -C(43)
C(42) -H(42)

C(43) -C(44)

C(43) -H(43)

C(44) -C(45)

C(44) -H(44)
C (45) -C (46)

1.392 (6)
1.368 (8)
0 .95
1.397(9)

0.95
1.377(9)

0.95

1.359 (8)
0.95

1.466 (8)
1.323 (6)
1.381(7)
1.323 (6)
1.364 (8)
1.364(8)

0.95

0.95
1.673 (6)

1.676(7)
1.692(7)

1.699(5)
1.39

1.39

1.39

0.95

1.39

0 .95

1.39
0.95
1.39
0.95

o . 95

1.39

1.39
1.39
0.95

1.39

0.95

1.39

0 .95

1.39

C(53) 94(5) 138(6) 159(7) -69(5) -8(5) 23(5)
Cf54) 116(6) 140(6) 145(6) -83(5) -41(5) 65(5)
C(55) 144 (6) 118 (5) 101(5) -50 (4) -45 (5) 64 (5)
C(56) 106(5) 84(4) 78(4) -34(3) -41(3) 51(3)
C(61) 87 (4) 40 (2) 61(3) -6(2) -30(3) 19(2)
C(62) 116(5) 50(3) 67(3) -10(2) -7(3) 23 (3)
C(63) 156(7) 64(4) 68 (4) -19(3) -19(4) 46(4)
C(64) 146(7) 55(3) 86(4) -34(3) -49(4) 37(4)
Cf65) 131(6) 41(3) 103(5) -13(3) -38(4) 19(3)
C(66) 102(5) 37(2) 78(3) -6(2) -31(3) 12(3)

Table 5. Bond lengths [Al and angles [0] for IV-3.
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C(45) -H(45)
C (46) -H(46)

C (51) -C(52)
C(51) -C (56)

C(52) -C(53)
C(52) -H(52)

C(53) -C (54)

C(53) -H(53)
C(54) -C (55)
C(54) -H(54)
C(55) -C(56)
C(55) -H (55)

C(56) -H (56)

C(61) -C(62)

C(61) -C (66)

C(62) -C(63)

C(62) -H (62)

C(63) -C (64)
C (63) -H (63)
C (64) -C(65)
C (64) -H(64)

C(65) -C(66)
C(65) -H(65)
C(66) -H(66)

N (18) -RU1-N (28)
Nf18) -RU1-N(11)#1
N(28) -RU1-N(11)*tl
N (18) -RU1-N(11)

N(28) -RU1-N(11)

N(11) #1-RU1-N(11)

N(18) -RU1-N(21)#1

N(28) -RU1-Nf21)#1
N fil) *1-Rul-N(21)#1

N(11) -RU1-N(21)#1

N(18) -RU1-N (21)

N(28) -RU1-N (21)
N(11)#1-RU1-Nf21)

N(11) -RU1-N(21)

N(21) *1-Rui-N(21)

C(12) -Nf11) -C(16)
C(12) -Nfll) -RU1

C(16) -N(11) -RU1

N(11) -C(12) -C (13)

N(11) -C(12) -H(12)
C (13) -C (12) -H (12)
C(12) -C(13) -C(14)
C(12) -C(13) -H(13)
C(14) -C(13) -H(13)
C(15) -C(14) -C(13)
C(15) -C(14) -H(14)
C (13) -C(14) -H(14)
C(14) -C (15) -C(16)
C(14) -C(15) -H(15)

Cf16) -C(15) -H(15)
Nfll) -C(16) -C (15)

N(11) -C(16) -C(17)

0.95

0.95

1.39
1.39

1.39
0.95

1.39

0.95

1.39
0 .95
1.39

0.95

0.95
1.39

1.39

1.39

0 .95

1.39

0 .95

1.39

0.95

1.39

0.95

0.95

180
78.81(10)

101.19 (10)
78.81(10)

101.19(10)

157.6(2)

100.92 (11)
79.08(11)

94.00(15)

90.22 (15)
100.92(11)

79.08(11)

90.22 (15)
94.00 (15)

158.2(2)

117.8 (4)

127.5(3)
114.5(3)

122.8(4)

118 .6
118 .6
119.3 (5)
120.4

120.4

119.0(5)
120.5

120.5

119.2(4)
120.4

120.4

121.9(4)

114.9(4)

C(17) -Cf112) -C(111)
C(17) -C(112) -H (112)

C(111) -C(112) -H(112)

C(124) -C(119) -C(120)
C(124) -C(119) -C(111)

C(120) -C(119) -C(111)

C(119) -C(120) -C(121)

C(119) -C(120) -H (120)

C(121) -C(120) -Hf120)
C(122) -C(121) -C(120)

C(122) -C(121) -H(121)
C(120) -C(121) -H(121)
C(121) -Cf122) -C(123)

C(121) -C(122) -N(125)

C(123) -C(122) -N(125)
C(124) -C(123) -C(122)

C(124) -C(123) -H(123)
C(122) -C(123) -H(123)

C(119) -C(124) -C(123)

C(119) -C(124) -H(124)

C(123) -C(124) -H(124)

C(122) -N(125) -C(126)
C(122) -N(125) -H(125)

C(126) -N(125) -H(125)

0(127) -C(126) -N(125)

0(127) -C(126) -H(126)
N(125) -C(126) -H(126)

C(22) -N(21) -C(26)

C(22) -N(21) -mn

C(26) -N(21) -RU1

N(21) -C(22) -C (23)
N(21) -C(22) -H(22)
C(23) -C(22) -H(22)

C(22) -Cf23) -C(24)
C(22) -C(23) -H(23)

C(24) -C(23) -H(23)
C (25) -C(24) -C(23)

C(25) -C(24) -H(24)

C(23) -C(24) -Hf24)
C(26) -C(25) -C (24)
C (26) -C(25) -H(25)
C (24) -Cf25) -H(25)

C(25) -C(26) -N(21)

121.0(4)

119 .5

119 .5

119.4 (6)
123.3 (6)
117 .21 (18)
120.3 (5)
119.8
119 .8

120.0(1)
120
120
121.0 (8)
119.0 (1)
120.0(1)
117.30 (12)
121 .3
121.3

121.80 (13)
119.1

119.1

133.30 (12)
113 .3

113 .3

116.80(14)

121.6
121.6

117.9(5)
129.0 (3)
113.1(4)

123.6(5)
118 .2
118.2

118.4(6)
120.8

120.8

118.8(6)

120.6

120.6

120.7(6)

119.6

119.6

120.6(5)

C(15) -C(16) -C(17) 123.2(4)

N(18)-C(17)-C(112) 119.2(4)
N(18)-C(17)-C(16) 112.9(4)
C(112)-C(17)-Cf16) 127.9(4)
C(17)#1-N(18)—C(17) 122.7(5)
C(17)#1-N(18)-RU1 118.6(2)
Cf17)-N(18)-RU1 118.6(2)

Cf112)-Cfll1)-C(112)#1 116.8(5)
C (112) -C (iii) -Cf119)#i 123.5(2)

C(112)#l-C(11i)-C(119)#1i9.l(3)
C(112)-Cf11i)-Cfl19) 119.1(3)

C(112)#1-C(1ii) -C(119) 123.5(2)

C(119)#i-C(lil) -C(119) 15.4(4)
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C(25) -C(26) -C (27)
N(21) -C (26) -C (27)

N(28) -C(27) -C(212)
N(28) -C(27) -C (26)

C(212) -C (27) -C(26)
C(27) #1-N(28) -C (27)

C(27)#1-N(28) -RU1

C(27) -Nf28) -RU1

C(212)#1-C(211) -C(212)
Cf212)#1-Cf211) -H(211)

C (212) -C(211) -3(211)

C(211) -C(212) -C (27)
C(211) -C (212) -H(212)

C(27) -C(212) -H(212)
Cf41) —3(3) —C(31)
C(41) -3(3) -C(51)
C(31) -3(3) -C (51)
C(41) -B (3) -C(61)

C(31) -3(3) -C(61)
C(51) -B(3)-C(61)

C(32) -C(31) -C(36)
C(32) —C (31) —3(3)
C(36) —C(31) —B(3)

C(31) -C(32) -C(33)

C(31) -C (32) -3(32)
C(33) -C(32) -H(32)
C (34) -C(33) -C(32)

C (34) -C (33) -H (33)
C(32) -C(33) -H(33)

C(35) -C(34) -Cf33)
C(35) -C(34) -H(34)

C (33) -C (34) -H(34)

C(34) -C (35) -C (36)

C(34) -C(35) -H(35)

C(36) -C(35) -H(35)

C(35) -C(36) -C(31)
C(35) -C(36) -Hf36)
C(31) -C(36) -H(36)
C(42) -C(41) -C(46)
C(42)-C(41) -3(3)

C(46) -C(41) -3(3)

C(43) -C(42) -C(41)

C(43) -C(42) -H(42)
C(41) -C(42) -3(42)
C(42) -C(43) -C(44)
C(42) -C(43) -H(43)

C(44) -C(43) -3(43)

C(45) -C(44) -Cf43)

124.7(5)

114.6(4)

119.5 (6)
114.5(4)

126.0(6)

122.6(6)

118.7 (3)
118.7 (3)
119.8 (9)
120.1

120.1

119.3 (8)
120.4

120.4

103.3 (3)
113.1(4)
112.1 (4)
111.0 (4)

114.4(4)
103.4(3)

120

120.3 (3)
119.4 (3)
120

120

120

120

120

120

120
120

120

120

120

120
120

120

120
120

119.0 (3)
120.8 (3)
120

120

120

120

120

120

120

C(64) -C(63) -H(63)
C(65) -C(64) -C(63)
C(65) -C(64) -H(64)
C (63) -C(64) -3(64)

C(66) -C(65) -C(64)
C(66) -C(65) -H(65)

C(64) -C(65) -H(65)
C(65) -C(66) -C(61)
C(65) -C(66) -H(66)

C(61) -C(66) -H(66)

C(45)-C(44)-H(44)

C(43) -C(44) -Hf44)

C(46) -C(45) -C(44)
C(46) -C(45) -Hf45)

C(44) -C (45) -3(45)
C(45) -C(46) -C(41)
C(45) -C(46) -3(46)
C(41) -C(46) -H(46)
C(52) -C(51) -C(56)

C(52) -C(51) -B (3)
Cf56)-C(51)—3(3)

Cf53) -Cf52) -C(51)
C(53) -C (52) -H (52)
C(51) -C(52) -3(52)
C(52) -C(53) -Cf54)
C(52) -C(53) -H(53)
C(54) -C(53) -H(53)
Cf55) -C(54) -C(53)
C (55) -C(54) -H(54)

C(53) -Cf54) -Hf54)

C(54) -C(55) -C(56)

C(54) -C(55) -H(55)

C(56) -C(55) -3(55)

C(55) -C(56)-C(51)

C(55) -C(56) -H(56)

C(51) -C(56) -H(56)

C(62) -C(61)-Cf66)

C(62) -C(61) -3(3)
C(66)-C(61) -3(3)

C(63) -C(62) -C(61)
C(63) -C(62) -H(62)
C(61) -C(62) -Hf62)
Cf62) -C(63) -C(64)
C(62) -C(63) -H(63)

120

120

120
120

120
120

120
120

120

119.8(4)

120.1(4)
120
120

120

120

120
120

120

120

120

120
120

120

120

120

120

120

117.3 (3)

122.6(3)
120

120
120

120

120

120
120

120

120
120

120

120

120

120

120
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Appendix 5: Supplementary information for chapter V.

Br)

cc4

12

ct7(

1]
C1I(..48

\42

Table 1. Crystal data and structure refinement for V-1.

Empirical formula C79 H62 Br4 C16 N8 Rh2

Formula weight 1861.53

Temperature 150 (2) K

Wavelength 1.54178 Â

Crystal system Tetragonal

Space group 14

oUnit celi dimensions a = 14.84650(10) A Œ = 90

b = 14.84650 (10) Â f3 = 900

C = 17.3717(2) Â = 900

.3Volume 3829.04f6)A

Z 2



Density (calculated)

Absorption coefficient

Ff000)

Crystal size

Theta range for data collection

Index ranges

Refiections collected

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigmafl)]

R indices (ail data)

Absolute structure parameter

Largest dif f. peak and hole

3.92 to 71.94°

-l6hl7,-l8kl8,-2l2l

31119

3727 [Rint = 0.042]

Semi-empiricai f rom eguivalents

0.192 and 0.154

Fuli-matrix least-squares on F2

3727 / 9 / 247

1.082

R1 = 0.0479, wR = 0.1230

R1 = 0.0513, wR2 = 0.1344

0.471(11)

1.199 and -0.642 e/Â3

Table 2. Atomic coordinates fx l0) and equivalent isotropic

dispiacement parameters fA2 x iO) for V-1.

Ueq is defined as one third of the trace of the orthogonalized

Uij tensor.

LXXVII

1.615 g/cm3

-18.241 mm

1848

0.20 x 0.20 x 0.20 mm

0cc. X y Z Ueq

Rh(1) 1 5000 5000 1680f;) 12(1)
Rhf2) 1 5000 5000 3062 f1) 12(1)
Nfl) 1 3763 f3) 4400(3) 1728 (2) 16(1)
Nf2) 1 3664(3) 4671(3) 3029(3) 17f1)
Br(1) 1 -638f;) 3021(1) 2351(1) 53(1)
C(1) 1 3288 (2) 4388 (2) 2375 f4) 15(1)

C(2) 1 2334(3) 4063(3) 2371(4) 18(1)
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C(3) 1 1714(3) 4381(3) 1821(3) 23(1)
C(4) 1 842 (3) 4071 (4) 1816 (3) 27(1)
c(5) 1 578(3) 3443(3) 2354(5) 29(1)
Cf6) 1 1162 (4) 3102 (4) 2897 (3) 31 (1)
C(7) 1 2048(4) 3409(4) 2897(3) 27(1)
cfs) 1 3528(3) 3814(3) 1109(2) 17(1)
c(9) 1 3418(3) 2884(3) 1225(3) 21(1)
c(io) 1 3228 (4) 2334(4) 607(3) 31 (1)
c(11) 1 3171(4) 2664(4) -121(3) 34(1)
C(12) 1 3285 (4) 3587(4) -255(3) 33 f1)
c(13) 1 3460 (4) 4162 (4) 364(3) 26(1)
cf14) 1 3132(3) 4973(3) 3656(3) 19(1)
C(15) 1 3306(4) 4631 (4) 4390 (3) 25(1)
C(16) 1 2865(4) 4978 (4) 5023 (3) 33(1)
C (17) 1 2244(4) 5682 (4) 4941 (3) 35(1)
C(18) 1 2056(4) 6011 (4) 4208 (4) 33(1)
C(19) 1 2493(3) 5665(3) 3572(3) 24(1)
Cf100) 1 5000 0 9103 (6) 47 (2)
c(101) 0.25 9500(30) 170 (70) 2287(19) 210 (50)
C1(1) 1 4732(1) 939(1) 9686(1) 56(1)
C1(2) 0.25 9594 (19) 0 (90) 3294 (9) 151 (14)
cl(3) 0.25 10449(14) 678(17) 1850(18) 173(11)

Table 3. Hydrogen coordinates

parameters (Â2 x ion) for V-1.

(x i0) and isotropic dispiacement

0cc. X y z Ueq

H(3) 1 1896 4805 1459 28
Hf4) 1 435 4282 1451 32
Hf6) 1 970 2677 3254 38
H(7) 1 2455 3175 3251 32
H(9) 1 3472 2641 1716 25
H(10) 1 3136 1722 691 37
Hf11) 1 3058 2277 -531 41
H(12) 1 3245 3816 -752 40
Hf13) 1 3531 4776 280 31
Hf15) 1 3721 4168 4452 30
1-1(16) 1 2981 4743 5509 40
Hf17) 1 1961 5926 5370 42
H(18) 1 1633 6467 4146 40
H(19) 1 2364 5891 3085 28
H(1OA) 0.50 4491 -145 8775 56
H(1OB) 0.50 5509 145 8775 56
H(1OC) 0.25 8972 542 2190 252
H(100) 0.25 9389 -411 2042 252
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3Table 4. Jnisotropic parameters (A x 10 ) for V-l.

The anisotropic dispiacement factor exponent takes the form:

-2
2

[ h a*2 u11 ÷ + 2 h k a* b* u12

Table 5. Bond lenqths [Â) and anqies [o) for V-l.

Rhfl) -N(1)#1
Rh(l) -N(1)
Rhfl) -N(1)#2

Rh(1) -N(1)#3
Rh(1) -Rhf2)

Rh(2) -N (2) #3
Rh(2)-N(2)#1
Rh(2) -N(2)

Rh(2) -Nf2)#2

N(1) -cf1)

2.042 (4)

2.042 (4)
2.042 (4)

2.042(4)

2.4017(6)
2.043(4)

2.043 (4)
2.044 (4)
2.044 (4)

1.327(7)

N(1) -c(8)
N(2) -c(1)

Nf2) -C(14)

Br(1) -C(5)

Cf1) -c(2)

Cf2) -C(7)

C(2) -C(3)
c(3) -C(4)

c(3) -Hf3)

c(4)-c(5)

1.427 (6)
1.333 (7)
1.419(6)

1.911(4)

1.497 (5)
1.400 (7)
1.408 (7)
1.374 f7)
0 .93

1.377(9)

Uli U22 U33 U23 U13 U12

Rhfl) 15(1) 15(1) 6(1) 0 0 0
Rlif2) 15(1) 15(1) 6(1) 0 0 0
N(1) 16 (2) 24 (2) 10 (2) 1 (2) -1 (1) -2(1)
N(2) 14(2) 23(2) 13(2) 2(2) 2(2) -4(1)
Br (1) 21 f1) 86(1) 51 f1) -8(1) 0(1) -19(1)
C(1) 19(2) 12(2) 12(2) 0(2) 1(2) 0(1)
Cf2) 18(2) 23(2) 13(2) -3(2) -1(2) 0(1)
Cf3) 24(2) 24(2) 21(2) -2(2) -6(2) 2(2)
C(4) 23 (2) 31 (3) 27 (2) -6 f2) -6 (2) 7 (2)

C(5) 10 (2) 47 (3) 30 (2) -14 (3) 6 (3) -11 (2)
Cf6) 31(3) 42(3) 21(2) 1(2) 1(2) -11(2)
C(7) 24 (2) 40 (3) 16 (2) 2 (2) -3 (2) -6 f2)
Cf8) 16(2) 25(2) 12(2) -5(2) -3(2) -2(2)
Cf9) 20(2) 25(2) 18(2) -5(2) 0(2) 2(2)
C (10) 31 (3) 28 (3) 34 (3) -10 (2) -3 (2) -3 f2)
C(11) 35 (3) 41 (3) 25 (3) -18 (2) -8 (2) -2 f2)
Cf12) 40(3) 47(3) 13(2) -3(2) -2(2) 2(2)
Cf13) 28(3) 36(3) 14(2) -3(2) -4(2) -2(2)
C (14) 22 (2) 20 (2) 14 (2) -5 (2) 2 (2) -5 (2)
C(15) 33(3) 29(3) 13(2) -2(2) 2(2) -6(2)
C (16) 38 f3) 45 (3) 16 (2) -2 (2) 9 (2) -10 (2)
C f17) 35(3) 46 (3) 24 (3) -17 (2) 17 (2) -9 (2)
Cf18) 29(3) 30(3) 41(3) -14(2) 6(2) -4(2)
Cf19) 23 (2) 27 (2) 20 f2) -4 (2) 4 (2) -2 (2)
Cf100) 52 (6) 38 f5) 50 f5) 0 0 -4 f4)
Cflol) 250 (90) 330 (100) 50 (20) 10 (80) 0 (40) 50 f70)
C1(1) 44(1) 53(1) 72(1) -7(1) 6(1) 14(1)

C1f2) 117 (14) 220 (30) 110 (10) -20 (40) 33 (12) -30 (20)
C1(3) 116 (13) 176 (19) 230(30) 99 (18) 70 (15) 36(11)
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C(4) -H(4)

Cf5) -C(6)

C(6) -C(7)

C(6) -H(6)

C(7)-Hf7)

C(8) -C(13)
C(8) -C(9)

C(9) -C(10)

Cf9) -H(9)

C (10) -C(11)

C (10) -H (10)

C(11) -C(12)

C(11) -H (11)

C(12) -C(13)

C(12) -H(12)

C(13) -H(13)
C (14) -C(15)

C (14) -C(19)
C (15) -C(16)
C (15) -H(15)

C(16) -C (17)

C(16) -H (16)

C(17) -C (18)
C (17) -H(17)

C (18) —C(19)
C(18) -H(18)

C(19) -H(19)

C(100) -Cl (1)#4
C (100) -Cl (1)
C (100) —H(lOa)
C(100) -H(lOb)

C (101) -Cl (2)

C (loi) -C1(3)
C (101) -H(lOc)

C(101) -H(lOd)

N(1)#1-RH1-N(i)

N(1)*1-RH1-N(1)#2

Nfl) -RH1-N(1)#2

N(1)*1-RH1-N(1)#3

N(1) -RH1-N(i)#3

N(1)#2-RH1-N(1)#3
N(1)#1-RH1-RH2

N(1) -RH1-RH2

N(1) #2-RH1-RH2

N(1) #3-RH1-RH2

N(2)#3-RH2-N(2)#1

N (2) #3 -RH2 -N (2)

N(2)#1-RH2-N(2)

Nf2)#3-RH2-N(2)#2

N(2)#i-RH2-N(2)#2
N(2) -RH2-N(2)#2
N(2) #3-RH2-RH1

N(2) #1-RH2-RH1
N(2) -RH2-RH1

N(2) #2-RH2-RH1

Cf1)-N(1)-C(8)

Cfl) -N(1) -RH1

0.93
1.379(9)

1.391(7)

0 .93

0 .93
1.398 (7)
1.404 (7)

1.377(7)
0.93

1.360 (8)
0.93

1.400(9)

0.93

1.397 (7)

0.93

0.93
1.396(7)

1.406(7)
1.379 (7)
0.93
1.40(1)

0.93

1.392(9)

0 .93
1.380 (7)
0 .93

0 .93

1.768(6)
1.768 (6)
0.97

0.97

1.77(2)

1.78 (2)

0.97

0.97

89.903 (10)
175.3 (2)

89.901(10)

89.902(10)
175.3 (2)

89.902(10)
87.63 (12)
87.63 (12)
87.63 (12)
87.63 (12)
89.958(7)

176.8 (2)
89.953 (8)
89.953 (7)

176.8 (2)

89.957(7)

88.39(13)
88.39 (13)

88.39 (13)

88.39 (13)
120.0(4)

121.2(3)

C(8) -N(1) -RH1

C(1) -N(2) -C(14)

c(1) -N(2) -RH2

C(14) -N(2) -RH2

N(1) -C(1) -N(2)
N(i) -C(1) -C(2)

N(2) -C(1) -C(2)

C(7) -C(2) -C(3)
C(7)-C(2) -C(1)

C(3) -C(2) -C(1)
C(4) -C(3) -C(2)

C(4) -C(3) -H(3)
C(2) -C(3) -H(3)

C(3) -C(4) -C(5)

C(3) -C(4) -H(4)

C(5) -C(4) -H(4)
C(4) -C(5) -Cf6)

C(4) -C(5) -BR1

C(6) -C(5) -BR1

C(5) -C(6) -C(7)

C(S) -C(6) -H(6)

C(7) -C(6) -H(6)
C(6) -C(7) -C(2)
C(6) -C(7) -H(7)

C(2) -Cf7) -H(7)
C(13) -C(8) -C(9)

C(13) -C(8) -N(1)

C(9) -C(8) -N(1)

C(10) -C(9) -C(8)

C(10) -C(9) -Hf9)

C(8) -C(9) -H(9)
C(11) -C(10) -C(9)

C(11) -C(10) -H(lo)

C(9) -C(10) -H(10)

C(lO) -C(11) -C(12)

C(l0) -C(11) -H(11)
C(12) -C(11) -H(11)

C(13) -C(12) -CUl)

C(13) -C(12) -H(12)

C(11) -C(12) -H(12)

C(12) -C(13) -C (8)

C(12) -C(13) -H(13)

C(8) —C(13) —H(13)

C(15) -C(14) -C(19)

C(15) -C(14) -N(2)

C(19) -C(14) -N(2)

C(16) -C(15) -C(14)

C(16) -C(15) -H(15)

C(14) -Cf15) -H(15)

C(15) -C (16) -C(17)

C(15) -C(16) -H(16)
C(17) -C(16) -H(16)

C(18) -C(17) -C(16)

C(18) -C(17) -H(17)

C(16) -C(17) -H(17)

Cf19) -Cf18) -C(17)

C(19) -C(18) -H(18)

117.1 (3)
121.4(4)

120.4(3)

116.3 (3)

119.7(3)
120.2(5)

120.1(5)
118.5(4)

120.5(4)

120.9(4)

120.5(5)
119 .7

119.7

119.4(5)
120.3
120.3

122.3 (4)
119.3 (5)

118.4(5)
118.3 (5)
120.8

120.8

120.9(5)
119.5

119.5

119.1(4)

119.3 (4)

121.4(4)

119.7(5)
120.1

120.1

121.6(5)

119.2

119.2

119.9(5)

120
120

119.6(5)

120.2

120.2

120.0(5)
120

120
119.1 (4)

118.9(4)
121.8 (4)
120.3 (5)
119 .9
119 .9

120.6(5)
119.7

119.7
119.2 (5)
120.4

120.4

120.5(6)
119 .8



C (17) -Cf18) -H(18)

C(18) -Cf19) -Cf14)

Cf18) -C(19) -H(19)
Cf14) -C(19) -H(19)

CL1*4-C (100) -CL1
CL1#4-C(100) -Hf1OA)
CL1-C (100) -H(1OA)

CL1#4-C(100) -H (loB)
CL1-C (100) -H(1OB)

Hf1OA) -C(100) -H(loB)

119.8

120.4 (5)
119.8
119.8
110.1 (6)
109.6
109.6

109.6
109.6

108 .1

CL2-C(101) -CL3

CL2-C(101) -Hfloc)

CL3-C (101) -H(1OC)
CL2-C(101) -H(loD)
CL3-C(101) -H(1OD)
1-I(1OC) -C(101) -H(1OD)

LXXXI

115 (3)

108 .4

108.6

108.8
108.7
107.6



Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit ceil dimensions

Volume

z

Density (calculated)

Absorption coefficient

F (000)

Crystal size

C76 H52 Br8 N8 Rh2

1922 .36

200 (2)K

1.54178 À

Tet ragonal

P4/nnc

a = 20.3414(5) À
b = 20.3414(5) À
c = 36.6224(12) À

15153.3 (7)À3

8

1.685 g/cm3

-1
8.830 mm

7472

0.12 x 0.09 x 0.06 mm

LXXXII

CII

do

Table 1. Crystal data and structure refinement for V-2.

Œ = 90°

f3 = 90°

y = 90°

Theta range for data collection 2.41 to 69.07°



Index ranges -24h24, -24k24, -43É’43

LXXXIII

Reflections collected 206124

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

7051 [Rint = 0.041]

Semi-empirical f rom equivalents

0.590 and 0.445

Fuli-matrix least-squares on F2

7051 / O / 430

Goodness-of-fit on F2 1.088

Final R indices [I>2sigma(I)]

R indices (ah data)

Largest dif f. peak and hole

R1 = 0.0354, wR2 = 0.1063

R1 = 0.0373, wR2 = 0.1081

1.150 and -1.456 e/Â3

Table 2. Atomic coordinates (x io) and equivalent isotropic

disphacement parameters (Â2 x ion) for V-2.

Ueq is defined as one third of the trace of the orthogonalized

Uij tensor.

0cc. x y z Ueq

Rh(1) 1 7500 7500 387(1) 25(1)
Rhf2) 1 7500 7500 -268(1) 28(1)
Rh(3) 1 3092(1) 7500 7500 27(1)
N(1) 1 7110(1) 8430(1) 363(1) 30(1)
N(2) 1 6714 (1) 6870 (1) -247(1) 32(1)
N(3) 1 3052(1) 8499(1) 7576(1) 32(1)
N(4) 1 3054(1) 7368(1) 8054(1) 32(1)

Br(1) 1 5073(1) 10065(1) 788(1) 58(1)
Br(2) 1 6352(1) 11030(1) -476(1) 67(1)
3rf3) 1 1412(1) 11022(1) 7990(1) 81 (1)
3r(4) 1 1625(1) 6417(1) 9457(1) 100(1)
c(l) 1 6812(1) 8633(1) 60(1) 31(1)

C(2) 1 6417 (2) 9252(1) 72(1) 33(1)
C(3) 1 5973 (2) 9341(2) 356(1) 35(1)
C(4) 1 5637 (2) 9929 (2) 383(1) 40(1)

cf5) 1 5724(2) 10432(2) 132(1) 47(1)

C(6) 1 6171 (2) 10333 (2) -146(1) 44(1)

c(7) 1 6520(2) 9751(2) -183(1) 39(1)



LXXXIV

Cf8) 1 7255(1) 8874(1) 652(1) 30(1)
Cf9) 1 7075(2) 8724 (2) 1008(1) 38(1)
C(10) 1 7238 (2) 9135 (2) 1293(1) 47(1)
c(11) 1 7583 (2) 9709 (2) 1231(1) 50(1)
C(12) 1 7762 (2) 9869 (2) 878(1) 48(1)
C(13) 1 7607(2) 9455(2) 591(1) 39(1)
C(14) 1 6647 (2) 6419 (2) -541 (1) 36(1)
C(15) 1 6499 (2) 6662 (2) -889(1) 49(1)
C(16) 1 6489 (2) 6240 (3) -1185 (1) 61 (1)
c(17) 1 6632 (2) 5580 (2) -1142(1) 59(1)
Cf18) 1 6774 (2) 5338 (2) -799(1) 57(1)
C(19) 1 6784 (2) 5758 f2) -499(1) 42(1)
C(20) 1 2500 8819 (2) 7500 32(1)
c(21) 1 2500 9555(2) 7500 35(1)
C(22) 1 2037 (2) 9894 (2) 7704(1) 42(1)
C(23) 1 2049(2) 10574(2) 7704(1) 52(1)
c(24) 1 2500 10929(3) 7500 55(1)
Cf25) 1 3578 (2) 8815 (2) 7760(1) 36(1)
Cf26) 1 3488 (2) 9131 (2) 8091(1) 46(1)
C(27) 1 4006(2) 9424(2) 8271(1) 64(1)
Cf28) 1 4633 (2) 9398 (2) 8126(1) 74(1)

C(29) 1 4729 (2) 9077 (3) 7797(1) 72(1)
C(30) 1 4210 (2) 8783 (2) 7613(1) 53(1)
c(31) 1 3583 (2) 7032 (2) 8228(1) 34(1)
C(32) 1 3498 f2) 6407 (2) 8372(1) 41 (1)
C(33) 1 4026(2) 6062 (2) 8520 (1) 50(1)
c(34) 1 4636 (2) 6346 (2) 8526(1) 53(1)
c(35) 1 4727 (2) 6968 (2) 8383(1) 58(1)
c(36) 1 4205 (2) 7309 (2) 8232(1) 46(1)
C(37) 1 2500 7500 8233(1) 33(1)
Cf38) 1 2500 7500 8640(1) 34(1)
C(39) 1 2104 (2) 7061 (2) 8827(1) 43(1)
C(40) 1 2126 (2) 7062 (2) 9203(1) 55(1)
C(41) 1 2500 7500 9396(2) 64(2)

Table 3. Hydrogen coordinates (x i0) and isotropic dispiacement

parameters (Â2 x io) for V-2.

0cc. X y z Ueq

H(3) 1 5901 9002 530 42
H(5) 1 5485 10831 151 56
H(7) 1 6823 9693 -378 47
H(9) 1 6836 8332 1056 46

H(10) 1 7111 9023 1535 56
H(11) 1 7696 9990 1428 60
H(12) 1 7993 10266 833 58
H(13) 1 7740 9566 350 47
H(15) 1 6405 7115 -922 59
Hf16) 1 6383 6406 -1420 73

1Hf17) 6632 5295 -1348 71
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11(18) 1 6866 4883 -767 68
Hf19) 1 6886 5589 -264 51
H(22) 1 1716 9662 7842 50
H(24) 1 2500 11396 7500 66
H(26) 1 3061 9147 8197 55
H(27) 1 3932 9645 8495 76
11(28) 1 4991 9598 8250 89
11(29) 1 5158 9058 7695 87
11(30) 1 4284 8560 7389 64
11(32) 1 3073 6211 8370 49
11(33) 1 3964 5632 8616 60
H(34) 1 4997 6115 8629 64
Hf35) 1 5151 7163 8389 69
H(36) 1 4273 7733 8131 55
H(39) 1 1823 6767 8699 51
Hf41) 1 2500 7500 9656 76

Table 4. Anisotropic parameters (À2 x ion) for V-2.

The anisotropic dispiacement factor exponent takes the form:

_27t2[h2a*2U1;÷...+2hka*b*U;2]

Uli U22 U33 U23 U13 U12

Rh(1) 27(1) 27(1) 23(1) 0 0 0
Rh(2) 30(1) 30(1) 23(1) 0 0 0
Rh(3) 29(1) 30(1) 24(1) 1(1) 0 0
Nf1) 33(1) 30(1) 28(1) -1 (1) -2(1) 2(1)
N(2) 34(1) 34(1) 28(1) -4(1) -1 (1) -3(1)
N(3) 34(1) 32(1) 30(1) 0(1) 0(1) -2(1)
N(4) 33(1) 38(1) 26 f’) 2(1) -1 (1) 1 (1)
Br(1) 47(1) 67(1) 60 f1) -17(1) 2(1) 14(1)
Br(2) 105(1) 41 (1) 55(1) 15(1) -22(1) -2(1)
Br(3) 111(1) 63(1) 68(1) -15(1) -5(1) 43(1)
Brf4) 92(1) 137(1) 72(1) 52(1) 19(1) -25(1)
C (1) 30(1) 30(1) 32(1) 2(1) -2(1) -2 fi)
C(2) 34 (2) 32(1) 34 f2) -2(1) -10(1) 1 (1)
Cf3) 33 (2) 37 (2) 35(2) -2(1) -7(1) 2(1)
C (4) 36 (2) 43 (2) 43 f2) -8(1) -11 (1) 6(1)
C (5) 52 (2) 36 (2) 52 f2) -7(1) -21 (2) 10(1)
C (6) 58 (2) 33 (2) 41 (2) 2(1) -19 (2) 0(1)

C(7) 46 (2) 37 (2) 36 (2) -1 (1) -10(1) 1 (1)
C(8) 29(1) 30(1) 32(1) -2(1) -3(1) 3(1)
C (9) 41 (2) 38 (2) 35 (2) 0(1) 1 (1) -5(1)
Cf10) 53(2) 55(2) 32(2) -5(1) 4(1) -6(2)
C (11) 58 (2) 49 (2) 42 (2) -16 (2) -4 (2) -5 (2)
Cf12) 55 (2) 38 (2) 52 (2) -3 (2) -5 (2) -12 (2)
C(13) 44(2) 38(2) 35(2) 0(1) 0(1) -6(1)
C(14) 33 (2) 42 (2) 32 (2) -8(1) 1(1) -5(1)

Cf15) 51(2) 62(2) 34(2) -5(2) -3(2) 4(2)
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Rh(1) -Nf1)#1

Rhfl) -N(1)

Rh(1) -N(1)#2

Rh(1) -N fi) #3
Rh(1) -Rh(2)

Rh(2) -N(2)
Rh(2) -N(2)#2
Rh(2) -N(2)#1

Rh(2) -N(2)#3
Rh(3) -N(4)

Rh(3) -N(4)#4

Rh(3) -Nf3)

Rh(3) -Nf3)#4

Rh(3) -Rhf3)#5
N(1) -c(1)
N(1) -c(8)

N(2) -C(1)#3

N(2) -c(14)

N(3) -C(20)
N(3) -C(25)

N(4) -C(37)

Nf4) -C(31)
Br(1)-C(4)

Br(2) -Cf6)
Br(3) -C(23)

2.052(2)

2.052(2)
2.052(2)
2.052(2)
2.3980(6)
2.050(3)
2.050 (3)
2.050 (3)
2.050 (3)
2.046(2)

2.046(2)
2.052 (2)
2.052 (2)
2.4090(6)

1.332(4)
1.422 (4)
1.333 (4)
1.421 (4)
1.328(3)

1.419 (4)
1.332 (3)
1.425(4)
1.897 (3)
1.899 (3)
1.898 (4)

Br(4) -c(40)
C(1) -N(2)#1
cf1) -c(2)
C(2) -C(3)
C(2) -C(7)

C(3) -c(4)
c(3) -H(3)
C(4) -cf5)
c(5)-c(6)
c(5) -H(5)

C(6)-C(7)

c(7) -H(7)
Cf8) -C(9)
c(8) -C(13)
C(9) -c(10)
c(9) -H(9)

c(10) -c(11)

C(10) -H (10)

c(11) -c(12)

c(11) -H(11)
C (12) -C(13)

C(12) -H(12)
C(13) -H(13)

C(14) -C(19)

C(14) -C (15)

1.903 (4)
1.333 (4)
1.494 (4)
1.390(4)
1.394(4)

1.381(4)
0.95

1.385(5)
1.380 (5)
0.95
1.388 (5)
0.95
1.387 (4)
1.399 (4)
1.379 (5)
0.95

1.380 (5)
0.95

1.381(5)
0.95

1.386(5)
0.95
0.95

1.383 (5)
1.401(5)

C(16) 56 (2) 90 (3) 35 (2) -15 (2) -3 (2) -2 (2)
C(17) 49 (2) 78 (3) 51 (2) -33 (2) 7 (2) -9 (2)
Cf18) 52(2) 51(2) 67(3) -24(2) 9(2) -10(2)
C(19) 41 (2) 43 (2) 43 (2) -9(1) 4(1) -7(1)
C(20) 37 (2) 31 (2) 27 (2) 0 2 (2) 0
C(21) 39 (2) 33 (2) 34 (2) 0 -7 (2) 0
C(22) 49 (2) 36 (2) 40 (2) -2(1) -8(1) 4(1)
C(23) 67(2) 39(2) 51(2) -8(2) -17(2) 15(2)
C(24) 74(4) 31(2) 60(3) 0 -25(3) 0
C (25) 38 (2) 34 (2) 37 (2) 6(1) -6(1) -6(1)
C(26) 50 (2) 45 (2) 42 (2) -3(1) -s (2) -2 (2)
C(27) 73 (3) 62 (2) 56 (2) -10 (2) -22 (2) -9 (2)
C(28) 69(3) 75(3) 78(3) 0(2) -31(2) -23 (2)
C(29) 42(2) 95(4) 80(3) 9(3) -4(2) -17(2)
C(30) 42 (2) 66 (2) 52 (2) 1 (2) 1 (2) -6 (2)
C (31) 38 (2) 40 (2) 25(1) -1 (1) -3(1) 2(1)
C (32) 41 (2) 43 (2) 39 (2) 4(1) -5(1) -1 (1)
C(33) 57(2) 46(2) 47(2) 11(2) -6(2) 5(2)
C(34) 47 (2) 58 (2) 54 (2) 8 (2) -13 (2) 11 (2)
C(35) 37(2) 61(2) 75(3) 2(2) -13(2) -1(2)
C (36) 40 (2) 45 (2) 53 (2) 6 (2) -s (2) -2 (2)
C(37) 39(2) 32(2) 28(2) 0 0 -5(2)
C(38) 35 (2) 39 (2) 28 (2) 0 0 1 (2)
C (39) 44 (2) 49 (2) 36 (2) 4(1) 1 (1) -7 (2)
C(40) 49 (2) 78 (3) 37 (2) 16 (2) 8 (2) -2 (2)
C(41) 59(4) 106(5) 26(2) 0 0 5(3)

Table 5. Bond lenqths [Â] and anqies [O] for V-2.



LXXXVII

C(15) -C(16)

C(15) -H(15)

C(16) -C(17)

C(16) -H(16)

C(17) -Cf18)

C(17) -H(17)

C(18) -C(19)

C(18) -H(18)

C(19) —H(19)

C(20) -N(3)46
C (20) -C (21)

C(21) -C(22)
C(21) -C(22)#6

C(22) -C(23)
C (22) -H(22)

C(23) -C(24)

C(24) -Cf23)#6

C(24) -H (24)

C(25) -C(26)

C(25) -C(30)
C (26) -C(27)

C(26) -H(26)
C (27) -C(28)

C (27) -H(27)

C(28) -C (29)

C(28) -H(28)

C(29) —C (30)

C(29) -H (29)

C(30) -H (30)
C (31) —C(36)
C(31) -C(32)
C (32) -C (33)

C (32) -H(32)
C(33) -C(34)
C (33) -H(33)
C (34) —C (35)
C (34) -H (34)

C(35) -C (36)

C(35) -H(35)

C(36) -H (36)

C (37) -N(4)#5

C(37) -C(38)

C(38) -Cf39)#5
C(38) -C(39)

C(39) -C(40)
C(39) -H(39)

C(40) -C(41)

C(41) -Cf40)#5

C(41) -H(41)

N (1) #1 -RH1 -N (1)

N(1)#1-RH1-N(1)#2

N(1) -RH1-N(1)#2

N(1)#1-RH1-Nf1)#3

N(1) -RH1-Nf1)#3

N(1)#2-RH1-N(1)#3

N(1) #1-RH1-RH2

1.381(5)
0 .95
1.383 (7)
0.95

1.382(6)
0.95

1.389 (5)
0 .95
0 .95

1.328 (3)
1.497(6)

1.386(4)

1.386(4)
1.384 (5)

0.95
1.386 (5)

1.387(5)
0.95

1.386 (5)

1.394(5)

1.378(5)
0.95

1.382(7)
0.95

1.384(7)
0.95

1.389(6)

0.95
0.95

1.385(5)
1.388 (5)
1.394 (5)

0.95

1.368 (6)

0.95
1.382 (6)
0.95

1.384(5)
0.95

0.95

1.332 (3)
1.489 (6)

1.385(4)
1.385(4)
1.378 (5)
0.95
1.368 (5)
1.368 (5)
0.95

89.904(6)
89.903 (6)

175.27(13)
175.27 (13)

89.903 (6)

89.900(6)
87.64 (7)

N(1) -RH1-RH2

Nf1)#2-RH1-RH2

Nf1) #3-RH1-RH2
N(2) -RH2-N(2)#2

N(2) -RH2-N(2)#1
N(2)#2-RH2-N(2)#1

N(2) -RH2-N(2)#3

N(2)#2-RH2-N(2)#3

N(2)#1-RH2-N(2)#3

N(2) -RH2-RH1

N(2) #2-RH2-RH1

N(2) #1-RH2-RH1

N(2) #3-RH2-RH1

N(4) -RH3-N(4)#4

N(4) -RH3-N(3)

N(4) #4-RH3-N(3)

N(4) -RH3-N(3)#4

N(4)#4-RH3-N(3)#4

N(3) -RH3-N(3)4*4

N(4) -RH3-RH3#5

N(4)#4-RH3-RH3#5

N(3) -RH3-RH3#5

N(3) #4-RH3-RH3#5

C(1) -N(1) -C(8)

C(1) -N(1) -RH1

C(8) -N(1) -RH1

C(1)*3-N(2) -C(14)

C(1)#3-N(2) -RH2

C(14) -N(2) -RH2

C(20) -N(3) -C(25)

C(20) -N(3) -RH3

C(25) -N(3) -RH3

C(37) -N(4) -C(31)

C(37) -N(4) -RH3

C(31) -N(4) -RH3

N(1) -C(1) -N(2)#1

N(1) -C(1) -C(2)

N(2)#1-C(1) -C(2)

C(3) -C(2) -C(7)

C(3) -C(2) -C(1)

C(7) -C(2) -C(1)

C(4) -C(3) -C(2)

C(4) -C(3) -H(3)

C(2) -C (3) -H(3)

C(3) -C(4) -C(5)

C(3) -C(4) -BR1

C(5) -C(4) -BR1

C(6) -C(5) -C(4)

C(6) -C(5) -H(5)

C(4) -C(5) -H(5)

C(5) -C(6) -C(7)

C(5) -C(6) -BR2

C(7) -C(6) -BR2

C(6) -C(7) -C(2)

C(6) -C(7) -H(7)

C(2) -C(7) -H(7)

C(9) -C(8) -C(13)

87.64 (7)
87.64(7)

87.64 (7)
175.60 (14)

89.914(6)
89.918(5)

89.914 (5)
89.917 (6)

175.60(14)

87.80(7)
87.80(7)
87.80(7)

87.80(7)

175.68 (14)

89.66(10)
90.17 (10)

90.17(10)

89.66(10)
175.48 (14)

87.85(7)

87.84(7)

87.74(7)
87.74(7)

121.1 (2)

119.80(19)
118.39 (17)

122.1(3)

120.0(2)
116.70 (19)

121.0(3)

119.4(2)
118.9(2)

121.0(3)

119.6(2)
118 .51 (19)

119.9(3)

118.9(2)
121.2 (3)
120.3 (3)
118.7(3)

120.9(3)

119.2(3)
120.4

120.4

121.9 (3)
118.7 (3)
119.3 (3)
117.8 (3)
121.1

121.1

122.3 (3)
119.2 (3)

118.4(3)

118.5(3)
120.7

120.7

118.2(3)



LXXXVIII

C(9) -C(8) -N(1)
C (13) -C(8) -Nf1)

Nf3)#6-C(20) -C(21)

C(22) -C(21) -C(22)#6

C(22) -Cf21) -C(20)
C(22)#6-C(21) -C(20)
c(23) -C(22) -c(21)
C (23) -C(22) -H(22)

C(21) -Cf22) -H(22)

C(22) -C(23) -C(24)

C(22) -C(23) -3R3

C(24) -C (23) -3R3

C(23) -C(24) -C(23)#6
C(23) -Cf24) -H(24)
C(23)#6-C(24) -H(24)
C (26) -C (25) -C (30)
Cf26) -C(25) -N(3)

C(30) —C(25) -N(3)

119.4(2)
120.3 (4)
119.8 (2)
119.8 (2)
119.1(4)
120.5

120.5

122.1(4)

117.9(3)

120.0(3)

117.3 (5)
121.4

121 .4

118.8(3)
121.8 (3)
119.3 (3)

C(10) -C(9)-C(8)
C(10) -C(9) -H(9)

Cf8) -C(9) -H(9)
C(9) -C(10) -C(11)
C(9) -Cf10) -H(10)

C(11) -Cf10) -H(10)

C(10) -C(11) -C(12)

C(10) -C(11) -H fi’)
Cf12) -C(11) -H(ii)
C(ii) -Cf12) -C(13)
C(11) -Cf12) -H(12)
C(13) -C(12) -Hf12)
C (12) -C(13) -C (8)
C(12) -C(13) -H(i3)

C(8) -C(13) -H(13)

Cf19) -C(14) -C(15)

C(19) -C(14) -N(2)
C(15) -c(14) -N(2)

Cf16) -C(15) -C(14)
C (16) -C (15) -H(15)

C(14) -C(15) -H(15)

C(15) -C(16)-C(17)

C(15) -C(16) -H(16)

C (17) -C(16) -H(16)

C(18) -C(17) -C(16)

C(18) -C(17) -H(17)

C(16) -C(17) -Hf17)

C(17) -C (18) -Cf19)
C(17) -C(18) -Hf18)

C(19) -C(18) -H(18)
C(14) -C(19) -C(18)
C(14) -C(19) -H(19)
C(18) -C(19) -H(19)
Nf3) -C(20) -Nf3)#6
N(3) -C(20) -C (21)

120.3 (3)

121.5(3)

121 . 0 (3)
119.5

119.5
120.7(3)

119.7

119.7

119.2(3)

120.4
120.4

120.5(3)

119.7
119.7

120.5(3)
119.8

119.8

119.1 (3)
121.7 (3)
119.0 (3)
119.9(4)
120

120

120.7(4)
119.6

119.6

119.6(3)

120.2

120.2

120.1(4)

119.9

119.9

120.6(4)
119.7

119 .7
121.3 f4)
119.4 (2)

C(27) -C(26) -C(25)

C(27) -C(26) -H (26)

C(25) -C(26) -H (26)
C(26) -C(27) -Cf28)
C (26) -C(27) -H(27)
C (28) -C(27) -H(27)
Cf27) -C(28) -C(29)
C (27) -C (28) -H(28)
C(29) -Cf28) -H(28)

C(28) -C(29) -C(30)
C(28) -C(29) -Hf29)
C(30) -C(29) -H(29)
C(29) -C(30) -C(25)
C (29) -C(30) -H(30)
C (25) -C(30) -H(30)
C(36) -C(31) -C (32)

C(36) -C (31) -N(4)

C(32) -C(31) -N(4)

C(31) -C(32) -C(33)
C(31) -C(32) -H (32)

C(33) -C(32) -Hf32)
C(34) -C(33) -Cf32)

C(34) -C(33) -H(33)

C(32) -C(33) -H(33)

C(33) —C(34) -Cf35)

C(33) -C (34) -H(34)

C(35) -C(34) -H(34)
C(34) -C(35) -C(36)

C(34) -C(35) -H(35)

C(36) -C(35) -H(35)

C(35) -C(36) -C (31)

C(35) -C(36) -H(36)
C(31) -C(36) -H(36)
Nf4) -C(37)-N(4)#5

Nf4) -C(37) —C(38)

N(4)#5-Cf37) -C(38)
Cf39)#5-C(38) -C(39)

Cf39) #5-C(38) -C (37)

Cf39) -Cf38) -C(37)
C (40) -C(39) -C (38)

C(40) -Cf39) -H(39)
C(38) -C(39) -H(39)

C(41) -C(40) -C (39)

C(41) -C(40) -BR4

C(39) -C(40) -BR4

C(40) -C(41) -C(40)#5

C(40) -C(41) -H(41)

Cf40)#5-Cf41) -H(41)

121.1(4)

119.5

119.5

120.5(4)

119.8
119 .8
118.8(4)

120.6

120.6

121.2(4)

119.4
119.4

119.6(4)
120.2

120.2
118.8 (3)
119.9 (3)
121.1(3)

120.9(3)
119.6

119.6
119.5 (3)
120.2

120.2

120.1(3)

119.9

119 .9

120.5(4)
119 .7

119.7

120.1(3)
120

120
120.9 (4)
119.6(2)

119.6(2)
120.6 (4)

119.7(2)
119.7 (2)
118.4(4)

120.8

120.8

122.4(4)

119.6 (3)
118 .0 (3)
117.8 (5)
121 . 1

121.1



Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit celi dimensions

C90 H90 N8 013 Rli2 S5

1857.82

100 (2)K

1.54178 Â

Monoclinic

P21 In

a = 13.4351(6) Â
b = 21.1663(11) Â
c = 31.3538 (15) Â

8722.6 f 7)Â3

4

1.415 g/cm3

-1
4.720 mm

RBo

oe

LXXXIX

t3

cl
C12 C29

C23

Table 1. Crystal data and structure refinement for V-5.

cL = 900

= 101.958(2)°

y = 9Qo

Volume

z

Density (calculated)

Absorption coefficient



xc

Ff000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest dif f. peak and hole

3840

0.24 x 0.10 x 0.10 mm

2.54 to 56.15°

-14h14, -16k21, -3333

79792

10701 [Rint = 0.063]

Semi-empirical f rom equivalents

0.625 and 0.435

Fuil-matrix least-squares on F2

10701 / 816 / 1042

1.080

Ri = 0.1259, wR2 = 0.3228

Ri = 0.1569, wR2 = 0.3457

2.930 and -1.667 e/Â3

Table 2. Atomic coordinates (x i0) and equivalent isotropic

dispiacement parameters (Â2 x ion) for V-5.

Ueq is defined as one third of the trace of the orthogonalized

Uij tensor.

0cc. X y z Ueq

Rh(1) 1 5988 f1) 5800 f1) 2434 f1) 46(1)
Rhf2) 1 4901 f1) 6616 f1) 2613(1) 47(1)
Nfl) 1 6341(9) 6395(6) 1975(4) 54(4)
N(2) 1 5084(9) 7088 (5) 2063 (4) 47(3)
N(3) 1 7139(9) 6167(6) 2896(4) 46f3)
Nf4) 1 6168 (9) 7032 (6) 2956 (4) 48 (3)
Nf5) 1 5552 (9) 5277 (5) 2903 (4) 48 (3)
N(6) 1 4805 (8) 6124 (6) 3161 (4) 44 (3)
Nf7) 1 4763 (9) 5472 (6) 1979(4) 51(3)
Nf8) 1 3693(9) 6127(7) 2252(5) 56(4)
0(1) 1 6664(17) 8123(9) 58(6) 137(7)



xc’

0(2) 1 6590 (12) 8989(7) 466 (5) 95(4)
0(3) 1 11245(12) 7981 (8) 4118 (6) 119 (6)
0(4) 1 10207 (13) 8165 (7) 4588 (5) 104 (5)
0(5) 1 4904 (16) 3652 (13) 4817 (7) 189 (10)
0(6) 1 3355 (13) 4059 (10) 4670 (6) 146 (7)
0(7) 1 410 (13) 3951 (10) 734 (6) 126 (6)
0(8) 1 -283 (15) 4907 (10) 631 (7) 159 (8)
C(1) 1 5791(12) 6916(8) 1850(5) 51(4)
c(2) 1 5995(11) 7289(8) 1474(5) 50(4)
C(3) 1 6015(13) 7031(9) 1081(6) 62(5)
C(4) 1 6181(14) 7352(10) 735(6) 72(5)
c(5) 1 6383(14) 8016(11) 790(6) 73(6)
c(6) 1 6384(12) 8304(8) 1189(6) 60(5)
C(7) 1 6173(11) 7943 (8) 1533 (6) 56(4)
c(8) 1 7314(11) 6319 (7) 1859 (5) 48(4)
C(9) 1 7501(14) 5784(8) 1654(6) 66(5)
c(10) 1 8460 (12) 5657 (8) 1565 (6) 61(5)
C(11) 1 9220 (12) 6098 (8) 1671 (6) 64(5)
C(12) 1 9027(13) 6673(8) 1871(6) 64(5)
cf13) 1 8075(11) 6764(8) 1969(5) 54(4)
C(14) 1 4251(12) 7487(8) 1860(6) 55(4)
Cf15) 1 4064(13) 8023(9) 2095(7) 74(6)
c(16) 1 3205(16) 8403 (10) 1929 (8) 86(6)
Cf17) 1 2611(19) 8257(13) 1551(9) 111(8)
cf18) 1 2782(19) 7714(13) 1311(8) 106(8)
C(19) 1 3634(14) 7351(11) 1475(7) 80(6)
c(20) 1 7053 (12) 6746 (7) 3066(5) 47(4)

C(21) 1 7962(12) 7043(7) 3363(5) 49(4)
C(22) 1 8853(11) 7130(7) 3243(6) 55(4)
c(23) 1 9671(13) 7404(8) 3516(7) 67(5)
cf24) 1 9550(13) 7621(8) 3922(6) 60(5)
cf25) 1 8648(15) 7542(8) 4040(6) 68(5)
c(26) 1 7838 (14) 7280(8) 3763 (6) 65(5)
c(27) 1 7917 (10) 5743 (7) 3095(6) 50(4)
c(28) 1 8482 (12) 5422 (8) 2828 (6) 59(5)
C(29) 1 9190 (10) 4985(8) 3008(6) 56(5)
Cf30) 1 9390(12) 4843(9) 3443(7) 65(5)
c(31) 1 8851(12) 5156(8) 3703(6) 62(5)
c(32) 1 8122(12) 5587(8) 3533(6) 55(4)
c(33) 1 6117 (11) 7716(8) 3001 (5) 51(4)
c(34) 1 5434 (13) 7970(8) 3216(7) 69(5)
c(35) 1 5284 (16) 8621 (10) 3231 (7) 83(6)
C(36) 1 5872 (15) 9020(9) 3045 (7) 78(6)
C(37) 1 6582(13) 8789(8) 2844(7) 67(5)
C(38) 1 6733 (12) 8135 (8) 2825(6) 59(5)
C(39) 1 5114 (9) 5501 (7) 3202(5) 44(4)
c(40) 1 4913(11) 5122 (7) 3575(5) 43(4)
C(41) 1 5691 (13) 4829 (9) 3851 (6) 69(5)
C(42) 1 5506(16) 4472(11) 4192(7) 90(7)
c(43) 1 4510 (16) 4407(11) 4248 (7) 82(6)

C(44) 1 3722 (14) 4686(9) 3967(6) 67(5)
C(45) 1 3930(13) 5053(8) 3630(6) 58(5)
c(46) 1 5535(11) 4588 (8) 2852 (5) 52(4)
c(47) 1 6437 (12) 4252 (9) 2904 (6) 61(5)
c(48) 1 6403(12) 3617(8) 2813(6) 59(5)
C(49) 1 5499 (13) 3310 (8) 2675 (6) 65(5)
c(50) 1 4610 (14) 3620(8) 2631(6) 67(5)



XCII

C(51) 1 4629 f13) 4278 (9) 2718 (6) 66(5)
Cf52) 1 4600(12) 6466 (8) 3527 (6) 54(4)

c(53) 1 3681(12) 6792(8) 3473(6) 56(4)
C(54) 1 3531(15) 7194(10) 3807(7) 75(6)
C(55) 1 4254 (17) 7257 (10) 4178 (7) 80(6)
c(56) 1 5172 (16) 6921 (10) 4237 (7) 76(6)
Cf57) 1 5326(14) 6535(8) 3898(6) 63(5)
cf58) 1 3844(13) 5660(8) 1980(5) 55(4)
C(59) 1 2969(12) 5365(8) 1682(5) 55(4)
C(60) 1 2865(14) 4711 (9) 1638 f6) 67(5)
c(61) 1 2078(14) 4443(10) 1352(6) 71(5)
c(62) 1 1323(14) 4808(11) 1120(6) 73(6)
C(63) 1 1361(14) 5469(10) 1154(6) 72(5)
C(64) 1 2211(12) 5752(10) 1440(6) 68(5)
C(65) 1 4993 (12) 5146(8) 1615 (5) 50(4)
c(66) 1 5609(11) 4587(8) 1699(6) 56(4)
c(67) 1 5930(15) 4298(9) 1354(7) 71(5)
Cf68) 1 5692(16) 4540(11) 949(7) 85(6)
C (69) 1 5125 (17) 5106 (12) 865(7) 87(7)

Cf70) 1 4810 (14) 5392 (9) 1202 (6) 68(5)
C(71) 1 2759(11) 6166 (8) 2396(6) 54(4)
C(72) 1 2309(10) 6768 (8) 2401 (5) 52(4)
C(73) 1 1425(10) 6834(8) 2573 (5) 52(4)
C(74) 1 1032(13) 6323(9) 2751(6) 65(5)
Cf75) 1 1450(13) 5738(10) 2748(6) 72(5)

C(76) 1 2296 (12) 5669 (8) 2577 (5) 60(5)

C(77) 1 6550 (20) 8371 (12) 404 (8) 99(7)

C(78) 1 10418(18) 7938(11) 4229(9) 92(7)

C(79) 1 4296(16) 3998(13) 4604(8) 108(8)
Cf80) 1 449(19) 4514(14) 813(8) 99(8)
s(1) 1 1264(5) 3362(3) 4938(2) 107(2)
0(9) 1 2382(10) 3189(10) 5033(6) 147(7)

C(81) 1 1251(19) 3952 (10) 5290(6) 120(9)

Cf82) 1 1047(18) 3777(11) 4440(6) 114(8)

8(2) 1 6821(4) 9449(3) -671(2) 88(2)
0(10) 1 6365(12) 9589(7) -283(5) 113(5)
C(83) 1 7973(12) 9127(11) -455(7) 103(8)
Cf84) 1 6191(17) 8778(9) -924(8) 118(9)
S(3A) 0.574(9)11647(10) 9490(7) 5083(4) 135(4)

0(11A) 0.574(9)10950(20) 8934(14) 5078(11) 177(12)
C(85A) 0.574(9)12160(20) 9400(20) 4648(8) 97(10)
C(86A) 0.574(9)12710(30) 9350(30) 5509(12) 250(30)
s(3B) 0.426(9)12946 (13) 9014 (9) 4886 (6) 135(4)

0(11B) 0.426 (9) 12790 (40) 8337(12) 4738 (13) 177 (12)
C(85B) 0.426(9)12400(30) 9070(20) 5316(10) 97(10)
C(86B) 0.426(9)12090(50) 9470 (30) 4504 (16) 250 (30)
S (4A) 0.559(10-2275(11) 3637(7) 199 (5) 135 (4)

0(12A) 0.559(10-2050(20) 4332(10) 240(11) 145(10)

C(87A) 0.559(10-3310(20) 3560 (20) -198 (12) 141 (16)

C(88A) 0.559(10-1310(20) 3278 (19) -24 (13) 125 (13)
s (4B) 0.441(10-1607(13) 3743 (9) -6(5) 135 (4)
0(123) 0.441(10-1740(30) 4431(11) 77(13) 145(10)
C (873) 0.441(10-2660 (30) 3520(20) -353 (13) 141(16)
C(88B) 0.441(10-1720(40) 3340 (20) 476(11) 125 (13)
s (5A) 0.527(12)9447(16) 6988 (10) 799 (6) 195 (6)
0(13A) 0.527(1210580(20) 6920(30) 863(17) 272(17)
C(89A) 0.527(12) 9260(40) 7698 (17) 1008(15) 150 (17)
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C(90A) 0.527(12)8990 (40) 7120 (30) 238 (9) 158 (18)
sf53) 0.473(1210147(17) 7640(12) 792(7) 195(6)
0(13B) 0.473 (1210360 (40) 6944 (16) 793 (19) 272 (17)
C(89B) 0.473(1210010(40) 7830(30) 1292(10) 150(17)
c(903) 0.473 (12)8910 (30) 7750(30) 479(15) 158 (18)

Table 3. Hydrogen coordinates (x io) and isotropic dispiacement

parameters (Â2 x io) for V-5.

0cc. X y Z Ueq

Hf2A) 1 6704 9263 241 142
H(2X) 0.00 6502 9160 736 142
H(3A) 0.426(9)11796 8194 4300 178
H(3X) 0.00 11330 7801 3850 178
H(4A) 0.574(9)10714 8386 4790 156
H(4X) 0.00 9547 8110 4648 156
H(6A) 1 3146 3823 4894 219
H(6x) 0.00 2891 4339 4493 219
H(8A) 1 -861 4752 431 239
Hf8x) 0.00 -230 5345 700 239
Hf3) 1 5901 6589 1048 74
Hf4) 1 6167 7149 463 86
H(6) 1 6527 8743 1227 72
1-1(7) 1 6150 8136 1804 67

H(9) 1 6968 5486 1569 80
H(10) 1 8583 5269 1432 74
Hfll) 1 9872 6018 1611 77
Hf12) 1 9538 6989 1937 77
H(13) 1 7945 7140 2113 65
H(15) 1 4509 8130 2362 89
H(16) 1 3056 8761 2088 103
H(17) 1 2051 8523 1436 134
H(18) 1 2328 7603 1047 127
Hf19) 1 3786 6998 1312 96
H(22) 1 8922 6998 2961 66
H(23) 1 10305 7446 3429 81

Hf25) 1 8576 7672 4322 82
H(26) 1 7194 7258 3843 78
Hf28) 1 8368 5510 2524 71
H(29) 1 9559 4771 2824 68
Hf30) 1 9888 4537 3561 78
Hf31) 1 8987 5071 4007 74
H(32) 1 7745 5786 3720 65
H(34) 1 5049 7697 3361 83
H(35) 1 4775 8787 3370 100

H(36) 1 5777 9464 3058 94
H(37) 1 6985 9069 2714 80
H(38) 1 7256 7975 2692 71
H(41) 1 6366 4872 3808 83
H(42) 1 6050 4273 4388 108
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11(44) 1 3041 4631 4002 81
H(45) 1 3391 5259 3436 69
H(47) 1 7071 4458 3001 73
H(48) 1 7021 3386 2847 71
H(49) 1 5499 2872 2609 79
H(50) 1 3982 3403 2542 80
11(51) 1 4008 4506 2684 79
Hf53) 1 3172 6743 3215 67
Hf54) 1 2915 7426 3775 90
11(55) 1 4136 7534 4400 96
H(56) 1 5670 6955 4499 91
H(57) 1 5952 6315 3925 75
H(60) 1 3357 4445 1812 80
H(61) 1 2055 3997 1314 86
11(63) 1 833 5723 991 86
H(64) 1 2262 6198 1466 81
H(66) 1 5794 4419 1985 67
H(67) 1 6324 3923 1404 85
11(68) 1 5908 4328 716 102

11(69) 1 4968 5281 580 105

Hf70) 1 4447 5779 1149 82
H(72) 1 2599 7125 2289 62
11(73) 1 1100 7233 2566 63
11(74) 1 454 6378 2878 78
11(75) 1 1158 5385 2864 86

H(76) 1 2589 5261 2581 72

H(81A) 1 1302 3779 5584 179

H(81B) 1 615 4190 5206 179

H(81C) 1 1829 4233 5288 179

H(82A) 1 1496 4146 4467 171
H(823) 1 336 3916 4366 171
H(82C) 1 1187 3499 4209 171

H(83A) 1 7889 8790 -251 155
H(83B) 1 8424 9454 -300 155

H(83C) 1 8270 8951 -689 155
H(84A) 1 6236 8435 -711 177
H(843) 1 6512 8644 -1163 177
H(84C) 1 5475 8880 -1040 177
H(85A) 0.574(9)11622 9393 4384 146
11(853) 0.574(9)12541 9003 4672 146
Hf85C) 0.574(9)12624 9754 4631 146

H(86A) 0.574(9)13257 9159 5389 375

11(863) 0.574(9)12513 9058 5721 375

Hf86C) 0.574(9)12941 9748 5653 375

H(85D) 0.426(9)11663 9096 5217 146

11(85E) 0.426(9)12657 9441 5487 146

Hf85F) 0.426(9)12569 8687 5498 146

H(86D) 0.426(9)12010 9278 4214 375
H(86E) 0.426(9)12350 9900 4497 375

H(86F) 0.426(9)11424 9480 4588 375
H(87A) 0.559(10-3468 3963 -346 211
H(873) 0.559(10-3882 3421 -73 211
H(87C) 0.559(10-3176 3241 -408 211
H(88A) 0.559(10)-646 3427 132 188
H(88B) 0.559(10-1408 3390 -333 188
H(88C) 0.559(10-1352 2818 5 188
H(87D) 0.441(10-3018 3887 -497 211
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H(87E) 0.441(10-3111 3292 -192 211
H(87F) 0.441(10-2485 3232 -573 211
H(88D) 0.441(10-1191 3489 719 188
H(88E) 0.441(10-1630 2884 436 188
H(88F) 0.441(10-2390 3418 539 188
H(89A) 0.527(12)9586 7709 1318 225
H(89B) 0.527(12)8525 7772 976 225
H(89C) 0.527(12)9549 8028 852 225
HC9OA) 0.527(12)8832 7570 188 237
Hf9OB) 0.527(12)8368 6871 138 237
H(90C) 0.527(12)9505 6994 77 237
H(89D) 0.473(1210676 7860 1487 225
H(89E) 0.473(12)9605 7500 1400 225
H(89F) 0.473(12)9652 8234 1283 225
H(900) 0.473(12)8485 7962 657 237
H(90E) 0.473(12)8606 7340 382 237
Hf9OF) 0.473(12)8936 8012 224 237

Table 4. Anisotropic parameters (À2 x ion) for V-5.

The anisotropic dispiacement factor exponent takes the form:

-2 7t2 [ 2 a*2 U11 + ... + 2 h k a* b* U12 J

Uli U22 U33 U23 U13 U12

Rhfl) 41(1) 20(1) 80(1) 1(1) 22(1) 1(1)
Rh(2) 43(1) 20(1) 83(1) 2(1) 24(1) 1(1)
Nf1) 42(7) 38(9) 84(9) -3(7) 19(6) -6(6)
Nf2) 42(7) 7(7) 94(9) 5(6) 17(6) -6(5)
N(3) 41(7) 18(8) 82(9) 10(6) 20(6) 3(5)
N(4) 37(7) 27(8) 85(9) 0(6) 24(6) 8(6)
N(5) 56(7) 5(7) 94(9) -5(6) 40(7) 1(5)
N(6) 40(7) 24(8) 73(8) -2(6) 22(6) -10(5)
N(7) 32(7) 46(9) 79(9) 7(7) 19(6) 3(6)
N(8) 35(7) 51(9) 85(9) 12(7) 22(6) 0(6)
0(1) 225(19) 84(13) 127(13) 12(10) 93(13) -6(12)
0(2) 132(12) 54(10) 111(10) 7(8) 55(9) 5(8)
0(3) 81(10) 96(13) 173 (15) -52(11) 12(10) -16 (9)
0(4) 132(12) 72(11) 103(11) 0(9) 14(9) -26(9)
0(5) 132 (15) 260(20) 189 (18) 143 (17) 54(13) 34(16)
0(6) 114(12) 174(18) 166(15) 89(13) 64(11) 11(12)
0(7) 103 (12) 99(14) 158 (15) -19 (12) -14 (10) -10 (10)
0(8) 130(14) 126(16) 183(17) -12(13) -60(13) -3(13)
C(1) 60(10) 33(10) 58(10) 5(7) 9(8) 14(8)
C(2) 47(9) 34(11) 70(11) 9(8) 13(7) -1(7)
C(3) 69(11) 39(11) 82(12) 7(9) 25(9) 5(8)
c(4) 83(12) 60(14) 79(12) -9(10) 33(10) -5(10)
c(5) 77(12) 84(16) 63(11) 18(10) 28(9) 10(11)
C(6) 55(10) 29(10) 99(13) 16(9) 22(9) -8(8)
c(7) 43(9) 43(12) 86(12) 6(9) 23(8) -1(7)
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C(8) 46(9) 16(9) 85(11) 1(7) 22(8) -2(7)
C(9) 80 (12) 32(11) 91 (12) 1 (9) 29 (10) 5 (9)
C(10) 53 (9) 30 (10) 110 (13) -12(9) 37(9) -4(8)
C(11) 49(9) 41(12) 112(14) 2(9) 38(9) 4(8)
Cf12) 58(10) 25(10) 116(14) 14(9) 34(9) 0(8)
c(13) 42(9) 39(11) 87(11) 4(8) 26(8) 1(7)
C(14) 45(9) 36(11) 88(12) 11(9) 25(8) 2(8)
C(15) 55 (10) 49 (13) 120 (15) 8(11) 21 (10) 9 (9)
Cf16) 82(13) 53(14) 124(17) 9(12) 23(12) 15(11)
c(17) 97 (16) 102 (19) 135(19) 34 (16) 24 (15) 44 (14)
C(18) 102 (16) 104 (19) 108 (16) 23 (14) 10 (13) 18 (14)
C(19) 62(11) 81(15) 97(14) 19(12) 14(11) 14(11)
c(20) 56 (9) 22 (10) 68 (10) 2 (7) 22 (8) -7 (7)
c(21) 60(10) 17(9) 72(10) 6(7) 20(8) -1(7)
C(22) 41(9) 17(9) 108(13) -2(8) 18(9) 1(7)
c(23) 45(9) 42(12) 115(15) 4(10) 16(9) -17(8)
C(24) 58(10) 26(10) 93(13) 1(9) 6(9) -13(8)
C(25) 83(13) 30(11) 91(13) 3(9) 17(10) -15(9)
C(26) 66(11) 40(11) 93 (13) 6(9) 25(10) -12(9)
c(27) 25(7) 30 (10) 99(12) -4(8) 23 (7) -5(6)
C(28) 61(10) 25(10) 94(12) 0(8) 25(9) 13(8)
C(29) 25(7) 46(11) 103(13) 1(9) 24(8) -4(7)
C(30) 38(9) 55(12) 103(14) 7(10) 17(9) 4(8)
c(31) 50(10) 47(12) 84(12) 7(9) 6(9) 1(8)
c(32) 46 (9) 43(11) 78 (12) -1(8) 19 (8) -11 (8)
c(33) 49 (9) 30 (10) 78(11) 1 (8) 20 (8) -8 (7)
c(34) 72(11) 25(11) 121 (15) 3 (9) 46(10) -2 (8)
C(35) 94 (14) 47 (14) 125 (16) -11 (11) 60 (12) 1 (10)
C(36) 88 (13) 23(11) 131(16) -5(10) 40(12) 1(9)
C(37) 55(10) 21 (11) 128 (15) 5 (9) 28 (10) -1 (8)
C(38) 48(9) 45(12) 89 (12) -2(9) 24(8) -9(8)
C(39) 19 (7) 25(10) 89(11) 6 (8) 13 (7) 0 (6)
C(40) 41(8) 20(9) 74(10) 1(7) 22(7) 0(6)
C(41) 52(10) 66(13) 92(13) 20(10) 20(9) -12(9)
c(42) 78(13) 94(17) 98(14) 32(12) 20(11) 8(12)
c(43) 80 (13) 80 (15) 84 (13) 22(11) 16(11) -9(11)
c(44) 61(11) 53(12) 95(13) 7(10) 33(10) -2(9)

c(45) 67(11) 32(11) 78(11) 4(8) 25(9) 3(8)
C(46) 37(8) 49(12) 72(10) 5(8) 18(7) 0(8)
C(47) 49(9) 54(13) 82(12) 9(9) 22(8) -3(8)
c(48) 50(10) 25(11) 100(13) -4(8) 12(9) 6(7)
C(49) 59 (10) 29(11) 112 (14) -12 (9) 26 (9) 3 (8)
c(50) 61(11) 31(12) 109(14) 3(9) 21(9) -9(8)
C(51) 54(10) 54(13) 92(13) 4(10) 22(9) 12(9)
C(52) 57(10) 34(10) 77(11) 8 (8) 29(9) -11(8)

c(53) 53(9) 35(11) 90(12) -2(8) 35(8) -7(8)
c(54) 77(12) 59(13) 99(14) -2(11) 38(11) 8(10)
C(55) 109(15) 64(14) 80(13) -21(10) 50(12) -18(12)
c(56) 89(13) 55(13) 90(13) 0(10) 32(11) -4(11)
c(57) 67(11) 35(11) 90 (13) 4 (9) 26(10) -8 (8)
C(58) 61(7) 41(8) 67(7) 2(6) 20(6) 2(6)
C(59) 47(9) 50(12) 70(11) -2(8) 18(8) 0(8)
c(60) 73(11) 36(12) 88(13) 5(9) 11(10) -21(9)
C(61) 61(11) 60(13) 90(13) -11(10) 8(10) 4 (10)
C(62) 55(11) 82(16) 86(13) -24(11) 23(9) -6(10)
c(63) 58(11) 70(15) 84(13) —3(10) 8(9) 10(10)
C(64) 50(10) 69(13) 87(12) -7(10) 22 (9) -1 (9)
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Rh(1) -N(5)
Rh(1) -N(1)

Rh(1) -N(3)

Rh(1) -N(7)

Rh(1) -Rh(2)

Rh(2) -N(4)
Rh(2) -N(6)
Rh(2) -N(8)
Rh(2) -N(2)
N(1) -C(l)

N(1) -C(8)

N(2) -Cfl)

N(2) -Cf14)
N(3) -C(20)

N(3) -C(27)

N(4) -C(20)

N(4) -C(33)

N(5) -C(39)

N(5) -C(46)
N(6) -C(39)
N(6) -C(52)

N(7) -C(58)

N(7) -C(65)

N(8) -C(58)

N(8) -C(71)

0f1)-C(77)

0(2) -C(77)

2.022(12)

2.040(13)
2.040(13)
2.064(13)

2.4019 (16)

2.018 (12)
2.037(12)
2.055 (13)
2.052 (13)
1.340 (19)
1.436 (19)

1.319(19)
1.44 (2)
1.349 (19)
1.420 (19)
1.315(19)

1.46(2)

1.296 f19)

1.47(2)

1.379(19)
1.43 (2)
1.297 (19)
1.42 (2)
1.35(2)

1.422 (19)

1.24 (3)
1.32 (3)

0(2) -H(2a)
0(2) -H(2x)

0(3) -C(78)

0(3) -H(3a)

0(3) -H(3x)
0(4) -C(78)
0(4)-Hf4a)
0(4) -Hf4x)

0(5) -C(79)

0(6) -Cf79)
0(6) -H(6a)

0(6) -H(6x)
0(7) -C(80)
0(8)-C(80)
0(8) -H(8a)
0(8) -H(8x)
Cfl) -C(2)

C(2) -C(3)
Cf2) -C(7)

C(3) -Cf4)
C(3) -H(3)

C(4) -C(5)

C(4) -H(4)

C(5) -C(6)

C(5) -C(77)

C(6)-C(7)

C(6) -Hf6)

0.95
0.95

1.23 (3)
0.95

0.95

1.31(3)
0.95
0.95

1.19(3)
1.33 (3)
0.95

0.95

1.22 (3)
1.33 (3)

0.95
0.95

1.49 (2)
1.35(2)

1.41 (2)

1.34(2)
0.95

1.43 (3)
0.95

1.39(3)
1.48 (3)

1.40(2)
0.95

Cf65) 55(9) 33 (10) 68 (10) -11 (8) 25 (8) -1 (7)
C (66) 44 f9) 34(11) 95 f12) -9 (9) 26 (8) -9 (7)
C(67) 85 (13) 33 f11) 100 (14) -14(10) 33(11) -7(9)
C(68) 93(14) 75(16) 90(14) -27(12) 26(11) 1(12)
C(69) 107(15) 93(17) 65(12) -9(11) 25(11) -11(13)
C(70) 78 (12) 56 (13) 70(12) -10(10) 14(9) 8 (10)
C(71) 39(8) 31(10) 94(12) -6(8) 22(8) 2(7)
C(72) 24(6) 56(8) 77(8) -3(6) 16(6) 3(6)
C(73) 21(6) 51(8) 86(8) -6(6) 13(6) 8(6)
C(74) 59(8) 53(8) 85(8) 5(7) 19(6) -7(7)
C(75) 57(10) 60(13) 107(14) 9(10) 37(10) -2(9)
C(76) 53(10) 43(11) 79(11) 13(8) 2(8) -26(8)
C(77) 130(18) 67(17) 112(17) 3(13) 52(14) 10(13)
C(78) 85(15) 65(15) 125(18) -14(13) 20(13) -3(12)
C(79) 59 (12) 130 (20) 137 (18) 79 f16) 30 (12) 0 (12)
C(80) 96(16) 87(18) 105(16) 2(14) -2(13) -4(14)
Sf1) 121(5) 85(5) 124(5) 14(4) 45(4) -8(4)
0(9) 81 f10) 182 (18) 182 (16) 69 (14) 40 (10) 20(11)
C f81) 170 (20) 120 (20) 73 f13) -22 (13) 23 (14) -48 (17)
C(82) 129 (18) 106 (19) 106(16) 2 (14) 20 (14) -17 (15)
sf2) 95(4) 61(4) 117(4) 17(3) 44(3) 7(3)
0(10) 167 (14) 69(11) 122(11) 26 (9) 76(11) 5 (10)
C(83) 111(16) 89(17) 116(16) 22(13) 36(13) 15(13)
C(84) 120(18) 82(18) 150(20) 7(15) 30(16) -10(14)

Table 5. Bond lengths [À] and angles [0] for V-5.
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C(7) -H(7)

C(8)-C(9)
C(8) —C(13)
C(9) -C(10)
C(9) -Hf9)
C (10) -C(11)
Cf10) -H(10)

C(11) -C(12)
Cf11) -H(11)

C (12) -C(13)
C (12) -H(12)
C(13) -H(13)
C(14) -C(19)
C (14) -C(15)

C(15) -C(16)
C(15) -H (15)
C (16) -C (17)
C (16) -H (16)

C (17) -C (18)
C (17) -H (17)
C (18) -C (19)
C(18) -H (18)
C (19) -H(19)
C(20) -C(21)
C (21) -C(22)
C(21) -C(26)
C (22) -C(23)
C (22) -H(22)
C (23) -C(24)
C(23) -H(23)
C (24) -C (25)
C(24) -C (78)
C(25) -C(26)
C(25) -H (25)
C (26) -H (26)
C (27) -C(32)
C (27) -C(28)
C (28) -C(29)
C(28) -H (28)
C(29) -C(30)
C(29) —H(29)

C(30) —C (31)

C(30) —H (30)
C(31) -C(32)
C(31) -H(31)
C (32) -H(32)
C (33) -C(34)
C (33) -C(38)
C(34) -C(35)
C (34) -H(34)
C (35) -C(36)
C(35) -H(35)
C(36) -C (37)
C (36) —H (36)
C(37) -C(38)
C (37) -H(37)
C (38) -H(38)

0.95

1.35(2)
1.38(2)
1.40(2)
0.95
1.37(2)
0.95

1.42(2)
0.95
1.39(2)
0.95
0.95
1.35(3)
1.40(3)

1.41(3)
0.95

1.32(3)
0.95

1.42(3)
0 .95
1.39 (3)
0.95

0.95

1.51(2)
1.34 (2)
1.39(2)
1.37(2)
0.95

1.40 (3)
0.95

1.35(2)

1.51(3)
1.36(2)
0.95

0.95
1.38 (2)
1.42 (2)

1.36(2)
0.95

1.37(2)
0.95
1.37(2)

0.95
1.36(2)

0.95

0.95

1.36(2)
1.40 (2)
1.40(3)
0 .95

1.37(3)
0.95

1.34 (2)
0.95

1.40(2)
0.95
0.95

C(39) -C(40)

C(40) -C(41)
C(40) -C(45)
C (41) -C(42)
C(41) -H (41)
C(42) -C (43)
C(42) -H(42)

C(43) -C(44)
C(43) -C(79)
C(44) -C(45)
C(44) -H(44)
C(45) -H(45)
C(46) -C(51)
C(46) -C(47)
C(47) -C(48)
C(47) -H(47)
C(48) -C(49)
C(48) -H(48)
C(49) -C(50)

C(49) -H(49)
C(50) -C(51)
C(50) -H(50)

C(51) -H(51)
C(52) -C(57)
C(52) -C(53)
C(53) -C(54)
C(53) -H(53)
C(54) -C(55)

C(54) -H(54)
C(55) -C(56)
C(55) -H(55)

C(56) -C(57)
C(56) -H(56)
C(57) -H(57)

C(58) -C(59)
C(59) -C(60)
C (59) -C(64)

C(60) -C(61)
C(60) -H(60)
C(61) -C(62)
C(61) -H(61)

C (62) -C (63)
Cf62) -C(80)
C (63) -C(64)

C(63) -H (63)
C (64) -H(64)
C(65) -C(70)
C(65) -C(66)
C (66) -C(67)
C(66) -Hf66)
C(67) -C (68)

C(67) -H(67)

C(68) -C(69)
C(68) -H(68)
C (69) -C(70)

C(69) -H(69)
C(70) -H(70)

1.49(2)

1.36(2)
1.37(2)
1.37(3)
0.95
1.39 (3)
0.95
1.36(3)
1.49(3)

1.38 (2)
0.95
0.95
1.37(2)
1.39 (2)
1.37(2)

0.95
1.37 (2)

0.95

1.35(2)
0.95
1.42 (2)
0.95

0.95

1.36(2)
1.39 (2)
1.40 (2)
0.95

1.36(3)
0.95
1.40 (3)
0.95
1.39 (3)
0.95
0.95
1.48 (2)
1.40(2)
1.40(2)

1.36(2)
0 .95

1.36(3)
0 .95
1.40 (3)
1.49 (3)
1.43 f2)
0.95

0.95
1.37 (2)
1.44 (2)
1.39 (2)
0 .95

1.34 (3)
0.95

1.42 (3)
0.95

1.36(3)
0.95
0.95



XCIX

C(71) -C(76)
C (71) -C (72)
C(72) -c(73)
C (72) -H(72)

C(73) -C (74)
C(73) -H (73)
C(74) -C (75)

C(74) -H(74)
C (75) -C(76)

C(75) -H(75)
C (76) -H (76)
sf1) -0(9)
5(1) -Cf81)

Sf1) -Cf82)
0(9) -Hf6a)

C(81) -H(81a)
C (81) -H(81b)

C(81) -H(81c)
C(82) -Hf82a)

C(82) -Hf82b)
C (82) -H(82c)

sf2) -0(10)

5(2) -Cf83)
5(2) -C(84)
0(10) -H(2a)

C(83) -H(83a)

C(83) -H(83b)

C (83) —H(83c)

C(84) -H(84a)
C(84) -H(84b)

C(84) -H(84c)

S(3a)-0(lla)
S(3a) -C(85a)

Sf3a) -C(86a)
O fila) -Hf4a)

Cf85a) -H(85a)
C(85a) -H(85b)
C(85a) -H(85c)
C(86a) -H(86a)
Cf86a) -H (8Gb)
Cf86a) -H(86c)
S (3h) -0(iib)
S (3h) -C(85b)
S (3h) -Cf86b)
0(llh) -Hf3a)
C(85b) -Hf85d)
C(85b) -Hf85e)
C(85b) -H(85f)

C(86h) -H(86d)

C(86b) -H(86e)
C(86b) -H(86f)
S (4a) -0(12a)
S (4a) -C (87a)
S(4a)-C(88a)

Ofl2a) -H(8a)
Cf87a) -H(87a)
C(87a) -H(87b)

1.40(2)
1.41(2)
1.410 (19)
0.95

1.37(2)
0.95

1.36(3)
0.95

1.36(2)
0.95

0.95

1.515 (13)
1.668(15)
1.763 (16)
1.7983
0.98
0.98
0.98

0 .98

0.98
0.98
1.500 (12)

1.698(15)

1.757(16)
1.7524

0.98

0.98

0.98

0.98
0.98
0.98

1.501 (17)
1.663 (18)

1.76(2)
1.4638
0.98

0.98
0.98
0.98

0.98

0.98

1.508 (17)
1.666(19)
1.77(2)

1.734

0.98
0.98
0.98

0.98

0.98

0.98

1.503 (16)
1.669 (18)
1.763(19)
1.8177

0.98

0.98

C(87a) -Hf87c)

C(88a) -H(88a)
Cf88a) -H(88b)
C(88a) -H(88c)

S (4b) -0(12b)
S (4h) -C(87b)
S(4b) -C(88b)
0(12b) -H(8a)
C(87b) -H(87d)
C(87b) -H(87e)
C(87b) -H(87f)
Cf88b) —Hf88d)

C(88b) -H (88e)
Cf88b) -H(88f)
S (Sa) -0(13a)
S (5a) -C (89a)
S (5a) -C (90a)
C(89a) -Hf89a)
C(89a) -H(89b)

C(89a) —H(89c)
C(90a) -H(90a)
C(90a) -H(90b)
C(90a) -H(90c)
S (5h) -0(13b)
S (5h) -C(89b)
S(5b) -C(90b)

C(89b) -H(89d)

C(89b) -H(89e)

C(89b) -H(89f)
C(90h) -H(90d)
C(90b) -H(90e)

C(90b) -H(90f)

N(5) -RH1-N(1)
N(5) -RH1-N(3)
N(1) -RH1-N(3)
N(5) -RH1-N(7)
N(1) -RH1-N(7)
N(3) -RH1-N(7)

N(5) -RH1-RH2

N(1) -RH1-RH2

N(3) -RH1-RH2

N(7) -RH1-RH2

N(4) -RH2-N(6)
N(4) -RH2-N(8)
N(6) -RH2-N(8)

N(4) -RH2-N(2)

N(6) -RH2-N(2)

N(8) -RH2-N(2)
N(4) -RH2-RH1

N(6) -RH2-RH1

N(8) -RH2-RH1

N(2) -RH2-RH1

C(i) -N(1) -C (8)
C(1) -N(1) -RH1

C(8) -N(i) -RH1

C(1) -N(2) -C(14)

0.98

0.98
0.98

0.98

1.496(17)

1.672 (18)
1.769(19)

1.5931

0.98

0.98

0.98

0.98

0.98

0.98

1.502 (18)
1.680 (19)
1.761 (19)

0.98

0.98

0.98

0.98

0.98

0.98

1.500(18)

1.665(19)
1.77 (2)

0.98

0.98

0.98
0.98

0.98

0.98

174.6(5)

89.1(5)

90.8(5)
90.4 (5)
89.3 (5)

176.3 (5)

86.7 (3)
87.9(4)

88.2(3)
88.1(4)

88.1(5)
174.8 (5)

91.5(5)

90.0(5)
176.4 (5)

90.1(5)

87.2(3)
88.6(3)
87.6(4)

88.2(3)
119.50(13)

121.30(11)

117.8(1)
120.90 (13)



C

C(1) -N(2) -RH2

C (14) -N(2) -RH2

C(20) -N(3) -C(27)
C(20) -N(3) -RI-Ii

C(27) -N(3) -RH1
Cf20)-N(4)—C(33)

C(20) -N(4) -RH2

C(33) -N(4) -RH2

C(39) -N(5) -C(46)
C(39) -Nf5) -RH1
C (46) -N(5) -RH1

C (39) -Nf6) -C(52)
C (39) -N (6) -RH2
C (52) -Nf6) -RH2

C (58) -Nf7) -C(65)
C (58) -Nf7) -RH1

C (65) -N (7) -RH1

C (58) —N(8) -C(71)
C (58) -N(8) -RH2

C (71) -N(8) -RH2

C(77) -0(2) -Hf2A)

C(77) -0(2) -H(2X)
H(2A) -0(2) -H(2X)
C (78) -0(3) -H(3A)

C(78) -0(3) -H(3x)
H(3A) —0(3) —Hf3X)

C (78) -0(4) -H(4A)
C (78) -0(4) -H(4x)
H(4A) -0(4) -H(4X)
C(79) -0(6) -H(6A)

C(79) -0(6) -H(6x)

H(6A) -0(6) -H(6x)

C(80) —0(8) -H(BA)

C(80) —0(8) -HfBX)
H(8A) -0(8) -H(8X)
N(2) -Cf1) -N(i)

N(2) -C(i) -C(2)
N(1) -Cfi) -C(2)

C(3) -C(2) -C(7)

C(3) -C(2) -C(1)
C(7) -Cf2) -C(1)
C(4) -C(3) -Cf2)
C(4) -C(3) -H(3)

C(2) -C(3) -Hf3)

C(3) -C(4) -C(5)
C(3) -C(4) -H(4)

C(5) -Cf4) -H(4)

C(6) -C(5) -C(4)

C(6) -C(5) -Cf77)
C(4) -C(5) -C(77)
C(7) -C(6) -C(5)
C(7) -C(6) -Hf6)

C(5) -C(6) -H(6)
C(6) -Cf7) -C(2)

C(6) -C(7) -H(7)
Cf2) -C(7) -Hf7)
C(9) -C(8) -C(13)

120.9(1)

116.0(1)

121.00 (13)
120.7(1)

116.9(1)
119.40 (13)
123.70(11)

115.7(9)
116.30(12)

124.6(1)
117.8(1)

120.90 f13)
119.8(1)
118.3(1)

121.10(14)

121.20 (12)
116.3 (9)
120.10 (14)
120.8 (1)
116.40 (11)
120

120
120

120

120
120

120

120
120

120

120

120

120
120

120

119.40 (14)
121.50 (14)
119.10 (14)

118.70(16)

123.20(16)

118.10 (15)
124.90 (18)
117.6

117.6

117.20 f18)
121.4

121.4

120.30(17)

123 f2)
117.00 (19)
119.30 (17)
120.3

120.3

119.50 (17)

120.2
120.2
119.30(15)

Cf9) -C(8) -N(1)

C(13) -C(8) -N(1)
C(8) -Cf9) -C(i0)
C(8) -Cf9) -H(9)
C(10) -C(9) -H(9)
C(11) -C(10) -C(9)
Cf11) -C(10) -H(lo)
C(9) -C(10) -H(10)

C(10) -C (11) -C(12)
C(10)-C(11)-H(11)

C(12) -C(11) -Hfll)

Cf13) -C(12) -C(11)

Cf13) -C(12) -H(12)
Cf11) -C(12) -H(12)
C(8) -C(13) -C(12)

C(8) —C (13) -H(13)

C(12) -C(13) -H(13)

C(19) -C(14) -Cf15)
C(19) -C(14) -Nf2)
C(15) -C(14) -N(2)
C(14) -C(15) -Cf16)
C(14) -C(15) -H (15)

C(16) -C(15) -H(15)

Cf17) -C(16) -C(15)
Cf17) -Cf16) -H(16)

Cf15) -Cf16) -H(16)

C(16) -C(17) -C(18)
C(16) -C (17) -H(17)
C(18) -Cf17) -H(17)

C(19) -C(18) -C(17)
C(19) -C(18) -Hf18)
C(17) -C(18) -H(18)

C(14) -C(19) -C(18)
Cf14) -C(19) -H(19)

Cf18) -Cf19) -H(19)
N(4) -C(20) -Nf3)

Nf4) -C (20) -C(21)

N(3) -C (20) -C(21)

C(22) -C(21) -C(26)

C(22) -C(21) -C(20)

C(26) -C(21) -C(20)
C(21) -C(22) -Cf23)
C(21) -C(22) -H(22)
C(23) -C(22) -H(22)

C(22) -C(23) -C(24)

C(22) -C(23) -H(23)

C(24) -C(23) -H(23)
Cf25) -C(24) -C(23)

Cf25) -Cf24) -C(78)
C(23) -Cf24) -C(78)

C(24) -C(25) -Cf26)
C (24) -C(25) -H(25)

C (26) -C(25) -H(25)

C(25) -C (26) -C(21)
C(25) -C(26) -H(26)
C(21) -C(26) -H (26)
C(32) -C (27) -C(28)

118.80(14)

121.80 (14)
121.80 (17)
119.1

119.1
119.30(16)
120.4

120.4

119.80(15)

120.1

120.1

118.50(16)

120.8
120.8

121.30 f16)
119.3

119.3

120.00 (17)
123 .20 (17)
116.70 (16)
119 (2)
120.4
120.4

119 (2)

120.3
120.3

122 f2)
118.9

118.9

118 (2)
121.1

121.1

121 (2)
119.3

119.3

117.50(14)
122.70(14)

119.70(14)

118.90(16)

122.80(15)

118.20 (14)

122.10 (18)
119

119

118 .50 (16)
120.7

120.7

119.40 (16)
120.10(19)

120.50 f18)
121.50 (19)
119.3

119.3

119.40 (17)
120.3

120.3
116.90 (15)



CI

C (32) -C(27) -N(3)

c(28) -C (27) -N(3)
C(29) -c(28) -C(27)
C (29)-c (28) -H (28)
C (27)-c (28) -H (28)
c(28) -c(29) -c(30)

c(28) -c(29) -H (29)
c(3o) -c(29) -H(29)
c(31) -c(3o) -c(29)
c(31) -c(3o) -H(30)
c(29) -cf30) -H(30)
C (32) -C(31) -C (30)
C(32) -C(31) -Hf31)
C(30) -C(31) -H(31)

C(31) -C(32) -C(27)
C(31) -C(32) -H(32)
C(27) -C(32) -H(32)
C(34) -C(33) -C(38)
C(34) -C(33) -N(4)

C(38) -C(33) -Nf4)

C (33) -C (34) -C(35)
C (33) -C(34) -H(34)

C (35) -C (34) -H(34)
C(36) -C(35)-C(34)

C(36) -C(35) -H(35)
C(34) -C(35) -H (35)

C(37) -C(36) -C(35)
C (37) -C(36) -11(36)
C(35) -C(36) -Hf36)

Cf36) -C(37) -C(38)
C (36) -C(37) -H(37)
C(38) -C(37) -H(37)

C(37) -C(38) -C(33)
C(37) -C(38) -H(38)

C(33) -C(38) -Hf38)
N(5) -C (39) -Nf6)
Nf5) -C (39) -C(40)

N(6) -C(39) -C(40)
C(41) -C(40) -C(45)
Cf41) -C(40) -C(39)
Cf45) -C(40) -Cf39)

C(40) -C(41) -C(42)
C(40) -C(41) -H(41)
C(42) -C(41) -H(41)

C(41) -C (42) -Cf43)
C(41) -C(42) -H(42)
C(43) -Cf42) -H(42)
C(44) -C(43) -Cf42)
C(44) -Cf43) -C(79)

Cf42) -C(43) -C(79)
C (43) -Cf44) -Cf45)
C(43)-C(44) -H(44)
C(45) -C(44) -H(44)
C(40) -C(45) -C(44)
C(40) -C(45) -H (45)
C(44) -C(45) -H(45)
C (51) -C(46) -C(47)

124.30 (14)

118.70 (15)
119.60(17)

120.2

120.2

122.60(17)

118 .7
118 .7

118.00(17)
121

121
121.10(18)

119.5

119.5

121.80(16)
119.1

119.1

117.40 (16)
119.50 (14)

123.10(15)

121.70(17)

119.2

119.2

119.70 (18)
120.1

120.1

120.40(18)
119.8

119.8

120.20(17)
119.9
119.9

120.40 (16)
119.8

119.8

117.20 (14)
123 .70 (14)

119.20(13)

120.30(15)

120.30(13)
119.40 (14)
120.40(17)

119.8

119.8

119.10 (19)
120.5

120.5

120.90(19)

119.50(19)

119.50 (19)
118.90(17)

120.6

120.6
120.40 (16)
119.8

119.8

119.40 (17)

C(51) -C(46) -Nf5)
C(47) -C(46) -N(5)
C(48) -C(47) -C(46)
C(48) -C(47) -H(47)
C(46) -C(47) -H(47)
C(49) -C(48) -C(47)
C (49) -C(48) -H(48)
C(47) -C(48) -H(48)
C(50) -C(49) -C(48)
C(50) -C(49) -H(49)
C(48) -Cf49) -H(49)

C(49) -C (50) -C(51)
C(49) -C(50) -H(50)
C(51) -C(50) -H(50)
C (46) -C(51) -C(50)
C(46) -Cf51) -H(51)
C(50) -C(51) -H(51)
C(57) -C(52) -C(53)
C(57) -C(52) -N(6)

C(53) -C (52) -N(6)

Cf52) -C(53) -C(54)
C(52) -Cf53) -H(53)

C(54) -C(s3) -H(53)
C(55) -C(54) -C(53)

Cf55) -Cf54) -H(54)
Cf53) -C(54) -H(54)
Cf54) -Cf55) -C(56)
C(54) -C(55) -H(55)
C (56) -C (55) -H(55)

C(57) -C(56) -C(55)
C(57) -C(56) -H(56)
C(55) -C(56) -Hf56)
C(52) -C(57) -C(56)
C(52) -C(57) -Hf57)

C(56) -C(57) -H(57)
N(7) -C(58) -Nf8)
N(7) -C(58) -C(59)

N(8) -C(58) -C(59)
C(60) -C(59) -Cf64)
C(60) -C(59) -C(58)
C(64) -C(59) -C(58)

C(61) -C(60) -C(59)

C(61) -C(60) -Hf60)
C(59) -C(60) -H(60)

C(62) -C(61) -C(60)
C(62) -C(61) -H(61)
C(60) -C(61) -H(61)
C(61) -C(62) -C(63)
C (61) -C (62) -Cf80)

C(63) -C(62) -Cf80)

C(62) -C(63) -Cf64)
C(62) -C(63) -Hf63)

C(64) -C(63) -H(63)
C(59) -C(64) -C(63)
C(59) -C(64) -H(64)

Ct63) -C(64) -H(64)
C(70) -C (65) -N(7)

120.10(14)

120.20 (14)
119.20 (16)
120.4
120.4
121.40 (16)
119.3
119.3

120.80 (18)
119.6
119.6
118.70 (17)
120.7
120.7

120.50(16)
119.8
119.8

120.70(17)
121.10 (15)
117.70(15)

118.10 (17)
120.9

120.9
120.90(19)

119.6
119.6

121.10(19)
119.4
119.4

117.60 (19)
121.2
121.2

121.50 (18)
119.2

119.2
119.70 (15)
120.00 (15)
120.30 (15)
118.60 (17)
122.00(16)
119.30(17)

121.80(18)
119.1

119.1
120 (2)
119.8
119 .8
121.00 (18)
121 (2)
118 (2)
118.40 (18)
120.8

120.8
119.50 (19)
120.3

120.3
123.30 (15)



cl’

C(70) -C(65) -C(66)
N(7) -C (65) -C(66)
C (67) -C(66) -C(65)
C (67) -C(66) -H (66)

Cf65) -C(66) -Hf66)
C (68) -C (67) -C (66)
C(68) -C(67) -Hf67)

Cf66) -C(67) -Hf67)
Cf67) -C(68) -C (69)
C(67) -C(68) -H(68)
C(69) -C(68) -H(68)
C (70) -C (69) -C(68)
C(70) -C(69) -H(69)
C(68) -Cf69) -3(69)
C(69)-C(70)-Cf65)
C (69) -C (70) -H (70)
C(65) -C (70) -H (70)
C(76) -C(71) -C(72)

C(76) -C(71) -Nf8)
C(72) -C (71) -Nf8)
C(73) -C (72) -C(71)
C (73) -Cf72) -H(72)

C(71) -Cf72) -H(72)
C (74) -C(73) -C(72)
C(74) -C(73) -H(73)

C(72) -C (73) -H(73)

Cf75) -C(74) -C(73)

Cf75) -C(74) -H(74)

C(73) -C(74) -3(74)
c(74) -C(75) -C (76)
C(74) -C(75) -H(75)

C(76) -C (75) -H(75)

C(75) -C(76) -Cf71)
C(75) -C(76) -Hf76)

C (71) -C (76) -H (76)

0(1) -C (77) -0(2)

0(1) -Cf77) -Ct5)

0(2) -Cf77) -C(5)

0(3) -Cf78) -0(4)

0(3) —C (78) —C(24)

0(4) -C (78) -C(24)

0(5) -C (79) -0(6)

0(5) —C(79) —C(43)
0(6) -C(79) -C (43)
0(7) -C(80) -0(8)

0(7) -Cf80) -C(62)

0(8) —C(80) —C(62)

0(9) -sf1) -C(81)

0(9)-s(i) -Cf82)
Cf81) —5(1) —Cf82)
sf1) -0(9) -Hf6A)

5(1) -Cf81) -H(81A)

Sf1) -C (81) -H(813)
H(81A) -C(81) -H (813)

5(1) -C(81) -Hf81C)

Hf81A) -C (81) -H(81C)

H f813) -C(81) -H(81C)

118.10 (15)
117.60(15)

118.60(17)
120.7

120.7
121 f2)
119.4
119.4
120.70 (19)
119 .7
119.7
118 f2)
120.8

120.8

122.70 (19)
118 .6
118 .6

116.60 (14)
125.60(15)

117.50 f14)
119.20 (15)
120.4

120.4

120.30 (16)
119.8

119.8

121.40 f17)
119.3

119.3

118 .70 f18)
120.7

120.7

123 .80 (17)
118.1

118.1
123 f2)
124 f2)

113 f2)
126 f2)
118 f2)
116 f2)
122 f2)
124 f2)
113 (2)
122 (2)
122 (2)
116 (2)
101.40 f12)
105.6 f1)
101.10 (11)
111.3

109.5

109.5

109.5

109.5

109.5

109.5

sf1) -Cf82) -H(82A)
Sf1) -C (82) -Hf823)

Hf82A) -c(82) -H f823)
Sf1) -C(82) -Hf82C)

Hf82A) -C f82) -Hf82C)

Hf823) -Cf82) -Hf82C)
0fb) -Sf2) -C(83)

0(10) -Sf2) -Cf84)
C f83) -Sf2) —C(84)

sf2) -0(10) -H(2A)

5(2) -C (83) -Hf83A)

Sf2) -C (83) -Hf833)

Hf83A) -C(83) -3(833)

Sf2) -C f83) -Hf83C)

Hf83A) —C f83) -H(83C)
H (833) -C (83) -Hf83C)

5(2) -Cf84) -Hf84A)

5(2) -C(84) -Hf84B)

Hf84A) -C (84) -H (843)

Sf2) -Cf84) -Hf84C)

Hf84A) -C (84) -H(84C)
H (84E) -C (84) -H(84C)

0(11A) -S (3A) -Cf85A)
ofllA)-sf3A)-Cf86A)

Cf85A)-Sf3A) -Cf86A)

Hf4A) -0 filA) -S f 3A)
sf3A)-Cf85A)-Hf85A)

s(3A)-Cf85A)-11f853)

Hf85A) -Cf85A) -H f853)
sf3A)-Cf85A)-Hf85C)

Hf85A) -Cf85A) -Hf85C)

H(853) -Cf85A) -Hf85C)

s(3A) -C(86A) -H(86A)
S (3A) -C(86A) -Hf86B)

Hf86A) -Cf86A) -3(863)

Sf3A) -Cf86A) -H(86C)

Hf86A) -Cf86A) -H(86C)

H(86B) -C(86A) -H(86C)

0(113) -s (33) -C (853)

o (11B) -s (33) -C f 86B)
C (85B) -s (33) -C f863)

5(33) -0 f113) -Hf3A)

5(33) -C(853) -Hf85D)
5(33) -C(853) -Hf85E)
H(85D) -C (853) -H (85E)

sf33) -Cf853) -H(85F)

Hf85D) -C (853) -H(85F)

Hf85E) -C f853) -H (85F)

sf33)-Cf863)-Hf86D)

Sf33)-Cf863)-Hf86E)
H(86D) -C (863) -H (86E)
s(33)-C(863)-Hf86F)

Hf86D) -C (863) -H(86F)

Hf86E) -Cf863) -H(86F)

ofl2A)-sf4A) -C(87A)

ofl2A) -sf4A) -Cf88A)

C(87A) -s (4M -Cf88A)

109.5

109.5

109.5
109.5

109.5
109.5
104.3 f1)
106.8 f1)

99.8 f1)
127 .7

109.5

109.5
109.5
109.5
109.5
109.5
109.5

109.5

109.5

109.5
109.5
109.5
105.40(17)
106.20 f19)
101.20 f17)
133.1

109.5
109.5
109.5

109.5
109.5

109.5
109.5

109.5
109.5
109.5

109.5

109.5

104.80(18)
106 (2)
100.40 (18)
116.3

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

109.5

109.5

109.5

106.50(17)

107.80(17)
102.90(16)



CIII

S (4A) -0(12A) -H (SA)
S(4A)-C(87A)-H(87A)
S (4A) -c(87A) -H(873)
H(87A) -C(87A) -H(87B)

s (4A) -c(87A) -H(87C)
H(87A) -C(87A) -H(87C)

H(87B) -c(87A) -H(87c)

s(4A) -c(88A)-H(88A)
s(4A)-c(88A) -H(88B)
H(88A) -C(88A) -H(88B)
s(4A)-c(88A) -H(88C)
H(88A) -c(88A) -H(88c)

H(88B) -c(88A) -H(88C)
O (12B) -s (43) -c (873)

0f12B) -5(43) -c(88B)
C(873) -5(4B)-C(88B)

S(43)-O(123)-Hf8A)

s (4B) -c(873) -Hf87D)
s (43) -c(873) -H(87E)

H(87D) -C(87B) -H(87E)
s (43) -c (87B) -H(87F)

H(87D) -c(87B) -H(87F)

H(87E) -c(873) -H(87F)
5(43)-C(88B)-H(880)

s(43)-c(883) -H(88E)

H(88D) —c(883) —H(88E)
s (43) -c(883) -H(88F)

H(S8D) —C(883) —H(88F)

H(88E) —c(883) —H(88F)

0(13A) -s(5A) -c(89A)

0(13A) -s(5A) -c(90A)
c(89A)-S(5A) -C(90A)

s(5A)-c(89A) -H(89A)
5(5A)-c(89A) -H(89B)

H(89A) -c(89A) -H(89B)

s(5A)-c(89A) -H(89C)

H(89A) -C(89A) -H(89C)
H(89B) -c(89A) -H(89C)
5 (5A) -C(90A) -Hf9OA)
s (5A) -C(90A) -H(90B)

H(90A) -C(90A) -H(90B)

s(5A)-c(90A) -H(90C)

H(90A) -C(90A) -H(90c)

Hf903) -c(90A) -H(90C)

0(133) -S f5B) -c (893)
0(133) -5 (5B) -c(90B)

c(89B) -5(53) -C(903)
S(53) -c(89B) -H(89D)
5(53) -C(89B) -H(89E)

H(89D) -c(89B) -H(89E)

5(53) -C(89B) -H(89F)

H(890) -C(893) -H(89F)

H(89E) -c(89B) -H(89F)

s(53) -c(90B) -H(90D)
s(53) -C(903) -H(90E)

H(90D) -c(903) -Hf9OE)

5(53) -c(90B) -H(90F)

130.9

109.5

109.5
109.5

109.5

109.5

109.5

109.5
109.5

109.5
109.5
109.5

109.5

106.20 (18)
106.80 (18)

101.80 (17)
116.1

109.5
109.5

109.5

109.5

109.5

109.5

109.5

109.5
109.5

109.5

109.5

109.5

105.50 (19)
106.50 (19)
101.30 (17)
109.5
109.5

109.5

109.5

109.5

109.5

109.5

109.5
109.5

109.5

109.5

109.5

107 (2)
107 (2)

102.30(18)
109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5
109.5

H(90D) -c(90B) -H(90F)

3(90E) -C(90B) -H(90F)

109.5

109.5



dO?

ci œ

clos

Table 1. Crystal data and structure refinement for V-6.

CIV

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit ceil dimensions

Volume

C128 F196 N12 Rh2

2007.99

100 (2) K

1.54178 Â

Monoclinic

P21 / c

a = 18.8013 (3) Â
b = 30.6803(6) Â
c = 18.4655(3) Â

10645.6 f 3)Â3

cL = 90°

= 91.8980(10)°

y = 90°

z

Density f calculated)

bsorption coefficient

4

1.253 g/cm3

2.940 mm1

c 305

CI 214

N12

C127

cils

Cl N

cml

C53

C57

Co0



cv

Ff000)

Crystal size

4152

0.33 x 0.24 x 0.18 mm

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigmafl)]

R indices (ah data)

Largest dif f. peak and hole

2.35 to 68.97°

-20h18, -36k36, -2222

144520

19211 [Rint = 0.068]

0.6197 and 0.4437

Fuil-matrix least-squares on F2

19211 / 1 / 1231

1.096

Ri = 0.0571, wR2 = 0.1716

Ri = 0.0750, wR2 = 0.1799

2.475 and -0.444 e/Â3

Table 2. Atomic coordinates fx io) and equivalent isotropic

displacement parameters f Â x i0) for v-6.

Ueq is defined as one third cf the trace of the orthogonaiized

Uij tensor.

0cc. x y Z Ueq

Rhfl) 1 3138(1) 4782f1) 7543(1) 31f1)

Rhf2) 1 2228 fi) 5292 fi) 7195(1) 34(1)
N(i) 1 3346 f2) 5183(1) 8427 (2) 35(1)

N(2) 1 2277f2) 5537(1) 8225f2) 36(1)

Nf3) 1 2396(2) 4455fl) 8116(2) 36(1)

Nf4) 1 1501(2) 4831 f1) 7524 f2) 41 fi)

N(5) 1 2853(2) 4429fl) 6629(2) 34(1)

NfE) 1 2214 (2) 5013 fi) 6189 f2) 39 fi)

N(7) 1 3827 f2) 5131 f1) 6945 f2) 33 fi)

Nf8) 1 3041(2) 5709 fi) 6899(2) 34 fi)
N(9) 1 3137 (2) 6183 f1) 11479 f2) 41 fi)
NfiO) 1 -274(3) 3447 f2) 9433 (3) 55(1)

Nfii) 1 1834(3) 3774f2) 3388(3) 53(1)



cv’

N(12) 1 5774(2) 6707(1) 5722(2) 39(1)
C(1) 1 2846(2) 5453 (2) 8650(3) 34(1)
C(2) 1 2912(2) 5658(2) 9379(3) 36(1)
c(3) 1 2784 (2) 6100(2) 9488 (3) 38(1)
C(4) 1 2861(3) 6283(2) 10167(3) 39(1)
C(5) 1 3056(3) 6021(2) 10756(3) 38(1)
c(6) 1 3142(3) 5577(2) 10666(3) 40(1)
C(7) 1 3082 (3) 5398(2) 9985 (3) 40 f1)
c(8) 1 4061(3) 5220(2) 8701(3) 35(1)
Cf9) 1 4406(3) 5621(2) 8711(3) 40(1)
C(10) 1 5119 (3) 5646 (2) 8932 (3) 45(1)
cf11) 1 5486(3) 5279(2) 9140(3) 47(1)
C(12) 1 5146(3) 4882(2) 9134(3) 46(1)
c(13) 1 4433(3) 4852(2) 8920(3) 42(1)
c(14) 1 1623(3) 5681(2) 8514(3) 44(1)
C(15) 1 1303(3) 5450(2) 9062(3) 51(1)
c(16) 1 630(3) 5567(2) 9286(4) 64(2)
C(17) 1 267(4) 5904(2) 8974(4) 67(2)
C(18) 1 576(3) 6139(2) 8435(4) 67(2)
Cf19) 1 1263 (3) 6035(2) 8199 (3) 54(2)
c(20) 1 1702(3) 4513(2) 7968(3) 38(1)
C(21) 1 1170(3) 4228(2) 8309(3) 40(1)
Cf22) 1 1266(3) 3772(2) 8336(3) 41(1)
c(23) 1 788(3) 3513(2) 8685(3) 45(1)
cf24) 1 210(3) 3692(2) 9018(3) 49(1)

C(25) 1 104(3) 4142(2) 8992(3) 54(2)

C(26) 1 578(3) 4400(2) 8632(3) 49(1)
C(27) 1 2663 (3) 4224 (2) 8733 (3) 39(1)
c(28) 1 3221 (3) 3936 (2) 8640(3) 49(1)
c(29) 1 3558 (3) 3736 (2) 9234 (4) 58 (2)
c(30) 1 3332 (3) 3822 (2) 9931(4) 60 (2)
C(31) 1 2785 (4) 4098(2) 10025 (3) 59(2)

cf32) 1 2439(3) 4305(2) 9433(3) 49(1)
cf33) 1 814(3) 4827(2) 7173(3) 44(1)
cf34) 1 368(3) 5191(2) 7228(4) 60(2)
cf35) 1 -283 (4) 5204(2) 6856 (4) 78(2)
C (36) 1 -496 (3) 4852 (2) 6414 (4) 67 (2)
C (37) 1 -67 (3) 4495(2) 6377 (3) 55 (2)
Cf38) 1 582(3) 4479(2) 6756(3) 45(1)
C(39) 1 2473 (3) 4615 (2) 6101 (3) 36(1)
C(40) 1 2316 (3) 4380 (2) 5403 (3) 36(1)
C(41) 1 1616(3) 4392(2) 5111(3) 41(1)
C(42) 1 1443(3) 4181(2) 4463(3) 41(1)
C(43) 1 1971 (3) 3972 (2) 4084 (3) 41 (1)

C(44) 1 2675(3) 3965(2) 4363(3) 45(1)
C(45) 1 2834 (3) 4166 (2) 5030 (3) 43(1)
C(46) 1 2949 (3) 3965 (2) 6662 (3) 35(1)
C(47) 1 3630(3) 3794(2) 6720(3) 43(1)
C(48) 1 3731(3) 3351 (2) 6812 (3) 46(1)
C(49) 1 3155 (3) 3074 (2) 6851 (3) 46(1)
C(50) 1 2480 (3) 3239(2) 6788 (3) 48(1)
C(51) 1 2367 (3) 3686 (2) 6693 (3) 40(1)
C(52) 1 2026 (3) 5298 (2) 5621 (3) 49(1)
C(53) 1 2491(3) 5394(2) 5085(4) 62(2)
C(54) 1 2324(4) 5712(3) 4559(4) 86(3)

C(55) 1 1668 (4) 5932 (2) 4621 (5) 86(3)
C(56) 1 1197(4) 5830(2) 5133(4) 66(2)



CVII

c(57) 1 1378(3) 5519(2) 5632(3) 57(2)
C(58) 1 3680(3) 5545(2) 6774(3) 35(1)
C(59) 1 4242 (3) 5820(1) 6457 (3) 35(1)
C (60) 1 4929 (3) 5824 (2) 6782 (3) 38(1)
C(61) 1 5438(3) 6109(2) 6544(3) 39(1)
C(62) 1 5286(3) 6395(2) 5971(3) 37(1)
C(63) 1 4630(3) 6362(2) 5610(3) 37(1)
C(64) 1 4102(3) 6087(1) 5854(3) 35(1)
C(65) 1 4388(3) 4893(2) 6633(3) 36(1)
C(66) 1 4895 (3) 4689 (2) 7082 (3) 44(1)
C(67) 1 5405(3) 4423(2) 6792(3) 55(2)
C(68) 1 5420(3) 4348(2) 6050(3) 53(1)
C(69) 1 4920 (3) 4551 (2) 5598 (3) 48(1)
C(70) 1 4408 (3) 4825 (2) 5889 (3) 42(1)
C(71) 1 2931 (3) 6163 (2) 6994 (3) 38(1)
C(72) 1 2312 (3) 6352 (2) 6688 (3) 49(1)
C(73) 1 2154(3) 6785(2) 6822(4) 56(2)
C(74) 1 2603(3) 7042(2) 7248(3) 49(1)
C(75) 1 3223 (3) 6858 (2) 7542 (3) 46(1)
C(76) 1 3383(3) 6424(2) 7417(3) 39(1)
C(77) 1 3544 (3) 6510 (2) 11648 (3) 38(1)

C(78) 1 3570(3) 6648(2) 12422(3) 39(1)
C(79) 1 2986(3) 6594(2) 12832(3) 57(2)
C(80) 1 2998 (4) 6706 (2) 13561 (3) 60 (2)
C(81) 1 3626 (3) 6870 (2) 13891 (3) 51(1)
C(82) 1 4210(3) 6923(2) 13483(3) 53(1)
C(83) 1 4186 (3) 6819 (2) 12745(3) 48(1)
C(84) 1 3992(3) 6759(2) 11131(3) 37(1)
C(85) 1 4422(3) 6545(2) 10635(3) 45(1)
C(86) 1 4822(3) 6786(2) 10161(3) 51(1)
C(87) 1 4807(3) 7241(2) 10179(3) 56(2)
C(88) 1 4385(3) 7449(2) 10668(3) 55(2)
C(89) 1 3979 (3) 7211 (2) 11145(3) 45(1)
C(90) 1 -750 (3) 3207 (2) 9126 (3) 43(1)
C(91) 1 -826 (3) 3151 (2) 8326 (3) 51 (1)
C(92) 1 -712(3) 2747(2) 8005(3) 61(2)

C(93) 1 -769(4) 2711(4) 7254(5) 97(3)

C(94) 1 -941 (5) 3096 (5) 6847 (5) 113 (4)
C(95) 1 -1044 (5) 3475 (4) 7194 (6) 117 (4)
C(96) 1 -981(4) 3507 (3) 7905 (4) 82 (2)
C(97) 1 -1259 (3) 2983 (2) 9611 (3) 45(1)
C(98) 1 -1224 (3) 3068 (2) 10356 (3) 53(1)

C(99) 1 -1718 (3) 2896 (2) 10808 (4) 60(2)
C(100) 1 -2232(3) 2628(2) 10538(4) 58(2)
C(101) 1 -2275(3) 2528 (2) 9806 (4) 58 (2)
C(102) 1 -1802 (3) 2713 (2) 9335(3) 49(1)
C(103) 1 1352(3) 3507(2) 3265(3) 62(2)
C(104) 1 1244(3) 3345(2) 2486(4) 61(2)
C(105) 1 1448 (3) 3616 (2) 1934 (4) 69 (2)
C(106) 1 1316 (3) 3489 (3) 1193 (4) 71 (2)
C(107) 1 1006 (3) 3097 (3) 1070 (4) 68 (2)

C(108) 1 822(4) 2828 (3) 1631 (5) 88 (3)

C(109) 1 925 (4) 2955 (3) 2346 (4) 78 (2)
C(110) 0.50 885(2) 3317 (2) 3831 (2) 20
C(111) 0.50 1227(2) 3099(2) 4404(3) 20
C(112) 0.50 830(2) 2914(2) 4947(2) 20
C(113) 0.50 93(2) 2947(2) 4917(2) 20



CVIII

C(114) 0.50 -249(2) 3164(2) 4344(3) 20
C(115) 0.50 147(2) 3349(2) 3801(2) 20
c(116) 1 6151(3) 6949(2) 6155(3) 36(1)
cf117) 1 6099 (3) 6958 (2) 6965(3) 35(1)
C(118) 1 5473(3) 7083(2) 7285(3) 42(1)
c(119) 1 5432 (3) 7087(2) 8038 (3) 47(1)
C(120) 1 6011(3) 6962(2) 8476(3) 43(1)
Cf121) 1 6629(3) 6832(2) 8162(3) 43(1)
c(122) 1 6684(3) 6832(2) 7413(3) 42(1)
Cf123) 1 6678(3) 7251(2) 5837(3) 37(1)
C(124) 1 6845(3) 7217(2) 5111(3) 44(1)
c(125) 1 7316 (3) 7507 (2) 4813 (3) 49(1)
c(126) 1 7628(3) 7828(2) 5226(3) 47(1)
c(127) 1 7470(3) 7863(2) 5942(3) 55(2)
C(128) 1 6997(3) 7579(2) 6246(3) 47(1)

Table 3. Hydrogen coordinates

parameters (Â2 x io) for V-6.

(x io) and isotropic dispiacement

0cc. X y Z Ueq

H(3) 1 2642 6278 9088 45
H(4) 1 2782 6586 10233 47
H(6) 1 3243 5396 11075 48
H(7) 1 3157 5094 9924 48
H(9) 1 4155 5877 8567 48
H(10) 1 5353 5920 8939 54
H(11) 1 5974 5298 9287 57
H(12) 1 5401 4627 9278 56
H(13) 1 4200 4577 8924 50
H(15) 1 1546 5211 9285 61
H(16) 1 420 5407 9665 77
H(17) 1 -196 5977 9126 81
H(18) 1 324 6376 8217 80
H(19) 1 1477 6203 7832 65
1-1(22) 1 1663 3644 8111 49
H(23) 1 858 3207 8697 54
H(25) 1 -291 4270 9219 65
H(26) 1 497 4705 8606 59
H(28) 1 3375 3875 8166 58
H(29) 1 3942 3541 9165 70
H(30) 1 3563 3687 10338 72
1-1(31) 1 2630 4153 10500 71
11(32) 1 2056 4499 9509 59
H(34) 1 514 5430 7523 72
H(35) 1 -584 5451 6899 94
H(36) 1 -935 4862 6144 81
11(37) 1 -214 4254 6087 66
H(38) 1 870 4225 6727 54
H(41) 1 1259 4547 5358 49
H(45) 1 3306 4155 5228 51



CIX

H(47) 1 4030 3982 6695 52
H(48) 1 4200 3237 6850 55
1-1(49) 1 3226 2771 6921 55
Hf50) 1 2084 3048 6808 57
H(51) 1 1896 3799 6651 48
Hf53) 1 2932 5243 5069 74
Hf54) 1 2637 5777 4180 103
Hf55) 1 1554 6161 4290 103
Hf56) 1 748 5972 5143 80
Hf57) 1 1053 5451 5998 68
H(60) 1 5043 5629 7169 45
H(61) 1 5898 6110 6772 47
H(63) 1 4539 6532 5186 45
H(64) 1 3648 6079 5613 42

H(66) 1 4891 4732 7591 53

Hf67) 1 5752 4289 7105 65
1-1(68) 1 5768 4161 5856 63
H(69) 1 4925 4505 5089 57
H(70) 1 4070 4966 5575 50

H(72) 1 2000 6182 6388 59
H(73) 1 1729 6908 6617 67

H(74) 1 2490 7338 7339 58

H(75) 1 3541 7031 7830 55

H(76) 1 3808 6303 7624 47

H(79) 1 2563 6478 12614 68
Hf80) 1 2583 6671 13835 72

Hf81) 1 3643 6943 14391 61

Hf82) 1 4638 7032 13701 63

Hf83) 1 4594 6865 12464 58

Hf85) 1 4439 6235 10624 54

Hf86) 1 5109 6641 9823 61

Hf87) 1 5086 7406 9858 68
Hf88) 1 4371 7758 10680 66
H(89) 1 3692 7359 11481 54

Hf92) 1 -596 2500 8295 74

Hf93) 1 -697 2440 7019 116

H(94) 1 -982 3084 6333 135

H(95) 1 -1165 3728 6918 140
Hf96) 1 -1045 3782 8129 99

Hf98) 1 -854 3248 10552 63

Hf99) 1 -1698 2964 11310 72
H(100) 1 -2569 2508 10854 69

Hf101) 1 -2629 2331 9627 70

H(102) 1 -1847 2656 8829 59

Hf105) 1 1675 3886 2044 82

H(106) 1 1441 3674 804 85

H(107) 1 914 3004 585 81

H(108) 1 620 2551 1525 106

H(109) 1 776 2775 2730 94
H(118) 1 5072 7167 6990 51
H(119) 1 5004 7177 8254 57

H(120) 1 5980 6965 8988 51

Hf121) 1 7024 6741 8459 51

Hf122) 1 7117 6747 7203 50
H(124) 1 6634 6994 4820 52
Hf125) 1 7425 7483 4316 59
H(126) 1 7951 8026 5018 57



cx

H(127) 1

H(128) 1

7689 8084 6232 66
6888 7610 6742 56

Table 4. Anisotropic parameters (À2 x io) for V-6.

The anisotropic dispiacement factor exponent takes the form:

-2 7t2 [ h a*2 U11 + ÷ 2 h k a* b* U12 I

Uli U22 U33 U23 U13 U12

Rhfl) 36(1) 24(1) 32 fi) 1 (1) -11 (1) -2(1)
Rh(2) 37(1) 26(1) 37 f1) 1 (1) -14(1) -2(1)
N(1) 36 f2) 34 (2) 34 (2) -2 (2) -11 (2) -3 (2)
N(2) 37 (2) 32 (2) 38 (2) 0 (2) -8 (2) -2 (2)
N(3) 35 (2) 32 (2) 41 (2) 3 (2) -9 (2) -6 f2)
Nf4) 39 (2) 35 (2) 47 (3) 5 (2) -14 (2) -7 (2)
Nf5) 47 (2) 23 (2) 33 (2) -1 (2) -12 (2) -3 (2)
N(6) 55 (3) 26 (2) 34 (2) 0 (2) -18 (2) -l (2)
N(7) 35(2) 29(2) 34(2) 3(2) -6(2) -3(2)
N(8) 36 (2) 24 (2) 40 (2) 3 (2) -6 (2) 0 (2)
N(9) 46 (3) 36 (2) 39 (3) -4 (2) -3 (2) -4 (2)
N(10) 54(3) 56(3) 56(3) -9(2) 9(2) -16(2)
N(ll) 57 (3) 46 f3) 55 (3) -13 (2) -14 (2) 0 (2)
N(12) 45(3) 31 (2) 40 (2) 1 (2) -4 (2) -2 (2)
C(l) 33 f3) 29 (2) 41 (3) 4 (2) -5 (2) -3 (2)
C(2) 35(3) 35(3) 36(3) -2(2) -4(2) -2(2)
c(3) 36(3) 35(3) 42(3) -1 (2) -8 (2) -1(2)
c(4) 40 f3) 32 f3) 46 (3) -3 (2) 0 (2) -1 (2)
Cf5) 34(3) 39(3) 41(3) -5(2) -2(2) -5(2)
c(6) 45(3) 33(3) 43(3) 0(2) -6(2) -2(2)
cf7) 46(3) 29(2) 45(3) -1(2) -8(2) 1(2)
C(8) 38 (3) 36(3) 31 (3) -1(2) -7 (2) -3 (2)
c(9) 41(3) 35(3) 44(3) 1(2) -8(2) -4(2)
C(10) 44 (3) 40 (3) 49 (3) -2 f2) -8 (2) -11 (2)
C(11) 37(3) 54(3) 50(3) -3(3) -15(2) -7(2)
c(12) 42(3) 47(3) 49(3) 5(3) -18(2) 5(2)
C(13) 40(3) 36(3) 48(3) -5(2) -12(2) -3(2)
C(14) 40 (3) 44 (3) 47 (3) -8 (2) -10 (2) 2 (2)
c(15) 48(4) 50(3) 55(4) -6(3) 2(3) -1(2)
c(16) 49(4) 73(5) 72(5) -7(4) 9(3) 0(3)
Cf17) 53 (4) 70 (5) 79 (5) -18 (4) 2 (3) 3 (3)
cf18) 61(4) 53(4) 84(5) -18(4) -23(3) 26(3)
C (19) 53 (4) 47 (3) 60 (4) -4 (3) -16 (3) 8 (3)
Cf20) 40 (3) 34 (3) 39 f3) -4 (2) -9 (2) -3 (2)
C (21) 42 (3) 35 (3) 42 (3) 0 (2) -10 (2) -6(2)
Cf22) 43 (3) 39 (3) 41 f3) 1 (2) -7 (2) -7 (2)
C(23) 48 (3) 37 (3) 50 f3) -1 (2) -4 (2) -10 (2)
C(24) 53(4) 47(3) 47(3) -4(3) 0(3) -17(3)
C(25) 56(4) 46 (3) 61 (4) -12 (3) 8 (3) -9 (3)
Cf26) 54(4) 36(3) 58(4) -3(3) -2(3) -6(2)



cx’

C(27) 42(3) 34(3) 42(3) 10(2) -11(2) -11(2)
C(28) 47 (3) 41 (3) 56 (4) 11 (3) -12 (3) -8 (2)
C(29) 54(4) 42(3) 76(5) 16(3) -24(3) 1(2)
Cf30) 70(4) 50(4) 57(4) 21(3) -27(3) -18(3)
C(31) 82 (5) 52 (4) 42 (3) 11 (3) -15 (3) -24 (3)
C(32) 54(3) 39(3) 54(4) 9(3) -13(3) -12(2)
c(33) 46 (3) 35 (3) 49 (3) 1 (2) -16 (2) -6 (2)
c(34) 57 (4) 43 (3) 79 (5) -2 (3) -29 (3) 0 (3)
c(35) 67 (5) 56(4) 109(6) -4(4) -39(4) 8 (3)
c(36) 54 (4) 67 (4) 79 (5) -7 (4) -33 (3) 2 (3)
c(37) 53 (4) 50(3) 59(4) 1(3) -19(3) -10(3)
c(38) 40 (3) 45 (3) 48 (3) 1 (2) -9 (2) -4 (2)
c(39) 39 (3) 28 (2) 41 (3) 3 (2) -11 (2) -7 (2)
c(40) 47 (3) 26 (2) 33 (3) 5 (2) -10 (2) -3 (2)
C(41) 53 (3) 28 (2) 40 (3) 2 (2) -12 (2) -1 (2)
C(42) 53 (3) 35 (3) 35(3) -3 (2) -8 (2) -3 (2)
c(43) 50(3) 37(3) 37(3) 1(2) -10(2) -5(2)
c(44) 52(3) 43(3) 39(3) 2(2) -11(2) -9(2)
c(45) 49(3) 36(3) 42(3) 5(2) -13(2) -8(2)
c(46) 46 (3) 27 (2) 30 (3) 0 (2) -8 (2) 1 (2)
Cf47) 49 (3) 35 (3) 46 (3) -1 (2) -11 (2) 0 (2)
C(48) 54 (3) 37 (3) 46 (3) -3 (2) -11 (2) 9 (2)
C(49) 74(4) 25(2) 38(3) 1(2) -6(3) 6(2)
c(50) 63(4) 29(3) 51(3) -2(2) -3(3) -6(2)
C(51) 52 (3) 29 (2) 38 (3) -2 (2) -7 (2) -4 (2)
c(52) 67 (4) 31 (3) 48 (3) 2 (2) -27 (3) -8 (2)
c(53) 61(4) 59(4) 65(4) 19(3) -27(3) -17(3)
c(54) 78 (5) 90 (6) 88 (6) 48 (5) -27 (4) -33 (4)
C(55) 93(6) 57(4) 102(6) 26(4) -65(5) -15(4)
C(56) 81(5) 42(3) 73(5) 4(3) -34(4) 1(3)
C(57) 78(4) 36(3) 55(4) —4(3) —32(3) 10(3)

C(58) 48 (3) 27 (2) 30 (3) -2 (2) -11 (2) -6 (2)
c(59) 43 (3) 25 (2) 37 (3) -2 (2) -5 (2) -3 (2)
c(60) 45(3) 30(2) 37(3) 4(2) -7(2) -3(2)
cf61) 42 (3) 30 (3) 46(3) -1 (2) -7 (2) 0 (2)
c(62) 43(3) 28(2) 40(3) -3(2) 1(2) -4(2)

c(63) 56(3) 26(2) 29(3) -1(2) -6(2) 3(2)

C(64) 43 (3) 26 (2) 35 (3) -1 (2) -9 (2) -1 (2)
Cf65) 44(3) 23(2) 39(3) -1(2) -4(2) -4(2)
c(66) 52(3) 40(3) 41(3) -2(2) -9(2) 5(2)
C(67) 55(4) 45(3) 62(4) -3(3) -13(3) 13(3)
c(68) 55(4) 39(3) 65(4) -5(3) 5(3) 4(2)

c(69) 65(4) 35(3) 44(3) -2(2) 5(3) -2(2)
c(70) 52(3) 31(3) 41(3) 3(2) -4(2) -1(2)
C(71) 48 (3) 28 (2) 38 (3) 2 (2) -5 (2) -4 (2)

c(72) 53(3) 33(3) 58(4) 4(2) -19(3) 2(2)
C(73) 58(4) 33(3) 74(4) 5(3) -18(3) 5(2)
C(74) 62(4) 27(3) 57(4) 1(2) 0(3) 4(2)
c(75) 56 (3) 36 (3) 45 (3) -2 (2) -4 (2) -4 (2)
C(76) 48(3) 30(2) 39(3) 1(2) -5(2) 5(2)
c(77) 41 (3) 32 (3) 40 (3) 1 (2) -3 (2) 3 (2)

c(78) 46(3) 28(2) 41(3) -4(2) -2(2) 2(2)
C(79) 65(4) 51(3) 54(4) -19(3) 10(3) -21(3)
c(80) 69(4) 56(4) 56(4) —13(3) 20(3) —8(3)
c(81) 66(4) 44(3) 42(3) -4(3) -1(3) 7(3)
c(82) 45(3) 64(4) 47(4) -6(3) -11(3) 1(3)
C(83) 43(3) 59(4) 43(3) -3(3) 0(2) 3(2)



CXII

Rh(1) -N(7)
Rh(1) -N(3)

Rh(1) -Nf5)

Rh(1) -N(1)

Rh(l) -Rh(2)

Rh(2) -N(2)
Rh(2) -N(6)
Rhf2) -N(4)
Rh(2) -N(8)

N(1) -c(1)
N(1) -C(8)

2.036(4)

2.042(4)
2.062(4)

2.070(4)

2.3918(5)

2.045(4)
2.045 (4)
2.071 (4)
2.081(4)
1.330(6)
1.425(6)

Nf2) -C(1)
Nf2) -c(14)

N(3) -C (20)

N(3) -C(27)

N(4) -C(20)

N(4) -C(33)
N(5) -C(39)
N(5) -C(46)
N(6) -C(39)
N(6) -C(52)
N(7) -C(58)

1.329(6)

1.428 (7)
1.336(6)
1.420(6)

1.322 (6)

1.426(6)
1.319(6)
1.435 (6)
1.325(6)
1.402 (6)
1.336 (6)

C(84) 38 (3) 35 (3) 38 (3) 2 (2) -7 (2) 1 (2)
C(85) 49(3) 41(3) 45(3) 6(2) -6(2) 1(2)
C(86) 46 (3) 58 (4) 48 (3) 8 (3) 2 (2) -2 (2)
C(87) 57(4) 59(4) 53(4) 17(3) -8(3) -14(3)
C(88) 73(4) 36(3) 55(4) 8(3) -15(3) -11(3)
C (89) 56 (3) 37 (3) 41 (3) -1 (2) -10 (2) -4 (2)
C(90) 41 (3) 35(3) 54 (3) -3 (2) 1 (2) -2 (2)
C(91) 37 (3) 56 (4) 59 (4) 2 (3) -4 (2) -11 (2)
C(92) 50 (4) 80 (5) 54 (4) -14 (3) -1 (3) -2 (3)
C(93) 55(5) 157(9) 78(6) -50(6) 0(4) -15(5)
C(94) 79 (6) 211 (13) 47 (5) 15 (7) -9 (4) -39 (7)
C(95) 120 (8) 145(10) 82 (7) 27 (7) -36 (6) -68 (7)
C(96) 93 (5) 78 (5) 73 (5) 28 (4) -37 (4) -37 (4)
Cf97) 43(3) 31(3) 60(4) 1(2) 3(2) 1(2)
Cf98) 49(3) 51(3) 59(4) 1(3) -2(3) -4(2)
C(99) 61(4) 59(4) 59(4) 11(3) 2(3) 0(3)
C(100) 60(4) 53(4) 61(4) 9(3) 11(3) -4(3)
C (101) 47 (4) 40 (3) 89 (5) 0 (3) 4 (3) —6 (2)
C(102) 45 (3) 39 (3) 63 (4) -4 (3) 5 (3) -3 (2)
C(103) 64(4) 58(4) 64(4) -19(3) -19(3) 14(3)
C(104) 50(4) 77(5) 55(4) -6(3) -10(3) -5(3)
C(105) 43(4) 63(4) 99(6) -30(4) 6(3) 6(3)
C(106) 50 (4) 94 (5) 68 (5) -16 (4) 4 (3) 13 (3)
C(107) 44(4) 105 (6) 54(4) -38(4) 2(3) -2(3)
C(108) 77 (5) 99 (6) 91 (6) -51 (5) 23 (4) -10 (4)
C(109) 69 (5) 85(5) 82 (5) -35(4) 5 (4) -7 (4)
C(116) 41 (3) 28 (2) 38 (3) 1 (2) -1 (2) 2 (2)
C(117) 45 (3) 26 (2) 35 (3) -1 (2) -2 (2) -4 (2)
C(118) 45(3) 43(3) 39(3) 4(2) -3(2) 1(2)
C(119) 48(3) 52(3) 42(3) 6(3) 7(2) 3(2)
C(120) 58 (3) 40 (3) 31 (3) 2 (2) 2 (2) -3 (2)
C(121) 46 (3) 45 (3) 37 (3) 7 (2) -5 (2) -1 (2)
C(122) 36(3) 46(3) 43(3) -7(2) 0(2) -4(2)
C(123) 43(3) 31(3) 37(3) 3(2) 1(2) 2(2)
C(124) 50 (3) 39 (3) 42 (3) -1 (2) -4 (2) -2 (2)
C(125) 55(4) 50(3) 42(3) 4(3) 4(2) 1(3)
C(126) 43(3) 37(3) 62(4) 7(3) 9(3) -1(2)
Cf127) 63(4) 38(3) 65(4) -11(3) 7(3) -10(3)
C(128) 59(4) 37(3) 44(3) -6(2) 7(2) -10(2)

Table 5. Bond lenqths [À] and anqies [0] for V-6.



CXIII

N(7) -C(65)

N(8) -C(58)

N(8) -Cf71)

Nf9) -C(77)

N(9) -Cf5)
N (10) -C (90)
N(10) -C (24)
N(11) -C (103)
Nf11) -C(43)
N(12) -C(116)

N(12) -C(62)

C(1)-C(2)

C(2)-C(7)
C(2) -C(3)

C(3) -C(4)

C(3) -H(3)

C(4)-Cf5)

C(4) -H(4)

C(5) -C(6)

C(6) -C(7)
C(6) -H(6)
Cf7) -H(7)

C(8) -C(13)

C(8) -C(9)

C(9) -C(l0)

C(9) -H(9)

C(10) -CUl)
C(10) -H (10)

C(ll) -Cf12)

C(l1) -H(11)
C (12) -C(13)
C (12) -H(12)
C (13) -H(13)

C(14) -C(15)

C(14) -C(19)

C(15) -C(16)

C(15) -H (15)

C (16) -C (17)

C(16) -H(16)

C(17) -C (18)

C(17) -H (17)

C(18) -C (19)

C(18) -H (18)
C(19) -H(19)
C (20) -C(21)

C(21) -C(26)

C(21) -C(22)

C(22) -C (23)
C(22) -H(22)

C(23) -C(24)
C(23) -H(23)

C(24) -C(25)

C(25) -C (26)

C(25) -H(25)

C (26) -H(26)
C(27) -C(28)
C (27) -C(32)

1.420(6)

1.329(6)

1.420(6)

1.293 (6)

1.427(6)
1.277 (7)
1.423 (7)
1.237 (8)

1.437(7)
1.287 (6)
1.413 (6)
1.485(7)

1.403 (7)
1.395 (7)

1.377(7)
0.9500

1.391 (7)

0.9500

1.384 (7)
1.374 (7)
0.9500
0.9500
1.382 (7)

1.392 (6)
1.390 (7)

0.9500

1.369 (7)
0.9500
1.376 (7)
0.9500

1.389 (7)
0.9500

0.9500

1.388 (8)
1.395 (7)
1.392 (8)

0 .9500

1.358 (9)

0 .9500

1.374(10)

0 .9500

1.414 (9)

0.9500
0.9500
1.486(7)

1.384 (8)
1.409(7)

1.376(7)
0.9500
1.379 (8)
0.9500
1.398 (8)
1.378 (8)

0 .9500

0.9500

1.387 (8)
1.394 (8)

C(28) -C(29)
C(28) -H(28)

C(29) —C(30)
C(29) -H(29)

C(30) -C(31)
C(30) -H(30)

C(31) -C(32)
C(31) -H(31)

C(32) -H(32)

C(33) -C(38)
C (33) -C(34)

C(34) —C(35)

C(34) -H(34)
C(35) -C(36)

Cf35) -H(35)

C(36) -C(37)

C(36) -H(36)

C(37) -C(38)
C(37) -H(37)

C(38) -H(38)

C(39) -C(40)
C(40) -C(45)

C(40) -C(41)

C(41) -C(42)

C(41) -H(41)

C(42) -C(43)

C(43) -C(44)

C(44) -C(45)
C(45) -H(45)

C(46) -C(47)

C(46) -C(51)

C(47) -C(48)

C(47) -H(47)

C(48) -C(49)

C(48) -H(48)

C(49) -C(50)

C(49) -H(49)

C(50) -C(51)

C(50) -H(50)

C(51) -H(51)

C(52) -C(53)

C(52) -C(57)

C(53) -C(54)

C(53) -H(53)

C(54) -C(55)
C(54) -H(54)

C(55) -C(56)

C(55) -H(55)

C(56) -C(57)
C(56) -H(56)
C(57) -H(57)

C(58) -C (59)

C(59) -C(60)

C(59) -C (64)

C(60) -C(61)

C(60) -H(60)

C(61) -C(62)

1.391(7)
0.9500

1.393 (9)
0.9500

1.348 (9)
0.9500

1.404 (8)
0.9500

0.9500

1.378 (7)
1.403 (8)
1.384 (8)

0.9500
1.405(9)

0.9500

1.363 (9)
0.9500

1.387 (7)
0.9500

0.9500
1.498 (7)
1.376(7)
1.407 (7)
1.392 (7)

0.9500

1.390 (7)

1.404 (7)
1.402 (7)
0.9500

1.384 (7)
1.393 (7)
1.381 (7)

0.9500

1.381(8)

0.9500

1.366 (8)
0.9500

1.397 (7)
0.9500

0.9500

1.375(9)

1.396(8)
1.404 (9)
0.9500

1.414 (11)
0.9500

1.354(11)
0.9500

1.361(8)
0.9500
0.9500

1.489 (7)

1.406 (7)

1.399(6)

1.379(7)
0.9500

1.397 (7)



CXIV

C(61) -H(61)
C (62) -C (63)
c(63) -C (64)
C(63) -H(63)
C(64) -H(64)

C(65) -C(66)
C (65) -C(70)

C(66) -C(67)
C(66) -H (66)
C(67) -C (68)
C(67) -H(67)
C (68) -C(69)
C(68) -H(68)
C(69) -C(70)

C(69) -H(69)
C(70) -H(70)
C(71) -C(76)
C (71) -C(72)
C (72) -C(73)
C(72) -H(72)
C (73) -C(74)
C(73) -H(73)
C(74) -C (75)

C(74) -H(74)
C(75) -C(76)
C(75) -H(75)
C(76) -H(76)
C(77) -C(78)
C(77) -C(84)
C(78) -C(79)
C (78) -C(83)
C(79) -Cf80)

C(79) -H (79)
C(80) —C (81)

C(80) -H(80)
C(81) -C(82)
C(81) -H(81)
C (82) -C(83)
C (82) -H(82)
C(83) -H(83)

C(84) -C(89)
C (84) -C(85)
C(85) -Cf86)

C(85) -H(85)

C (86) -C(87)
C(86) -H(86)
C(87) -C(88)
C (87) -H(87)
C (88) -C(89)
C(88) -H(88)
C(89) —H(89)
C (90) -C (91)

C(90) -C (97)
C(91) -C(96)
C(91) -C(92)
C (92) -C(93)
C(92) -H(92)

0 .9500

1.387(7)
1.389(7)
0.9500
0.9500
1.391(7)

1.392 (7)
1.379(8)
0.9500
1.390(8)
0.9500
1.385 (8)
0.9500
1.398 (7)
0.9500
0.9500
1.388 (7)
1.402 (7)
1.387 (7)
0.9500
1.382 (8)
0.9500

1.389(8)
0.9500
1.386(7)
0.9500
0.9500

1.491(7)
1.503 (7)
1.364 (8)
1.388 (7)
1.388(8)
0.9500

1.404(9)
0.9500
1.362 (8)
0.9500

1.398 (8)
0.9500
0.9500
1.389 (7)
1.404 (7)
1.386(8)

0.9500

1.397(8)
0.9500

1.379(9)
0.9500

1.390(8)
0.9500

0.9500

1.490(8)
1.498 (7)
1.367 (9)
1.392 (8)
1.393 (10)
0.9500

C(93) -C(94)
C (93) -H(93)

C(94) -C(95)
C(94) -H(94)

C (95) -C(96)
C(95) -H(95)
C(96) -H(96)
C (97) -C (98)
C(97) -C (102)

C(98) -C(99)
C(98) -H(98)
C(99) -C(100)
C(99) -H(99)
C(100) -C(101)

C(100) -H(100)
C(101) -C (102)
C (101) -H (101)

C(102) -H (102)
C (103) -C(104)
C (103) -C(110)
C (104) -C (109)
C(104) -C(105)
C(105) -C(106)

Cf105) -H(105)
C(106) -C(107)
C(106) -H(106)
C(107) -C(108)
C(107) -Hf107)
C (108) -C (109)
C (108) -H (108)
C(109) -H(109)
C(110) -C(111)

C (110) -C (115)
C(111) -C(112)
C(112) -C(113)
C(113) -C(114)
C(114) -C(115)

C(116) -C(123)
C(116) -C(117)
C(117) -C(118)
C (117) -C(122)
C (118) -C (119)
C(118) -Hf118)

C(119) -C (120)

C(119) -H(119)
C (120) -C(121)
C(120) -H (120)
C(121) -C(122)

C(121) -H(121)
C(122) -H(122)
C(123) -C(128)
C(123) -C(124)

C(124) -C(125)

C(124) -H(124)
C (125) -C(126)

C(125) -H(125)
C(126) -Cf127)

1.431 (14)
0. 9500
1.346 (15)
0.9500
1.318 (12)
0.9500
0 .9500
1.400 (8)
1.399(7)
1.376(8)
0.9500
1.350(9)
0.9500
1.387 (9)
0.9500
1.386 (8)
0 .9500
0.9500
1.530(8)

1.505(7)

1.358 (9)
1.378 (10)
1.437(9)
0.9500
1.353 (10)
0.9500

1.377(11)
0.9500

1.385(10)
0.9500
0.9500
1.3900

1.3900
1.3900

1.3900
1.3900
1.3900

1.492 (7)
1.501(7)
1.389 (7)
1.407(7)
1.396(7)

0.9500
1.388 (7)
0.9500

1.376(7)
0.9500

1.389(7)
0.9500
0.9500

1.382 (7)

1.390 (7)
1.384 (7)
0.9500
1.364 (8)
0.9500
1.369(8)



cxv

c(126) -Hf126)
C (127) -C(128)

C(127) -H(127)
C(128) -H (128)

Nf7) -Rhfl) -N(3)

N(7) -Rhfl) -N(5)
N(3) -Rhfl) -N(5)

Nf7) -Rhfi) -N(1)
N(3) -Rh(1) -N(1)

Nf5) -Rh(1) -N(1)

N(7) -Rh(1) -Rh(2)

Nf3) -Rh(1) -Rh(2)
N(5) -Rh(1) -Rh(2)

N(1) -Rh(1) -Rh(2)
Nf2) -Rh(2) -N(6)
N(2) -Rh(2) -N(4)

N(6) -Rhf2) -N(4)

N(2) -Rh(2) -N(8)
N(6) -Rh(2) -N(8)
N(4) -Rh(2) -N(8)
Nf2) -Rh(2) -Rh(1)

N(6) -Rh(2) -Rh(1)

N(4) -Rhf2) -Rh(1)

N(8) -Rh(2) -Rh(1)

C(1) -Nfl) -C(8)

c(1) -N(1) -Rh(1)

C(8) -N(1) -Rh(1)

c(1) -Nf2) -c(14)
Cf1) -N(2) -Rh(2)
C(14) -Nf2) -Rh(2)

C(20) -N(3) -C(27)

c(20) -N(3) -Rh(1)

C(27) -N (3) -Rhfl)

C(20) -N(4) —C (33)

C(20) -N(4) -Rh(2)

C(33) -N(4) -Rh(2)

C(39) -N(5) -C(46)
C (39) -N (5) -Rh (1)
C (46) -N(5) -Rh(1)

C(39) —Nf6) -C(52)

C(39) -N(6) -Rhf2)

C(52) -Nf6) -Rhf2)
C(58) -N(7) -C (65)

Cf58) -N(7) -Rh(1)

C (65) -N(7) -Rh(1)
C(58) -N(8) -C(71)

C(58) -Nf8) -Rh(2)

C(71) -N(8) -Rh(2)

C(77) -N(9) -Cf5)

Cf90) -N(l0) -Cf24)
C (103) -N(ll) -C (43)
CUlE) -N(12) -C (62)
Nf1) -C(l) -Nf2)

Nf1) -C(l) -C(2)

Nf2) -C(i) -C(2)
Cf7) -C(2) -C(3)

0.9500

1.376(8)

0.9500
0.9500

176.37 (15)

89.17(16)
90.16 (16)
90.44(16)

89.87(16)
174.08 (15)

88.39(11)
88.02 (11)
87.68(11)

86.41 (11)
176.26 (15)
89.30 (17)
89.53 (17)
90.43 (16)
90.36 (16)

173.98(15)

88.85(11)

87.54(11)

86.97(11)

87.01(10)
120.5(4)

119.9 (3)

118.6(3)

121.7(4)
119.3 (3)

116.6(3)
123.2(4)

120.5(3)

115.6(3)

120.7(4)

120.6(3)
118 .1 (3)
121.8(4)

119.8 (3)

117.2(3)
124.6(5)

120.2(3)
114.4(3)

123.0 (4)
119.9(3)
116.3 (3)
121.9(4)

119.2 (3)
117.4 (3)
122.6(4)

121.1(5)
123.5(5)

122.5 (4)
120.0 (4)

120.4 (4)

119.7(4)

118.2(5)

C(7) -C(2) -C(1)

C(3)-C(2)-c(1)

C(4) —C (3) -C (2)
C(4) -C(3) -H(3)

C(2) -C(3) -H(3)
C(3) -C(4) -C(5)
C(3) -C(4) -H(4)

C(5) -C(4) -H(4)

C(6) -C(5) -C(4)

C(6) -C(5) -Nf9)
C(4) -C(5) -N(9)

C(7) -C(6) -C(5)
C(7) -C(6) -H(6)

C(5) -C(6) -H(6)

C(6) -C(7) -C(2)
C(6) -C(7) -H(7)
C(2) -C(7) -H(7)
C (13) -Cf8) -C(9)

C(13) -C(8) -NU)

C(9) -C(8) -N(1)

C(10) -C(9) -C(8)

C(10)-C(9)-H(9)

C(8) -C(9) -H(9)
C(11) -C(10) -C(9)
CUl) -C(10) -H(10)

C(9) -C(10) -H(10)

C(10) -CUl) -C(12)

C(10) -C(11) -H(11)

C(12) -CUl) -14(11)

C(11) -C(12) -C(13)
C(11) -C(12) -H(12)

C(13) -C(12) -H(12)

C(8) -C(13) -C(12)

C(8) -C(13) —H(13)

C(12) -Cf13) -H(13)

C(15) -C(14) -C(19)

c(15) -c(14) -N(2)

C(19) -C(14) -N(2)
C(14) -C(15) -C(16)

c(14) -C(15) -H(15)

C (16)-c (15) -H (15)

c(17) -c(16) -c(15)
cU7) -c(16) -HUE)

cUS) -cU6) -H (16)
cU6) -cU7) -c US)
cU6) -c(17) -H(17)

cU8) -c(17) -H(17)

cU7) -C (18) -cU9)
CU7) -CU8) -H(18)

C(19) -C(18) -HU8)
CU4) -C(19) -CU8)

C(14) -C(19) -HU9)

CU8) -C(19) -H (19)
N(4) -C(20) -N(3)

N(4) -C(20) -C(21)

N(3) -C(20) -C(21)
C(26) -C(21) -C(22)

119.5(4)

122.2(4)
121.0 (5)
119.5

119.5

119.6(5)

120.2

120.2

120.3 (5)
116.4 (5)

123.2(4)
119.8(5)

120.1

120.1

120.9(5)
119.6

119.6

119.1(5)

120.1(4)

120.7(4)

119.9(5)
120.1

120.1

120.6(5)
119.7

119.7

119.8(5)

120.1

120.1

120.4(5)
119.8

119.8

120.2(5)

119 .9

119.9

119.1(5)

120.8(5)
119.8 (5)

120.4(6)
119.8

119 .8

121.2 (7)
119 .4

119.4

119.3 (6)
120.4

120.4

121.2 (6)
119.4

119.4

118.8(6)

120.6
120.6

118.8 (4)
121.1 (4)

120.1(4)
117.9 (5)



CXVI

C(26) -C(21) -C(20)

Cf22) -C(21) -C(20)

C(23) -C(22) -C(21)

Cf23) -C(22) -H(22)

C(21) -C (22) -H(22)
C(22) -C(23) -C (24)
C(22) -C(23) -H(23)

C(24) -C(23) -H(23)

Cf23) -C(24) -C(25)

C(23) -C(24) -N(10)

C(25) -C (24) -N(10)
C(26) -C(25) -C(24)

C (26) -c(25) -H(25)

c(24) -c(25) -Hf25)

cf25) -c(26) -cf21)

cf25) -c(26) -H(26)

c(21) -c(26) -Hf26)
C (28)-c (27)-c (32)

C(28) -C (27) -Nf3)
c(32) -c(27) -N(3)
c(27) -c(28) -c(29)

c(27) -c(28) -H(28)

c(29) -C (28) -H(28)

c(3o) -c(29) -cf28)

c(3o) -C(29) -Hf29)
C(28) -C(29) -H(29)

C (31) -C (30) -C(29)

C(31) -C(30) -H(30)

C(29) -C(30) -H(30)

C(30) -C(31) -Cf32)

C(30) -C(31) -Hf31)

C(32) -C(31) -H(31)

C(27) -C(32) -C(31)
C(27) -C(32) -H(32)
C(31) -C(32) -H(32)
Cf38) -C(33) -C(34)

C(38) -C(33) —N(4)

C(34) -C(33) -N(4)

Ct35) -C(34) -C(33)

C(35) -C(34) -H(34)

C(33) -C(34) -H(34)
C(34) -C(35) -C(36)

C(34) -Cf35) -Hf35)
Cf36) -C(35) -H(35)

C (37)-C (36) -C (35)

C(37) -C(36) -H(36)

C(35) -C(36) -H(36)

C(36) -C(37) -C(38)

C(36) -C(37) -H(37)

C(38) -C(37) -H(37)

C(33) -C(38) -C(37)

C(33) -C(38) -H(38)
C(37) -C(38) -Hf38)

N(5) -C(39) -N(6)

N(5) -C(39) -C(40)

Nf6) -C(39) -C(40)

C(45) -C(40) -C(41)

121.3 (5) C (45) -C (40) -C (39) 122.6 (4)
120.7 (5) C(41) -C(40) -C(39) 118.1 (5)
120.2(5) C (42) -C(41) -C(40) 120.4(5)
119.9 C(42)-C(41)-H(41) 119.8
119.9 C(40)-C(41)-H(41) 119.8
121.1(5) C(41) -Cf42) -C(43) 119.8 (5)
119.4 C(42)-C(43)-C(44) 120.2(5)
119.4 C(42)-C(43)-N(11) 122.4(5)
119.3 (5) C(44) -C(43) -N(11) 117.4 (5)
124.0(5) C(45)-Cf44)-C(43) 119.1(5)
116.6 (5) C(40) -C(45) -Cf44) 121.1 (5)
119.4(6) C(40)-C(45)-Hf45) 119.5
120.3 C(44)-C(45)-H(45) 119.5
120.3 C(47)-C(46)-C(51) 119.4(4)
122.0(5) C(47)-C(46)-N(5) 119.6(4)
119.0 C(51)-C(46)-N(5) 120.8(4)
119.0 C(46) -C(47) -C(48) 120.3 (5)
118.8(5) C(46)-C(47)-H(47) 119.8
117.9 (5) C(48) -C(47) -H (47) 119.8

123.0 (5) C(47) -C(48) -C(49) 120.4 (5)
120.6(6) C(47)-C(48)-H(48) 119.8

119.7 C(49)-Cf48)-H(48) 119.8

119.7 Cf50)-C(49)-C(48) 119.7(5)
120.0 (6) C(50) -C(49) -H(49) 120.2

120.0 C(48)-C(49)-H(49) 120.2

120.0 C(49)-C(50)-C(51) 120.7(5)

119.6(5) C(49)-C(50)-H(50) 119.6
120.2 C(51)-C(50)-H(50) 119.6
120.2 C(46) -C(51) -C(50) 119.4 (5)
121.3 (6) C(46) -C(51) -H(51) 120.3

119.3 C(50)-C(51)-H(51) 120.3
119.3 C(53)-C(52)-Cf57) 118.8(6)

119.6(6) C(53)-C(52)-Nf6) 121.4(6)
120.2 C(57)-C(52)-Nf6) 119.5(6)
120.2 C(52)-C(53)-C(54) 120.9(7)
118.5(5) C(52)-C(53)-Hf53) 119.5

121.8(5) C(54)-C(53)-H(53) 119.5

119.6(5) C(53)-C(54)-C(55) 116.9(7)
120.6(6) C(53)-C(54)-Hf54) 121.6
119.7 C(55)-C(54)-H(54) 121.6
119.7 C(56)-C(55)-C(54) 122.6(7)
119.8(6) C(56) -C(55)-H(55) 118.7
120.1 C(54)-C(55)-H(55) 118.7
120.1 C(55)-C(56)-Cf57) 118.7(7)
119.2(6) C(5s)-Cf56)-H(56) 120.6

120.4 C(57)-C(56)-H(56) 120.6

120.4 Cf56)-C(57)-C(52) 122.0(7)

121.1(6) C(56)-Cf57)-H(57) 119.0

119.4 C(52)-C(57)-H(57) 119.0
119.4 N(8)-Cf58)-N(7) 120.0(4)
120.7 (5) N(8) -C(58) -C(59) 120.7 (4)
119.6 N(7) -C(58) -C(59) 119.2(4)
119.6 C(60)-C(59)—C(64) 118.8(4)

120.1(4) C(60) -C(59) -C(58) 119.4(4)
120.8(4) C(64)-C(59)-C(58) 121.8(4)

119.1(4) C(61) -C(60) -C (59) 120.4 (5)
119.3 (5) C(G1) -C(60) -H(60) 119.8



CXVII

C(59) -C (60) -H(60)

Cf60) -C(61) -C (62)
C (60) -C(61) -11(61)
Cf62) -C(61) -H(61)
C(63) -C(62) -C(61)
C(63) -C(62) -N(12)
C(61) -C (62) -N(12)
C (64) -Cf63) -Cf62)
C(64) -Cf63) -H(63)
Cf62) -C(63) -H(63)
Cf63) -Cf64) -C(59)

Cf63) -Cf64) -H(64)
C(59) -Cf64) -H(64)
C(66) -C(65) -C(70)

C(66) -C (65) -N(7)
C (70) -C(65) -N(7)
C(67) -C(66) -C(65)
C(67) -Cf66) -H(66)
C(65) -Cf66) -H(66)
C(66) -Cf67) -C (68)

C(66) -C(67) -1-1(67)

C(68) -C(67) -Hf67)
C (69) -C(68) -C(67)
C(69) -C(68) -Hf68)
C(67) -Cf68) -H(68)
C(68) -C (69) -C(70)
C(68) -Cf69) -H(69)

C(70) -C(69) -H(69)

C(69) -C(70) -C(65)
C(69) -C(70) -Hf70)
C(65) -C(70) -H (70)
C (76) -C (71) -C (72)

C(76) -C (71) -Nf8)

C(72) -C (71) -N(8)

Cf73) -C(72) -C(71)

Cf73) -Ct72) -H(72)
Cf71) -C(72) -H(72)
C(74) -C(73) -C(72)

Cf74) -C(73) -11(73)
Cf72) -C(73) -H(73)
C(73) -C(74) -C(75)
C(73) -C(74) -H(74)
C(75) -Cf74) -H(74)

C(76) -C(75) -Cf74)

C(76) -C(75) -Hf75)
C(74) -C(75) -Hf75)
C(71) -C(76) -C(75)
C(71) -C(76) -H (76)
C(75) -C(76) -11(76)
N(9) -C(77) -C (78)

N(9) —C(77) —C (84)
C(78) -C(77) -C(84)

C(79) -C(78) -C(83)
C(79) -C(78) -Cf77)
C(83) -C(78) -C(77)
C (78) -C (79) -C (80)
C(78) -C(79) -H(79)

119.8

120.9(5)

119.5
119.5

118.3 (4)
118.1(4)
123.6(4)

121.5(5)
119.3
119.3

119.7(4)
120.1

120.1

118.7(5)

119.6(5)
121.4(4)
120.4(5)
119.8
119.8
121.2 (5)
119.4

119.4
119.0(5)
120.5
120.5

120.0(5)
120 . O

120.0

120.7(5)
119.6

119.6
118.3 (5)

123.1(4)
118.5(4)
120.2 (5)
119.9

119 .9

121.1(5)
119.4
119.4

118.7(5)
120.6
120.6

120.6(5)
119 .7
119.7
121.0(5)
119 .5
119.5

116.9(5)

125.5(5)
117.6(4)

118.8(5)

119.7(5)
121.4 (5)
121.4 (6)
119.3

C(80) -C(79) -H(79)
C(79) -C (80) -C(81)
c(79) -C(80) -Hf80)
C (81) -C (80) -H (80)
C(82) -C(81) -C(80)
C(82) -C(81) -H(81)
C (80) -C (81) -H (81)
C(81) -C(82) -C(83)
C(81) -C(82) -H(82)
C(83) -C(82) -H(82)
C(78) -c(83) -c(82)
C(78)-C(83)-Hf83)

C(82) -C(83) -H(83)
C(89) -C(84) -C(85)
C (89) -C (84) -C (77)
C(85) -C(84) -C(77)
C(86) -C(85) -C(84)
C(86) -C(85) -Hf85)
C(84) -C(85) -H(85)
C(85) -C(86) -C (87)

C(85) -C(86) -H(86)

C(87) -Cf86) -H(86)
C(88) -C (87) -C(86)
C(88) -Cf87) -H(87)
C(86) -Cf87) -H(87)

C(87) -C (88) -C(89)
C (87) -C (88) -11(88)

Cf89) -C (88) -H(88)

Cf88) -C(89) -C(84)
C (88) -C (89) -H(89)
C(84) -C(89) -H(89)
Nf10) -C(90) -C(91)

NflO)-C(90)-C(97)
Cf91) -C(90) -C(97)

C(96) -C(91) -C(92)

C(96) -C(91) -C(90)

C(92) -C(91) -Cf90)
C(91) -C(92) -C(93)

C(91) -Cf92) -H(92)
Cf93) -Cf92) -H(92)
C(92) -C(93) -C(94)
C(92) -Cf93) -H(93)
C(94) -Cf93) -H(93)

C(95) -Cf94) -C(93)

C(95) -Cf94) -H(94)
C(93) -Cf94) -H(94)
C(96) -C(95) -C(94)

C(96) -C(95) -11(95)
Cf94) -C(95) -H(95)

C(95) -C (96) -C(91)

C(95) -Cf96) -H(96)
C(91) -C(96) -H(96)

C(98) -C(97) -C (102)
C(98) -C(97) -Cf90)
C(102) -C(97) -C(90)

C(99) -C(98) -C(97)
C(99) -C(98) -H(98)

119.3

119.7(6)

120.1
120.1

119.0(6)
120.5

120.5

120.8(5)
119 .6
119.6
120.3 (5)
119. 9
119. 9
119.3 (5)
119.1(5)
121.6 (4)
119.9(5)
120.1
120.1

120.5(6)
119.8

119.8
119.3 (5)
120.3
120.3
120.8 (5)
119.6

119.6

120.1(5)
119 .9
119.9

123.3(5)

116.8(5)
119.8(5)

120.1(7)

118.9(6)
120.9(6)
119.2 (8)
120.4

120.4

117.7(9)
121.1
121.1

119.9(9)
120.1
120.1
121.9 (11)
119 .1
119.1

121.2(9)
119.4
119.4

118.6(5)
119.4 (5)
121.8 (5)

120.9(6)
119.5



CXVIII

C(97)-C(98)-Hf98) 119.5

C(100) -c(99) -C (98) 120.0(6)
Cf100)-C(99)—H(99) 120.0

C(98) -C (99) -11(99) 120.0

C(99) -C (100) -C(101) 120.8 (6)
C(99) -C(100) -H(loo) 119.6

C(101) -C(100) -Hf100) 119.6

C(100) -C(101) -Cf102) 120.2(6)
C(100)-C(101)-H(101) 119.9

C(102)-C(101)-Hflol) 119.9

C(101)-C(102)-Cf97) 119.3(6)
CflOl)-C(102)-Hf102) 120.4

C(97)-C(102)-Hf102) 120.4

N(11)-Cf103)-C(104) 117.4(6)
N(11)-C(103)-Cf110) 124.8(5)

C(104)-C(103)-C(110) 117.7(5)
C(109)-C(104)-C(105) 121.5(7)

C(109)-C(104)-C(1o3) 120.5(7)

C(105)-c(104)-C(103) 117.9(6)

C(104)-C(105)-C(106) 119.8(6)

C(104) -C(105) -H(105) 120.1

C(106) -C(105) -H(105) 120.1

C(107) -C(106) -C(105) 117.4 (7)
C(107) -C(106) -H(106) 121.3

C(105) -C(106) -H(106) 121.3

C(106) -C(107) -C(108) 121.6(7)

C(106) -C(107) -H(107) 119.2

C(108) -C(107) -H(107) 119.2

C(107) -C(108) -C(109) 121.2(7)
C(107)-C(108)-H(108) 119.4

C(109) -C(108)-H(108) 119.4
C(104)-C(109)-C(108) 118.4(8)
Cf104)-C(109)-H(109) 120.8

C(108) -C(109) -11(109) 120.8

C(111) -C(110) -C(115) 120.0

C(111) -C(110) -C(103) 116.7(4)
C(115) -C(110) -C(1o3) 123.3(4)
c(112)-C(111)-C(110) 120.0

C(111)-C(112)-C(113) 120.0

C(114)-C(113)-C(112) 120.0

C(113)-C(114)-C(115) 120.0

C(114)-C(115)-C(110) 120.0

N(12)-C(116)-C(123) 118.2(5)
N(12)-Cf116)-C(117) 125.2(4)
C(123)-C(116)-C(117) 116.6(4)
C(118)-C(117)-C(122) 118.8(5)
C(118)-C(117)-C(116) 120.8(4)
C(122)-C(117)-C(116) 120.3(4)

C(119) -C(118) -C(117) 120.2(5)

C(119)-C(118)-H(118) 119.9

C(117)-C(118)-H(118) 119.9

C(118) -C(119) -C(120) 120.6(5)
C(118) -C(119) -H(119) 119.7

C(120)-C(119)-H(119) 119.7

C(121) -C(120) -C(119) 119.5(5)
C(121)-C(120)-H(120) 120.3
C(119)-C(120)-H(12o) 120.3

C(120) -C(121) -C (122)

C(120) -C(121) -H(121)
C(122) -C(121) -11(121)
C(121) -C(122) -C(117)
C(121) -C(122) -H(122)
C(117) -C(122) -H(122)

C(128) -C(123) -C(124)
C(128) -C(123) -C(116)
C(124) -C(123) -C(116)
C(125) -C(124) -C(123)

C(125) -C(124) -11(124)

C(123) -C(124) -H(124)

C(126) -C(125) -C(124)
C(126) -C(125) -H(125)
C(124) -C(125) -H(125)
C(127) -c(126) -C(125)

C(127) -C(126) -11(126)
C(125) -C(126) -11(126)

C(126) -c(127) -C(128)

C(126) -C(127) -H(127)

C(128) -C(127) -H(127)
C(127) -C(128) -C(123)

C(127) -C(128) -11(128)

C(123) -C(128) -H(128)

120.7 (5)

119.7

119.7

120.2(5)
119.9

119.9

118.3 (5)
121.3 (5)
120.4 (5)
120.1(5)
119.9

119.9

120.7(5)
119 .7
119.7

119.5(5)
120.2

120.2

120.6(5)
119 .7

119.7
120.7(5)

119.6

119 .6



Table 1. Crystal data and structure refinement for V-7.

CXIX

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

C131 H126 Br Nu os Rh2

2268.16

100 (2)K

1.54178 À

Triclinic

P-l

Unit celi dimensions

Volume

z

a = 13.5486(5) À
b = 16.2652(6) Â
C = 27.1795(9) Â

5758.1 (4)À3

2

(X = 101.660 (2)°

f3 = 100.338(2)°

y = 91.572(2)°

Density (calculated) 1.308 g/cm3

‘1

c1

cil

U, i;
[III

C, J

C 09

1:203

1:603

1:602

S12

Absorption coefficient
-1

3.216 m



cxx

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

AiDsorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)J

R indices (all data)

Extinction coefficient

Largest dif f. peak and hole

2356

0.00 x 0.00 X 0.00 min

1.69 to 67.18°

-16h16, -19k19, -32t?32

51416

18328 [Rint = 0.045]

0.0000 and 0.0000

Fuli-matrix least-squares on F2

18328 / 692 / 1128

1.019

Ri = 0.0993, wR2 = 0.2518

Ri = 0.1464, wR2 = 0.2967

0.00037 (8)

1.957 and -1.571 e/Â3

Table 2. Atomic coordinates (x io) and equivalent isotropic

displacement parameters (À2 i lo) for V-7.

Ueq is defined as one third of the trace of the orthogonalized

Uij tensor.

0cc. X y Z Ueq

Rh(1) 1 7491 (1) 4356(1) 2898(1) 61 (1)

Rh(2) 1 6288(1) 5323(1) 2644(1) 62(1)

Br(i) 1 2874(1) 3404(1) 4723(1) 116(1)

N(l) 1 6629 (5) 3421 (4) 2373 (2) 60 (2)

N(2) 1 5732 (5) 4400 (4) 2018 (2) 64 (2)

N(3) 1 8241(4) 4616(4) 2353(2) 62(2)

N(4) 1 7283(5) 5747(4) 2262(2) 68(2)

N(5) 1 8278 (5) 5331 (4) 3413 (2) 64(2)

N(6) 1 6919(5) 6171(4) 3284(2) 64(2)

N(7) 1 6665(5) 4174(4) 3423(2) 62(2)



CXXI

N(8) 1 5360(5) 4843(4) 3045(2) 62(2)

c(l) 1 5935 (5) 3596 (5) 2003 (2) 59 (2)
Cf2) 1 5397(6) 2924(5) 1577(3) 68(2)
c(3) 1 5933 (7) 2325(5) 1302 (3) 76(2)
C(4) 1 5437(8) 1685(6) 900(3) 87(3)
C(5) 1 4386(8) 1658(6) 767(3) 85(3)
C(6) 1 3857(7) 2232(6) 1038 (3) 84(3)

c(7) 1 4368 (6) 2847(5) 1440 (3) 77(2)

C(8) 1 6670(6) 2600(5) 2471(3) 65(2)
c(9) 1 5807 (7) 2168(6) 2534 (3) 85(3)
C (10) 1 5892 (9) 1376 (6) 2661 (4) 100 (3)
C(11) 1 6816(11) 1035(7) 2720 (4) 108 (4)
C(12) 1 7645(8) 1451(6) 2667(4) 89(3)
C(13) 1 7573(8) 2234(6) 2536(3) 81(3)

C(14) 1 5236(6) 4661(5) 1573(3) 72(2)

C(15) 1 4434(9) 5140(6) 1590(3) 100(3)

C(16) 1 3917 (10) 5374 (8) 1163 (4) 130 (4)
C(17) 1 4233(12) 5187(9) 696(4) 144(5)

C(18) 1 5097 (10) 4668 (9) 684(3) 129(4)

C(19) 1 5592(8) 4439(6) 1112(3) 90(3)

C(20) 1 8079 (6) 5285(5) 2159(3) 66(2)

C(21) 1 8746(6) 5571(5) 1842(3) 68(2)

C(22) 1 9778(7) 5639(6) 2013(3) 85(3)
C(23) 1 10432(7) 5858(6) 1701(3) 94(3)

C(24) 1 10042(8) 6043(7) 1239(3) 94(3)

C(25) 1 9029(8) 5988(7) 1075 (3) 100(3)

C(26) 1 8379(8) 5740(6) 1354(3) 89(3)

C(27) 1 8823 (6) 3997 (5) 2132 (3) 71(2)

C(28) 1 8643 (6) 3655(5) 1606 (3) 74 (2)

C(29) 1 9233(8) 3030(6) 1403(3) 89(3)

C(30) 1 9992(7) 2729 (6) 1703 (4) 90 (3)

C(31) 1 10177 (6) 3053 (6) 2225 (3) 82 (3)

C(32) 1 9602(6) 3706 (5) 2440 (3) 74 (2)

C(33) 1 7261(7) 6589(6) 2197 (3) 73 (2)

C(34) 1 6432 (10) 6849 (7) 1921 (4) 106 (4)

C(35) 1 6394(13) 7675(9) 1872(4) 139(5)

C(36) 1 7164(18) 8242(9) 2094(6) 180(9)

C(37) 1 8023 (15) 8009 (8) 2381(6) 158 (7)

C(38) 1 8052(9) 7197(6) 2428(4) 101(3)
C (39) 1 7837 (6) 6072 (5) 3548 (3) 63 (2)

C(40) 1 8381 (6) 6754 (5) 3977 (3) 66 (2)

C(41) 1 8809(6) 6552(5) 4447(3) 64(2)

C(42) 1 9339(6) 7162 (5) 4831 (3) 67(2)

C(43) 1 9513 (6) 7970 (5) 4760 (3) 71(2)

C(44) 1 9072(6) 8156(5) 4298(3) 74(2)
C(45) 1 8506(6) 7557(5) 3918 (3) 70(2)

C(46) 1 9327(6) 5287(5) 3557 (3) 64 (2)

C(47) 1 10003(6) 5850(6) 3444(3) 75(2)

C(48) 1 11036(7) 5726(6) 3537(3) 85(3)

C(49) 1 11379 (7) 5072 (7) 3753 (3) 92 (3)

C(50) 1 10693 (8) 4533 (6) 3876 (3) 88 (3)

C(51) 1 9681(7) 4637(6) 3779 (3) 76(2)

C(52) 1 6318 (6) 6785(5) 3499 (3) 69(2)

C(53) 1 5837(7) 7296(6) 3207 (4) 85(3)

C(54) 1 5153 (8) 7870(6) 3390 (4) 97(3)

C(55) 1 4930(8) 7887(6) 3877 (4) 100 (3)

C(56) 1 5381(7) 7364(7) 4163(4) 96(3)



CXXII

C(57) 1 6078 (7) 6797 (5) 3984 (3) 85(3)
C(58) 1 5713(6) 4411(5) 3395(2) 62(2)

C(59) 1 5060 (6) 4176 (5) 3742 (3) 65 (2)
C(60) 1 4887(7) 3336(6) 3766(3) 84(3)
C(61) 1 4250(7) 3093 f6) 4054 (3) 88 (3)
C (62) 1 3795 (7) 3710 (6) 4341 (3) 81 (3)
Cf63) 1 3994(6) 4553(6) 4350(3) 83(3)
C(64) 1 4609(6) 4794(6) 4036(3) 76(2)
C(65) 1 7177(6) 3957(5) 3885 (3) 67 (2)
C(66) 1 7306 (6) 4538 (5) 4346 (3) 72 (2)
C(67) 1 7878(7) 4351(6) 4782(3) 78(2)
C(68) 1 8325(7) 3618(6) 4765 (3) 88 (3)
C(69) 1 8178 (8) 3006(7) 4304 (3) 94(3)

C(70) 1 7606 (7) 3197(6) 3869 (3) 82(3)

C(71) 1 4309(6) 4841(5) 2875 (3) 66(2)

C(72) 1 3842(7) 5602 (6) 2885 (3) 76 (2)

C(73) 1 2814(7) 5593(7) 2686(3) 92(3)
C(74) 1 2267(7) 4837(7) 2482(4) 96(3)

C(75) 1 2717 (6) 4091(7) 2467 (3) 84 (3)
C (76) 1 3752(7) 4074 (6) 2661 (3) 78 (2)
N(100) 0.467(14)3863(14) 1072(11) 362(5) 76(5)

C(100) 0.467(14)3544(18) 1169(9) -56(6) 98(7)
C (101) 0.467 (14)3601 (16) 2014 (9) -190 (7) 130 (9)

C(102) 0.467(14)4382(17) 2216(12) -422(9) 130(9)

C(103) 0.467(14)4510(19) 3023(14) -507(11) 144(10)
C(104) 0.467(14)3860 (20) 3629 (10) -360 (10) 192 (13)

C(105) 0.467(14)3075(17) 3428(11) -127(10) 142(10)
C(106) 0.467(14)2948(15) 2620(12) -42(9) 183(12)
C(107) 0.467(14)2956(11) 447(8) -474(5) 83(6)

C(108) 0.467(14)2825(13) 524(9) -982(5) 122(8)
C(109) 0.467(14)2262(14) -96(11) -1365(4) 129(9)
C(110) 0.467(14)1831 (12) -794 (10) -1241 (5) 96 (6)
C(111) 0.467(14)1963 (12) -871(8) -733 (6) 99 (7)
C(112) 0.467(14)2525(12) -251(9) -350(4) 72(5)
N(200) 0.533 (14)3904 (17) 810 (12) 377 (6) 113 (7)

C(200) 0.533 (14)3629 (18) 1002 (10) -19 (6) 112 (8)

C(201) 0.533(14)3742(15) 1801(9) -205(7) 120(7)

C(202) 0.533 (14)4647 f14) 2022(11) -332 (9) 159 (10)

C(203) 0.533(14)4764(15) 2771(13) -494(10) 134(8)

C(204) 0.533(14)3975(18) 3297(11) -529(9) 153(9)
C(205) 0.533 (14)3069 (15) 3076 (12) -402 (9) 174 (10)

C(206) 0.533(14)2953(13) 2327(13) -240(8) 195(12)
C(207) 0.533 (14)3098 (12) 220 (9) -417 f5) 102 (6)
C(208) 0.533 (14)3101 (12) 210 (9) -929 (5) 133 (8)

C(209) 0.533 (14)2570 (12) -436 (10) -1307 (4) 104 f6)

C(210) 0.533 (14)2036 (12) -1071(9) -1172 (5) 103 (6)

C(211) 0.533(14)2033(14) -1061(10) -659(6) 124(8)

C(212) 0.533 (14) 2564 (14) -415(11) -282 (5) 152 (10)
N(300) 0.662(1010074(9) 8675(9) 5176(5) 85(4)
Cf300) 0.662(1010842(10) 8933(8) 5099(4) 84(4)

Cf301) 0.662(1011262(9) 8826(7) 4627(4) 104(5)
C(302) 0.662 (1011176 (10) 9437 (7) 4333 (5) 130 (6)

C(303) 0.662(1011565(12) 9319(10) 3886(5) 162(8)
C(304) 0. 662 f1012041 (12) 8590(11) 3734 (4) 199 (10)

C(305) 0.662 (1012128 (12) 7980 f9) 4027 (6) 164 (8)
Cf306) 0.662(1011739(11) 8098(7) 4474(5) 119(6)
C(307) 0.662(1011484(7) 9555(6) 5568(3) 86(4)



CXXIII

c(308) 0.662(1012321(8) 10025(7) 5520(3) 103(5)

Cf309) 0.662(1012873(7) 10576(7) 5945(4) 107(5)

C(310) 0.662(1012587(9) 10657(7) 6418(3) 95(5)
C (311) 0.662(1011750(10) 10188 (7) 6466(3) 103 (5)

C(312) 0. 662 (1011199 (8) 9637 (7) 6041 (4) 96 (5)
N(400) 0.338(1010157(13) 8437(14) 5185(8) 60(6)
C(400) 0.338(1010954(16) 8724(19) 5160(8) 132(11)

C(401) 0.338(1011476(18) 8578(17) 4714(8) 137(11)

C(402) 0.338 (1011043 (19) 8813 (18) 4264 (10) 162 (12)
C(403) 0.338 (1011390 (30) 8510 (20) 3814 (8) 217 (15)
C(404) 0.338 (1012170 (30) 7970 (20) 3814 (10) 200(15)
C(405) 0.338 (1012600(20) 7733 (17) 4264 (13) 151 (12)

C(406) 0.338 (1012250 (20) 8038(17) 4714 (10) 176(15)

C(407) 0.338 (1011454 f17) 9381 (15) 5650 (7) 148(11)

Cf408) 0.338(1012413(16) 9739(16) 5682(8) 149(12)

C(409) 0.338 (1012861 (15) 10330 (15) 6116(9) 129(11)

C(410) 0.338(1012350(20) 10562(14) 6517(8) 99(9)

C(411) 0.338 (1011390 (20) 10204 (16) 6485(8) 128(11)
C(412) 0.338(1010943(16) 9614(17) 6052(9) 116(11)

N(500) 0.557(5)10731(11) 6178(9) 894(6) 84(4)

C(500) 0.557(5)11356(12) 6739(9) 999(5) 95(5)

C(501) 0.557(5)11759(14) 7344(9) 1496(5) 142(8)

C(502) 0.557(5)12760(13) 7347(11) 1729(7) 159(10)

Cf503) 0.557(5)13123(15) 7886(14) 2198(7) 228(16)

C(504) 0.557(5)12480(20) 8422(11) 2433(5) 226(14)

Cf505) 0.557(5)11480(20) 8418(10) 2199(7) 224(14)

C(506) 0.557(5)11120(13) 7879(11) 1731(7) 179(11)

C(507) 0.557 (5) 11867(9) 6861 (7) 555(4) 84 (4)

C(508) 0.557(5)11949(9) 6187(6) 162(4) 76(4)

C(509) 0.557 (5) 12448 (10) 6305 (7) -225 (4) 78 (4)

C(510) 0.557(5)12866(11) 7097 (8) -220 (5) 103 (6)

C(511) 0.557(5)12784(12) 7772(7) 173(6) 137(8)

C(512) 0.557(5)12285(11) 7654(6) 560(5) 131(7)

N(600) 0.443(5)10652(14) 6451(11) 934(8) 92(7)

Cf600) 0.443(5)11121(14) 5942(8) 727(8) 100(7)

C(601) 0.443(5)11118(12) 5013(7) 700(6) 120(8)

Cf602) 0.443(5)10462(12) 4464(9) 314(6) 110(7)

C(603) 0.443(5)10444(12) 3604(8) 298(6) 123(9)

Cf604) 0.443(5)11081(13) 3293(7) 668(6) 92(6)

C(605) 0.443(5)11738(12) 3842(9) 1054(6) 102(7)

C(606) 0.443 (5) 11756 (11) 4702 (8) 1070(6) 128 (9)

C(607) 0.443(5)11856(12) 6304(9) 431(6) 95(6)

C(608) 0.443(5)12101(13) 5751(8) 17(6) 102(7)

C(609) 0 .443 (5) 12706 (14) 6035 f10) -285 (6) 103 f7)
Cf610) 0.443(5)13066(15) 6874(11) -172(7) 92(7)

C(611) 0.443(5)12820(16) 7428(8) 242(8) 146(10)

Cf612) 0.443(5)12215(15) 7143(9) 544(6) 134(9)

C(701) 0.96(3) 427 (17) 2050(12) 3531(8) 200

Cf702) 0.79(3) 1640(20) 1833(15) 2960(10) 200

C(703) 0.71(3) 2590(20) 1661(16) 2158(12) 200

C(704) 0.69(3) 1610(20) 2249(17) 3475(12) 200

Cf706) 0.87 (3) 4380 (20) 9370 f16) 1709 (10) 200

Cf707) 0.70(3) 2880(20) 1746(16) 2741(12) 200

Cf708) 0.84(3) 4017(19) 9588(13) 864(10) 200

C(709) 0.72 f3) 3480 f30) 9967 (17) 1511(11) 200

C(710) 0.81(3) 3764(19) 8581(15) 1734(9) 200

C (711) 0.43 (3) 4810 (40) 10720(30) 3670 (19) 200



CXXIV

C(712) 0.55(4) 5260(30) 830(20) 4481(15) 200

c(713) 0.42(3) 3690(40) 780(30) 4724(18) 200

C(715) 0.58 (3) 10170 (30) 90 (20) 2672 (14) 200

C(716) 0.72 (3) 1060 (20) 10816 (16) 771 (11) 200

C(717) 0.55(3) 4400(30) 9810(20) 1401(18) 200

C (718) 0.49(3) 6060(30) 1930 (20) 4693 (17) 200

C(719) 0.44 (3) 850 (40) 1590 (30) 4084(17) 200

C (720) 0.66(3) 10930(20) 2547 (17) 546(11) 200

C(721) 0 .58 (3) 11050 (40) 3800 (20) 592 (14) 200

Cf722) 0.42(3) 9930(40) 9090(30) 1675(18) 200

C(723) 0.37(3) 11900(50) 3930(30) 550(20) 200

C(724) 0.70(3) 9250(20) 8544(17) 973(12) 200

C(725) 0.50(3) 2050(30) 9840(20) 1163(15) 200

C(726) 0.42(3) 5970(40) 1420(30) 4190(20) 200

C(727) 0.47(3) 4040 (40) 710 (30) 4053 (18) 200

C(729) 0.46 (3) 2370 (40) 1210 (20) 4495 (16) 200

C(730) 0.47(3) 540(30) 11140(20) 336(17) 200

C(731) 0.48 (3) 10270 (30) 8030(20) 1208 (16) 200

C(732) 0.45(3) 10160(30) 10230(20) 2134 (18) 200

C(733) 0 .43 (3) 9670 (40) 8640 (30) 500 (18) 200

Cf734) 0.38 (3) 3620(40) 9540 (30) 2870(20) 200

C(735) 0.33 (4) 4630(60) 1240(40) 4490 (30) 200

Cf736) 0.37 (3) 620 (40) 1170(30) 3230 (20) 200

Cf737) 0.38 (3) 2760 (40) 750(30) 2380 (20) 200

Cf738) 0.45 (3) 13500 (40) 7450(30) 2097 (17) 200

Ct740) 0.20 (3) 3630 (90) 10800 (70) 3240 (40) 200

C(742) 0 .65 (3) 3920(30) 10030 (20) 3292 (14) 200

Table 3. Hydrogen coordinates

parameters (Â2 x io) for V-7.

(x io) and isotropic dispiacement

0cc. x y z Ueq

H(3) 1 6646 2354 1391 92

H(4) 1 5808 1278 722 105

H(6) 1 3145 2209 951 100

H(7) 1 3989 3233 1628 92

Hf9) 1 5174 2407 2490 102

1-1(10) 1 5316 1075 2707 120

H(i1) 1 6865 494 2799 129

H(12) 1 8278 1212 2718 107

H(13) 1 8160 2520 2491 98

H(15) 1 4223 5320 1907 120

H(16) 1 3328 5671 1187 156

H(17) 1 3910 5382 405 172

H(18) 1 5317 4485 370 154

H(19) 1 6176 4132 1099 108

H(22) 1 10048 5537 2341 102

H(23) 1 11140 5876 1812 113

H(25) 1 8766 6126 756 120

H(26) 1 7677 5682 1221 107



cxxv

H(28) 1 8116 3848 1386 89

H(29) 1 9100 2808 1044 107
H(30) 1 10386 2305 1558 108

H(31) 1 10692 2838 2441 98

H(32) 1 9755 3942 2797 88

H(34) 1 5877 6459 1761 127

H(35) 1 5810 7846 1678 167

H(36) 1 7120 8808 2054 216

H(37) 1 8573 8406 2538 189

H(38) 1 8634 7032 2626 121

H(41) 1 8728 5994 4496 76

H(42) 1 9594 7030 5153 81

H(44) 1 9164 8710 4244 88

H(45) 1 8195 7705 3609 85

H(47) 1 9767 6315 3305 89

Hf48) 1 11498 6097 3450 102

H(49) 1 12078 4988 3818 110

H(50) 1 10930 4083 4031 106

H(51) 1 9223 4260 3865 91

H(53) 1 5963 7266 2871 102

H(54) 1 4849 8239 3187 117

H(55) 1 4466 8263 4004 120

Hf56) 1 5227 7376 4492 115

H(57) 1 6380 6429 4189 102

H(60) 1 5226 2918 3575 100

H(61) 1 4127 2517 4057 106

Hf63) 1 3710 4971 4570 100

H(64) 1 4716 5369 4025 92

Hf66) 1 7004 5061 4363 86

H(67) 1 7955 4747 5098 93

H(68) 1 8740 3512 5064 106

Hf69) 1 8464 2477 4292 113

H(70) 1 7509 2795 3555 99

H(72) 1 4222 6121 3027 91

H(73) 1 2496 6107 2691 110

H(74) 1 1567 4834 2350 115

H(75) 1 2325 3576 2323 101

1-1(76) 1 4064 3556 2648 93

H(102) 0.467(14)4829 1802 -523 156

H(103) 0.467(14)5044 3161 -666 173

H(104) 0.467(14)3944 4181 -418 230

1-1(105) 0.467(14)2628 3842 -26 170

Hf106) 0.467(14)2414 2483 117 220

H(108) 0.467(14)3119 1001 -1067 146

H(109) 0.467(14)2172 -43 -1712 155

H(110) 0.467(14)1447 -1218 -1502 115

1-1(111) 0.467(14)1668 -1348 -648 119

1-1(112) 0.467(14)2615 -303 -3 86

H(202) 0.533(14)5187 1662 -308 190

H(203) 0.533(14)5382 2922 -581 160

H(204) 0.533(14)4054 3809 -640 184

1-1(205) 0.533(14)2530 3436 -426 208

1-1(206) 0.533(14)2335 2176 -153 235

H(208) 0.533(14)3466 644 -1021 160

H(209) 0.533(14)2571 -443 -1657 125

H(210) 0.533(14)1673 -1513 -1430 123

H(211) 0.533(14)1668 -1495 -567 149



cxxv’

14(212) 0.533(14)2563 -408 69 182

Hf302) 0.662(1010850 9935 4438 155

H(303) 0.662(1011506 9736 3685 195

14(304) 0.662(1012308 8510 3428 239

H(305) 0.662(1012454 7482 3923 197

14(306) 0.662(1011798 7680 4675 143

Hf308) 0.662(1012516 9969 5197 124

14(309) 0.662(1013445 10897 5912 128

H(310) 0.662(1012964 11034 6708 114

H(311) 0.662(1011555 10244 6789 123

H(312) 0.662(1010627 9316 6073 115

1-1(402) 0.338(1010512 9182 4264 195

14(403) 0.338(1011092 8669 3506 260

H(404) 0.338(1012400 7760 3507 240

H(405) 0.338(1013130 7364 4265 181

H(406) 0.338(1012550 7877 5022 211

14(408) 0.338(1012763 9580 5408 178

14(409) 0.338(1013516 10574 6138 155

14(410) 0.338(1012655 10966 6813 119

14(411) 0.338(1011041 10363 6759 153

14(412) 0.338(1010287 9369 6030 139

14(502) 0.557(5)13197 6981 1568 191

H(503) 0.557(5)13807 7889 2357 274

14(504) 0.557(5)12731 8791 2753 271

14(505) 0.557(5)11046 8784 2360 268

H(506) 0.557(5)10436 7877 1571 215

H(508) 0.557(5)11663 5645 158 91

14(509) 0.557(5)12504 5843 -494 94

14(510) 0.557(5)13207 7178 -484 123

H(511) 0.557(5)13070 8314 177 164

14(512) 0.557(5)12229 8115 829 157

14(602) 0.443(5)10026 4676 61 132

14(603) 0.443(5) 9995 3228 34 148

H(604) 0.443(5)11069 2705 657 110

14(605) 0.443(5)12173 3629 1307 122

14(606) 0.443(5)12204 5077 1334 154

H(608) 0.443(5)11856 5178 -61 122

H(609) 0.443(5)12874 5657 -568 124

H(610) 0.443(5)13479 7069 -378 110

14(611) 0.443(5)13066 8001 320 175

H(612) 0.443(5)12047 7521 827 161
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Table 4. Anisotropic parameters (Â2 x i03) for V-7.

The anisotropic dispiacement factor exponent takes the f orm:

-2
2 [ h a*2 Ui1 + + 2 h k a* b* U12 I

Uli U22 U33 U23 U13 U12

Rh(l) 54(1) 86(1) 38(1) 2(1) 13(1) -1(1)

Rh(2) 57(1) 85(1) 40(1) 3(1) 12 fi) -1 (1)

Br(1) 104(1) 176(1) 72(1) 15(1) 41 (1) -11 (1)

N(1) 59(4) 72(4) 47(3) 3(3) 19(3) -2(3)

N(2) 54(4) 95(5) 38(3) 5(3) 8(3) -4(3)

N(3) 48 (4) 88 (4) 48 (3) 5(3) 14 (3) 4 (3)

Nf4) 68(4) 88(5) 46(3) 9(3) 10(3) -5(3)

N(5) 53(4) 90(4) 42(3) 4(3) 6(3) -4(3)

N(6) 58(4) 76(4) 55(3) 4(3) 18(3) 9(3)

Nf7) 56(4) 88(4) 38(3) 7(3) 4(3) 6(3)

Nf8) 56(4) 86(4) 41(3) 1(3) 13(3) 3(3)

C(i) 50 (4) 81 (5) 40 (3) 0 (3) 10 (3) -1 (4)

Cf2) 68(5) 77(5) 55(4) -2(3) 18(4) -3(4)

C(3) 71 (6) 105 (6) 46 (4) 0 (4) 10 (4) -1 (5)

C(4) 103(8) 97(6) 52(4) -4(4) 15(5) -10(5)

C (5) 92 (7) 87 (6) 63 (5) -7 (4) 10 (5) -19 (5)

C (6) 67 (6) 102 (7) 67 (5) 3 (5) -9 (5) -11 (5)

C(7) 64(5) 99(6) 60(4) 2(4) 12(4) 3(4)

C(8) 63(5) 82(5) 44(3) 0(3) 8(4) 0(4)

C (9) 80 (7) 112 (7) 60 (4) 16 (5) 9 (5) 1 (5)

C (10) 121 (9) 86 (7) 101 (7) 30 (5) 33 (7) —6 (6)

C(11) 152(12) 84(7) 85(6) 17(5) 16(8) 12(7)

C (12) 88 (7) 87 (6) 90 (6) 20 (5) 6 (6) 6 (5)

Cf13) 86(7) 96(6) 56(4) 6(4) 7(5) 2(5)

Cf14) 62(5) 103(6) 44(4) 3(4) 4(4) -2(4)

C(15) 115(9) 135(8) 53(4) 22(5) 15(6) 46(7)

C(16) 140(11) 193 (12) 65 (6) 33 (7) 25(7) 67 (9)

C(17) 168(15) 202(13) 74(7) 57(8) 20(8) 65(11)

C(18) 131(11) 216(13) 49(5) 42(6) 23(6) 28(9)

C(19) 95(7) 127(8) 55(4) 23(5) 26(5) 14(6)

C (20) 59 (5) 91 (6) 47 (4) 8 (4) 14 (4) -1 (4)

C(21) 65 (5) 95 (6) 48 (4) 18 (4) 13 (4) 9 (4)

Cf22) 71 (6) 127 (7) 58 (4) 18 (5) 14 (4) -5 (5)

C(23) 61(6) 157(9) 71(5) 37(6) 15(5) -11(6)

C(24) 91 (7) 126 (8) 71 (5) 24 (5) 29 (5) -10 (6)

C(25) 87 (7) 159 (9) 66 (5) 40 (6) 27 (5) 0 (6)

C(26) 86 (7) 128 (8) 53 (4) 21 (5) 11 (5) 19 (6)

C(27) 55(5) 100 (6) 56 (4) 5 (4) 17 (4) -4 (4)

C(28) 63(5) 97(6) 59(4) 5(4) 15(4) 4(4)

C(29) 91 (7) 110 (7) 60 (5) -6 (5) 27 (5) 1 (5)

C(30) 72 (6) 106 (7) 85 (6) -8 (5) 28 (5) 4 (5)

C(31) 49 (5) 127 (7) 64 (5) 10 (5) 8 (4) -2 (5)

C(32) 69 (6) 86 f6) 61 (4) -2 (4) 21 (4) -5 (4)

C(33) 67(6) 97(6) 52(4) 8(4) 12(4) 2(5)

C(34) 132(11) 98(8) 78(6) 0(5) 15(7) 12(7)
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Rh(1) -N(5)

Rh(1) -Nf7)

Rh(1) -N(1)

Rh(1) -N(3)

Rh(1) -Rh(2)

Rh(2) -N(6)

Rh(2) -N(4)

Rh(2) -N(8)

2.021(6)

2.027(6)

2.035(6)
2.043 (6)

2.4032(9)

2.023(6)

2.028(6)

2.040(6)

Rh(2) -N(2)

Br(1) -C(62)

N(1) -C(1)

N(1) -Cf8)

Nf2) -c(1)

Nf2) -C(14)

Nf3) -C(20)

Nf3) -C(27)

2.040(6)

1.876(8)

1.329(9)
1.414 (10)
1.337 (9)
1.423 (10)
1.309 (10)

1.402 (10)

c(35) 204 (17) 131(11) 89 (8) 40 (8) 19 (9) 50(11)

Cf36) 360(30) 79 (9) 121 (11) 32 (8) 96 (15) 11 (13)
C(37) 270 (20) 89(9) 146(12) 38(8) 98(13) 13 (10)

C(38) 121(9) 94(7) 96(7) 18 (5) 45(7) -3 (6)

c(39) 70 (5) 71 (5) 47 (4) 4 (3) 19 (4) -7 (4)

Cf40) 51 (4) 91 (6) 51 (4) -2 (4) 15 (4) 4 (4)

C(41) 54(5) 86(5) 47(4) 5(3) 13(4) 2(4)

C(42) 62(5) 88(6) 47(4) 2(3) 15(4) 3(4)
C(43) 69 (5) 82 (5) 54 (4) -4 (4) 14 (4) -1 (4)

C(44) 68(6) 77(5) 70(5) 9(4) 5(4) 2(4)

C (45) 72 (6) 79 (5) 55 (4) 5 (4) 11 (4) -4 (4)

C(46) 50 (4) 90 (5) 42 (3) -5 (3) 6 (3) -2 (4)

C(47) 60 (5) 97 (6) 60 (4) 1 (4) 14 (4) -1 (4)

C(48) 56(5) 122(8) 63(5) -10(5) 13(5) -2(5)

C(49) 56 (6) 149 (9) 50 (4) -19 (5) 2 (4) 15 (6)

C(50) 83 (7) 120 (7) 52 (4) -5 (4) 10 (5) 30 (6)

C(51) 69 (6) 98 (6) 53 (4) 0 (4) 10 (4) 19 (5)

C(52) 63(5) 78(5) 61(4) 3(4) 9(4) 2(4)

C(53) 73(6) 97(7) 72(5) 0(5) 5(5) 3(5)

C(54) 91 (7) 104 (7) 84 (6) -11 (5) 16 (6) 17 (6)

Cf55) 83(8) 85(7) 119(8) -2(6) 11(7) 18(5)

Cf56) 75(7) 127 (8) 81 (6) -5 (6) 28 (6) 11 (6)

C(57) 88 (6) 92 (6) 64 (5) -19 (4) 29 (5) -5 (5)

C(58) 54(5) 90(5) 39(3) 3(3) 11(4) 1(4)

C(59) 59(5) 91(6) 45(3) 9(3) 14(4) 12(4)

C (60) 89 (6) 94 (6) 71 (5) 4 (4) 40 (5) 1 (5)

Cf61) 95 (7) 97 (6) 81 (5) 11 (5) 46 (5) 8 (5)

C(62) 66(6) 119(7) 62(5) 21(5) 23(4) -3(5)

C(63) 66(6) 133(8) 49(4) 6(4) 19(4) 15(5)

C(64) 64(5) 109 (6) 55(4) 4(4) 26(4) -1(4)

C(65) 56 (5) 100 (6) 46 (4) 12 (4) 15 (4) 3 (4)

C(66) 61(5) 105(6) 44(4) 3(4) 14(4) -7(4)

Cf67) 74(6) 115(7) 44(4) 14(4) 13(4) 7(5)

C(68) 82(7) 129(8) 57(4) 31(5) 8(5) 9(6)

C(69) 89(8) 121(8) 68(5) 18(5) 8(5) 8(6)

C(70) 82(7) 114(7) 49(4) 14(4) 10(4) 11(5)

C(71) 47(4) 104(6) 42(3) 6(4) 12(3) -1(4)

C(72) 72(6) 97(6) 63(4) 12(4) 24(4) 7(5)

C(73) 54(5) 148(9) 78(6) 25(6) 25(5) 14(5)

C(74) 57 (6) 156 (10) 79 (6) 33 (6) 16 (5) 5 (6)

C(75) 48 (5) 127 (8) 71 (5) 11 (5) 8 (5) -6 (5)

C (76) 77 (6) 99 (6) 55 (4) 3 (4) 21 (4) 0 (5)

Table 5. Bond lengths [Â] and angles [o] for V7.
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N(4) -Cf20)

N(4) -C (33)
Nf5) -C(39)
N(5) -C(46)

N(6) -C(39)
N(6) -C(52)
N(7) -C(58)
N(7) -C(65)

N(8) -C(58)

N(8) -Cf71)
C(1) -C (2)

C(2)-Cf7)

Cf2) -Cf3)
C(3) -Cf4)

C(3)-H(3)

C(4)-Cf5)

C(4) -Hf4)

C(5) -Cf6)

Cf5) -Nf100)

C(5) -Nf200)
C(6) -C (7)

Cf6) -11(6)

C(7) -11(7)

C(8) -Cf13)

C(8) -Cf9)

C(9) -C (10)

Cf9) -H(9)

C(10) -C(11)

C(10) -H (10)

C(11) -C(12)
C(11) -H (11)

C(12) -C(13)
C(12) -H(12)
Cf13) -11(13)

C(14) -C(15)
C(14) -C(19)
C(15) -C (16)

C(15) -H (15)

C(16) -C (17)
C (16) -H (16)

C (17) -C(18)

C(17) -H(17)

C(18) -C(19)
C(18) -11(18)

C(19) -11(19)

C (20) -C(21)

C (21) -C (22)
C (21) -C (26)
C(22) -C(23)
C(22) -H(22)
C(23) -C(24)

C(23) -H(23)

C(24) -C(25)
C (24) -N(500)
C (24) -N(600)

C(25) -C(26)
C(25) -11(25)

1.369(10)

1.415(11)

1.373 (10)
1.413 (9)
1.351 (10)
1.408 (9)
1.350(9)

1.435(9)

1.324 (9)
1.416(9)

1.485(9)
1.373(11)

1.404(11)
1.402(10)

0.9500

1.403 (13)
0.9500

1.370(12)
1.371 (16)
1.600(19)

1.387(10)
0 .9500

0 .9500

1.375(12)
1.402(11)

1.403 (12)
0.9500
1.378 (15)
0.9500

1.340(14)

0 .9500

1.391 (12)
0.9500
0.9500

1.357(13)

1.406 (10)
1.373 (13)

0.9500

1.389 (14)
0.9500

1.464 (16)

0.9500

1.359(13)

0.9500

0.9500

1.480(10)
1.386(11)

1.415(10)

1.417(11)

0.9500

1.367 (12)

0 .9500

1.359 (13)
1.479(16)

1.50(2)

1.362(11)
0.9500

C(26) -H(26)

C(27) -Cf32)
C(27) -C (28)
C (28) -C(29)

C(28) -H(28)
C(29) -C(30)

C(29) -H(29)

C(30) -C(31)
C (30) -H(30)

C(31) —C (32)
C (31) —11(31)

C(32) -H (32)
C(33) -C(34)
C(33) -C(38)
C(34) -C(35)
C (34) -H (34)
C (35) —C (36)

C (35) -H(35)

C(36) —C(37)

C(36) -11(36)
C(37) —C(38)

C(37) -11(37)

C(38) -11(38)

C(39) —C(40)

C(40) -C (45)

C(40) -C(41)

C(41) -C(42)

C(41) -11(41)

C(42) -C(43)
C(42) -H(42)

C(43) —N(400)

C(43) -C(44)

C(43) -N(300)
C(44) -C(45)
C (44) -11(44)

C(45) -H(45)
C (46) -C(51)

C(46) -C(47)
C(47) -C(48)

C(47) -11(47)

C(48) -C(49)
C(48) -11(48)

C(49) -C(50)

C(49) -11(49)

C(50) -C(51)

C(50) -H (50)

C(51) -H(51)
C(52) -C(53)
C(52) -C(57)

C(53) -C(54)
C(53) -11(53)
C(54) -C(55)

C(54) -H(54)
C (55) -C (56)

C(55) -H(55)

C(56) -C(57)
C(56) -11(56)

0.9500

1.382 (12)
1.399 (10)
1.397 (11)
0.9500
1.361 (13)

0.9500

1.383(11)

0.9500

1.428(11)

0.9500

0.9500
1.362 (14)
1.405(13)

1.378 (15)
0.9500

1.34 (2)

0.9500

1.39 (2)
0.9500
1.353 (14)
0.9500

0.9500

1.502 (10)
1.357(11)

1.410 (10)
1.364 (10)
0.9500

1.388(11)
0.9500

1.39 (2)

1.384(11)
1.513 (14)

1.368 (10)
0.9500

0.9500
1.376 (11)
1.394 (10)
1.405(12)
0.9500

1.370 (13)
0.9500

1.389 (13)
0.9500

1.371(12)

0.9500

0.9500

1.362(12)

1.411 (11)

1.416(12)
0.9500

1.402 (14)
0.9500

1.353 (14)
0.9500

1.418 (12)
0.9500



cxxx

C(57) -H(57)

C (58) —C(59)
C (59) -C (60)

C(59) -C (64)

C(60) -C(61)

Cf60) -H(60)

C(61) -C(62)
C(61) -H(61)
C(62) -C(63)

C(63) -C(64)
C(63) -H(63)

C(64) -H(64)

C(65) -C(70)
C (65) -C(66)

C(66) -C(67)

C(66) -H(66)
C(67) -C(68)

C (67) -H (67)

C(68) -C(69)

C(68) -1-1(68)

C (69) -C(70)

Cf69) -H(69)

C(70) -H(70)

C(71) -C(72)

C(71) -C(76)

C(72) -C(73)

C(72) -H(72)

C(73) -C(74)

C(73) -H (73)

C (74) -C(75)

C(74) -H(74)
C(75) -C(76)

C(75) -H(75)

C(76) -H(76)

N(100) -C(100)

C(100) -C(101)
C(100) -C(107)
C (101) -C(102)
C (101) -C(106)
C (102) -C(103)

C(102) -H(102)

C(103) -C(104)

C(103) -H(103)

C(104) -C(105)

C(104) -H(104)
C(105) -C(106)

C(105) -H(105)

C(106) -H (106)

C(107) -C (108)

C(107) -C (112)
C (108) -C(109)
C(108) -H(108)

C(109) -C(110)

C(109) -H(109)

C(110) -C(111)
C(110) -H(110)

C(111) -C(112)

0.9500

1.497(9)

1.396(11)

1.380(10)

1.365 (11)
0.9500

1.373 (12)
0.9500

1.386 (12)

1.395(10)
0.9500

0.9500

1.377 (12)
1.388 (10)
1.389(11)

0.9500

1.350(12)

0.9500
1.413 (12)

0.9500

1.388 (12)
0.9500

0.9500

1.403(11)

1.400(11)
1.399 (12)
0.9500

1.377 (13)
0.9500

1.370 (13)
0.9500

1.411(12)
0.9500

0.9500

1.182 (13)
1.496 (13)
1.546 (12)
1.3900

1.3900

1.3900

0 .9500
1.3900

0.9500

1.3900

0.9500
1.3900

0.9500

0.9500

1.3900

1.3900

1.3900
0.9500

1.3900

0.9500

1.3900

0.9500

1.3900

C(111) -H(111)
C(112) -H(112)

N(200) —C(200)

C(200) —C(201)

C(200) —C(207)

C(201) -C(202)

C(201) -C(206)

C(202) -C(203)
C(202) -H(202)
C(203) -C(204)
C (203) -H(203)
C (204) -C (205)
C (204) -H(204)
C(205) -C(206)

C(205) -H(205)

C(206) -H(206)
C(207) -C(208)

C(207) -C(212)
C(208) -C(209)

C(208) -H(208)

C(209) -C(210)

C(209) -H(209)

C(210) -C(211)

C(210) -H(210)

C(211) -C(212)

C(211) -H(211)

C(212) -H (212)

N(300) -C(300)

C(300) -C(301)

C(300) -C(307)

C(301) -C(302)

C(301) -C(306)

C(302) —C(303)

Cf302) -H(302)

C(303) -C (304)

C(303) -H(303)
C(304) -C(305)
C(304) -H(304)

C(305) -C(306)

C(305) -H(305)

C(306) -H(306)
C (307) —C (308)

C(307) —C(312)

C(308) -Cf309)

C (308) —H (308)

C(309) -C(310)

C(309) -H(309)

C(310) -C(311)

C (310) -H (310)

C(311) -C(312)
C (311) -H(311)
C(312) -H(312)

N(400) -C(400)

C(400) -C(401)

C(400) -C(407)

C(401) -C(402)

C(401) -C(406)

0.9500

0.9500
1.182 (14)
1.498 (13)
1.555 (12)
1.3900

1.3900

1.3900

0.9500
1.3900
0.9500

1.3900

0.9500
1.3900

0.9500

0.9500
1.3900

1.3900
1.3900

0.9500

1.3900

0.9500

1.3900
0.9500

1.3900

0.9500

0 .9500

1.180 (11)

1.475(11)

1.561(10)
1.3900

1.3900

1.3900

0.9500

1.3900

0.9500

1.3900

0.9500

1.3900

0.9500

0.9500

1.3900

1.3900

1.3900

0.9500

1.3900

0.9500

1.3900

0.9500

1.3900

0.9500

0.9500

1.183 (14)
1.493 (14)
1.561 (13)

1.3900

1.3900



cxxx’

C(402) -C (403)
C(402) -H (402)

C(403) -C(404)
C(403) -H(403)
C (404) -C(405)
C (404) -H (404)
C (405) -C(406)
C (405) -H(405)

C(406) -Hf406)

C (407) -C(408)
C (407) -C(412)
C (408) -C(409)
C(408) -H (408)
C(409) —C(410)

C(409) —H(409)
C (410) -C (411)
C (410) -H (410)

C (411) -C(412)

C (411) -H(411)

C(412) -H (412)
N(500) -C(500)

C(500) -C(501)

C(500) -C(507)

C(501) -C(502)

C(501) -C (506)

C(502) -C (503)
C (502) -H (502)
C(503) -C(504)

C(503) -H(503)

C(504) -C(505)

C(504) -H(504)

C(505) -C (506)

C(505) -H (505)
C (506) -H (506)

C (507) -C(508)

C(507) -Cf512)

C(508) -C(509)

C(508) -H (508)

C (509) —C (510)
C (509) —H(509)
C (510) -C(511)
C (510) -H(510)
C (511) -C (512)

Cf511) -Hf511)
C (512) -H(512)
N (600) -C (600)

C(600) -C(601)

C(600) -C (607)
C(601) -C(602)

C(601) -C(606)
C (602) -C (603)

C(602) -H(602)

C(603) -C(604)
C(603) -H(603)

C(604) -C (605)

C(604) -H(604)

C(605) -C(606)

1.3900

0 .9500

1.3900
0.9500

1.3900
0.9500

1.3900

0.9500

0.9500

1.3900

1.3900

1.3900
0.9500
1.3900

0 .9500
1.3900

0 .9500

1.3900

0 .9500

0.9500

1.181(13)
1.502 f12)
1.540 (12)
1.3900

1.3900

1.3900
0.9500

1.3900
0.9500

1.3900
0.9500

1.3900

0.9500

0.9500

1.3900

1.3900

1.3900

0 .9500

1.3900

0 .9500

1.3900

0.9500

1.3900

o . 9500

0.9500

1.172 (14)

1.499 f13)
1.559 (13)
1.3900
1.3900

1.3900

0.9500

1.3900

0.9500

1.3900

0.9500

1.3900

C(605) -H(605)

C(606) -H(606)

C(607) -C(608)
C(607) -C(612)

C(608) -C(609)
C(608) -H(608)
C(609) -C(610)

C(609) -H(609)

C(610) -Cf611)

C(610) -H (610)

C(611) -Cf612)

C(611) -H(611)
C(612) -H(612)
C(701) -C(736)

C(701) -Cf704)

Cf701) -Cf719)

C(702) -C (704)

Cf702) -Cf707)

C(703) -C (707)
C(703) -C(737)

C(704) -C(736)
C(706) -C(717)

C(706) -C(710)

Cf706) -C(709)

C(707) -C(737)

C(708) -C(717)
C (709) -C(717)

C(709) -C(725)
C(711)-C(727)#1
C (711) -C (742)
C (711) -C (740)

C(711) -Cf726)#1

C(711) -C(712)#1
Cf712) -Cf735)

C (712) -C (727)

C(712) -C(726)
Ct712) -C(711)#2

C(713) -C(735)
C(713) -C(727)

C(715) -C(732)#2

Cf716) -C(730)

C(718) -C(726)

C(719) -C(736)

C(720) -C(721)
C(721) -C(723)

C(722) -C(732)

C(724) -C(733)

C(724) -C(731)

C(726) -C(711)#2

C(727) -C(735)
C(727) -C(711)*2

C(727) -C(742)#2

C(732) -C(715)#1
C(734) -C(742)

C(740) -C(742)

C(742) -C(727)#1

0.9500

0.9500

1.3900
1.3900

1.3900

0.9500
1.3900

0.9500

1.3900

0.9500

1.3900

0.9500

0.9500
1.56(5)

1.67 f3)
1.83 (5)

1.44(3)
1.87 (4)

1.54(3)
1.72 (5)

2.11(6)
1.22 (4)
1.53 (3)
1.65 (4)

1.71(5)
1.43 (4)

1.35(4)

1.99(5)
1.60(5)

1.67(5)
1.84 f12)

2.06(7)

2.15(6)
1.10(7)

1.82 f6)
1.74(5)

2.15(6)

1.73 (7)
1.94(6)

1.52(5)

1.47 (4)
1.42 (5)

2.25(7)

2.02(4)
1.19 (6)
2.01(6)

1.53 (5)
1.73 (5)

2.06(7)
1.43 (7)

1.60(5)

2.11(6)

1.52 (5)
1.25(5)

1.36(11)

2.11(6)



cxxx”

N(5) -Rhfl) -N(7)

N(5) -Rh(1) -N(1)

N(7) -Rh(1) -N(1)
N(5) -Rhfl) -N(3)

N(7) -Rh(1) -Nf3)

Nf1) -Rh(1) -N(3)

N(5) -Rh(1) -Rh(2)

N(7) -Rh(1) -Rhf2)

N(1) -Rh(1) -Rh(2)
N(3) -Rh(1) -Rhf2)
N(6) -Rh(2) -N(4)
NfG) -Rh(2) -N(8)

N(4) -Rh(2) -N(8)

N(6) -Rh(2) -N(2)

N(4) -Rh(2) -N(2)
s(8) -Rh(2) -N(2)
N(6) -Rh(2) -Rh(1)

N(4) -Rh(2) -Rh(1)

N(8) -Rh(2) -Rh(1)

N(2) -Rhf2) -Rh(1)
C(1) -N(1) -C(8)

C(1) -N(1) -Rh(1)

C(8) -N(1) -Rhfl)

C(1) -N(2) -C(14)

C(1) -N(2) -Rh(2)

C(14) -N(2) -Rh(2)

c(20) -N(3) -c(27)

C(20) -N(3) -Rh(1)

C(27) -N(3) -Rh(1)

c(20) —Nf4) -C(33)

C(20) -N(4) -Rhf2)

C(33) -N(4) -Rh(2)

C(39) —N(5) -C(46)

C(39) —N(5) -Rh(1)

C(46) -N(5) -Rh(1)

C(39) —N(6) -C(52)

C(39) -N(6) -Rh(2)

C(52) -N(6) -Rh(2)
C(58) -N(7) -C(65)

C(58) -N(7) -Rh(1)

C(65) -N(7) -Rhfl)

C(58) -N(8) -C(71)

C(58) —N(8) -Rli(2)
C(71) -N(8) -Rh(2)

N(1) -C(1) -N(2)

N(1) -C(1) -C(2)
N(2) -C(1) -C(2)

Cf7) -C(2) -C(3)

C(7) -C (2) -C(1)

C(3) -c(2) -Cf1)

C(4) -C(3) -C(2)

C(4) -c(3) -H(3)

C(2) -c(3) -H(3)

c(3) -cf4) -c(5)

C(3) -C(4) -H(4)

C(5) -C(4) -H(4)

C(6) -C (5) -N(100)

89.5(2)

176.5(3)

89.6(2)

90.0(2)
175.1 (3)

90.6 (2)

88.5(2)
87.75 (19)

88.14(19)
87.35(19)
89.8 (2)

89.9(2)
176.1 (3)
175.4 (3)

90.3 (2)
89.7(2)

88.29(19)

88.4(2)
87.63 (19)

87.1(2)
121.0 (6)

120.9(5)

117.1(5)
120.9(6)

121.5(5)

117.0(5)

119.6(6)
121.5(5)

118.2(5)
120.0 (7)

119.9(5)

118.9(5)
120.4 (6)
120.3 (5)
118.3 (5)

119.7(6)
121.0(5)

118.5(5)
119.4(6)
121.3 (5)

118.0(5)
119.6(6)

121.2(5)

118.1(5)

118.4(6)

121.5 (7)
120.1 (7)

117.0 (7)
122.3 (7)

120.6(7)

121.4 (9)
119.3

119.3

118.9(9)

120.6

120.6

118.3 (12)

C(6) -C(5) -C(4)
N(100) -C(5) -C (4)

C(6)—C(5)-N(200)
N(100) -C(5) -N(200)

C(4) -C(5) -N(200)

C(5) -C(6) -C(7)

C(5) -C(6) -H(6)

C(7) -C(6) -H(6)

Cf2) -Cf7) -C(6)
C(2) -C(7) -H(7)

C(6) -C(7) -H(7)
C(13) -C(8) -C(9)

C(13) -C(8) -N(1)

Cf9) -C(8) -N(1)

C(8) -C(9) -C(10)

C(8) -C(9) -H(9)

C(10) -C(9) -H(9)

C(11) -C(10) -C(9)
C(11) -C(10) -H(10)

Cf9) -C(10) -H(10)
Cf12) -C(11) -C(10)

C(12) -C(11) -11(11)

C(10) -C(11) -H(11)

C(11) -C(12) -C(13)

C(11) -C(12) -H(12)

C(13) -C(12) -H(12)

C(8) —C(13) -C(12)

C(8) -C(13) -H(13)

C(12) -C(13) -H(13)

C(15) -C(14) -C(19)

C(15) -C(14) -N(2)

C(19) -C(14) -N(2)

C(14) -C(15)-C(16)

C(14) -C(15) -H(15)

C(16) -C(15) -H(15)

C(15) -C(16) -C(17)

C(15) -C(16) -H(16)

C(17) -C(16) -H(16)
C(16) -C(17) -C(18)

C(16) -C(17) -H(17)

C(18) -C(17) -H(17)

C(19) -C(18) -C(17)

c(19) -C(18) -H(18)

C(17) -C(18) -H(18)

C(18) -C(19) -C(14)

Cf18) -C(19) -H(19)
C(14) -C(19) -H(19)

N(3) -C(20) -N(4)

N(3) -c(20) —c(21)

N(4) -c(20) -c(21)

c(22) -c(21) -C(26)

cf22) -C(21) -c(20)

C (26)-c (21) -C(20)
c(21) -c(22) -c(23)

c(21) -c(22) -H(22)

c(23) -c(22) -H(22)

c(24) -cf23) -c(22)

120.0(8)

121.6(11)
124.9 (11)

14.6(10)

113.6(11)

119.7(9)
120.2

120.2
122 .9 (8)
118.5
118.5
118.9 (9)
120.2(7)

120.9(8)
119.0 (10)
120.5
120.5

119.7 (10)
120.2

120.2

121.5(10)
119.2

119.2

119.6(11)

120.2

120.2

121.3 (9)
119.4

119.4

119.2(8)

120.9(7)

120.0(8)

122.1(9)
119 . O

119.0

121.7(12)
119.1

119.1
115.2 (10)
122.4

122.4

121.7(10)

119.1

119.1

119.7(10)
120.1

120.1

119.1(7)
122.0 (7)

118.9(7)

117.7(8)

119.5(7)
122.7 (8)

120.4(8)
119.8

119 .8

119.8 (9)



cxxx”

C(24) -Cf23) -H(23)

C(22) -C(23) -H(23)

Cf25) -C(24) -C(23)
C (25) -C(24) -Nf500)
C (23) -C(24) -Nf500)
C(25) -C(24) -N(600)

C(23) -C(24) -N(600)
N(500) -C(24) -N(600)

C(26) -C (25) -C(24)

C(26) -C (25) -H(25)
C (24) -C(25) -H(25)
C (25) -C(26) -C(21)

C (25) -C(26) -H(26)
C (21) -C(26) -H(26)

C(32) -C(27) -C(28)

C(32) -C (27) -N(3)

C(28)-Cf27)-N(3)
C (27) -Cf28) -C(29)
C (27) -Cf28) -H (28)

C(29) -C(28) -H(28)
C(30) -C (29) -C(28)

C(30) -C(29) -H(29)

C(28) -Cf29) -H(29)
C (29) -C (30) -C (31)

C (29) -C(30) -H(30)
C (31) -C(30) -H(30)

C(30) -Cf31) -C(32)
C(30) -C(31) -H(31)

C(32) -C(31) -H(31)

C(27) -C(32) -C(31)

C (27) -C (32) -H(32)

C(31) -C (32) -H(32)

C(34) -C(33) -C(38)

C(34) -C(33) -N(4)

C(38) —C(33) -N(4)

C(33) -C(34) -C(35)
C (33) -C(34) -H(34)

C(35) -C(34) -H(34)

C(36) -C(35) -C(34)

C(36) -C(35) -H(35)

C(34) -C(35) -Hf35)
C(35) -C(36) -C(37)

C(35) -C(36) -H(36)

C(37) -C(36) -H(36)
C(38) -C(37) -C(36)

C(38) -C(37) -Hf37)

Cf36) -C(37) -H(37)

C(37) -C(38) -C(33)

C(37) -C(38) -H(38)

C(33) -C(38) -H(38)
N(6) -C (39) -N(5)

N(6) —C (39) -C (40)

N(5) -C(39) -C(40)

C(45) -C(40) -C(41)

C(45) -C(40) -C(39)

C(41) -C(40) -C(39)
C(42) -C(41) -C(40)

120.1

120.1

119.8(8)
120.6(10)

119.0(11)
115.8 (12)
123.6(12)

17.5(9)

122.0(9)
119.0

119.0

120.2 (9)

119.9
119.9

118.2(8)

119.4(7)
122.4 (8)

120.5(9)
119.8

119 .8

121.8 (8)
119.1

119.1

118.7(9)

120.6

120.6

120.5(9)
119.7

119.8

120.2 (8)
119.9

119.9

117.1(10)
120.3 (9)
122.6(9)

120.4(12)
119.8

119.8

121.3 (16)

119.4

119.4

120.5(14)
119.7

119.8

117.8(16)
121.1

121.1

122.9(13)

118.5

118.5

118.5(6)

121.6(7)

119.9(7)

118.9(7)

121.6(7)
119.5(7)

119.7 (8)

C(42) -C(41) -H(41)

C (40) -C(41) -H(41)

C(41) -C(42) -C(43)
C(41) -C(42) -H(42)

C(43) -C(42) -H(42)
N(400) -C(43) -C(42)
N(400) -C(43) -C(44)
C(42) -C(43) -C(44)

N(400) -C(43) -N(300)

C(42) -C(43) -N(300)

C(44) -C(43) -N(300)

C(45) -C(44) -C(43)

C(45) -C(44) -H(44)
C(43) -C(44) -H(44)

C(40) -C(45)-C(44)

C(40) -C(45) -H(45)

C(44) -C(45) -H (45)

C(51) -C(46) -C (47)

C(51) -C(46) -N(5)

C(47) -C(46) -N(5)
C(46) -C(47) -C(48)

C(46) -C(47) -H(47)

C(48) -C(47) -H(47)

C(49) -C(48) -C(47)

C(49) -C(48) -H(48)

C(47) -C(48) -H(48)

C(48) -C(49) -C(50)

C(48) -C(49) -H(49)

C(50) -C(49) -H(49)

C(51) -C(50) -C(49)

C(51) -C(50) -H(50)

C(49) -C(50) -H(50)

C (46) -C (51) -C (50)

C(46) -C(51) -H(51)

C(50) -C(51) -H(51)

C(53) -C(52) -C(57)

C(53) -C (52) -N(6)

C(57) -C (52) -N(6)

C(52) -C(53) -C(54)

C(52) -C(53) -H(53)

C(54) -C(53) -H(53)

C(55) -C(54) -Cf53)

C(55) -C(54) -11(54)

C(53) -C(54) -Hf54)

C(56) -C(55) -C(54)

C(56) -C(55) -H(55)

C(54) -C(55) -H(55)

C(55) -C(56) -C(57)

C(55) -C(56) -H(56)

C(57) -Cf56) -H(56)

C(52) -C(57) -C(56)
C(52)-C(57) -11(57)

C(56)-C(57) -11(57)

N(8) -C(58) -N(7)

N(8) -C(58) -C(59)

N(7) -C(58) -C (59)

C(60) -C(59)-C(64)

120.1

120.1

121.3 (8)
119.4

119 .4
109.7 (12)
132.4 (12)
117.8 (7)
15.5 (12)

123.4(9)

118.5(9)

121.2(8)
119.4
119.4

121.0 (8)
119.5

119.5

119.7 (8)
118.9 (7)

121.2 (8)
119.6 (9)
120.2
120.2

120.1(9)
119.9

119.9

119.2(10)
120.4

120.4

121.3 (10)

119.3

119.3

120.0(9)
120.0

120.0

118.6(8)

119.7(7)
121.0 (8)

121.8 (9)
119.1

119.1

119.2(10)
120.4

120.4

119.4 (10)
120.3

120.3

121.5(10)
119.2

119.2

119.4 (10)
120.3

120.3

118.3 (6)

120.6(7)

121.2 (7)

119.4(7)



CXXXIV

C (60) -C (59)-C (58)

Cf64) -C(59) -C(58)
C (61)-c (60) -C (59)
C(61) -C(60) -Hf60)

C(59) -C(60) -H(60)
C(60) -C(61) -C(62)
C(60) -C(61) -H(61)
C(62) -C(61) -H(61)
C(61) -C(62) -C(63)
C(61) -C(62)-Br(1)
Cf63) -C(62) -Br(1)
Cf62) -C(63) -C(64)

C(62) -C(63) -H(63)

C(64) -C(63) -H(63)

C(59) -C(64) -C(63)

C(59) -Cf64) -H(64)

C(63) -C(64) -H(64)
C(70) -C (65) -C (66)
C(70) -C (65) -N(7)
C(66) -C(65) -N(7)

C(65) -C (66) -C(67)
C (65) -C(66) -H(66)

C(67)-C(66) -H(66)

C(68) -C (67) -C(66)

C(68) -Cf67) -H(67)

Cf66) -C(67) -H(67)

C(67) -C(68) -C(69)

C(67) -C(68) -H(68)

C(69) -C (68) -H(68)

C(70) -C(69) -C(68)

C(70) -C(69) -H(69)
Cf68) -C(69) -H(69)

C(65) -C(70) -C(69)
C(65) -Cf70) -H(70)

C(69) -C(70) -H(70)
C(72) -C(71) -C(76)
C(72) -C (71) -N(8)

C(76) -C(71) -N(8)
C (71) -C(72) -C (73)
C(71) -C(72) -H(72)
C(73) -C(72) -H(72)

C(74) -C(73) -C(72)

C(74) -C(73) -H(73)

C(72) -C(73) -H(73)

C(75) -C(74) -C(73)

C(75) -C (74) -H(74)

C(73) -C (74) -H(74)
C (74) -C(75) -C(76)

C(74) -C(75) -H(75)

C(76) -C(75) -Hf75)
C(71) -C(76) -C(75)
C(71)-C(76) -H(76)

C(75) -C(76) -H(76)

C(100) -N (100) -C(5)

N(100) -C(100) -C(101)

N(100) -C (100) -C(107)
C(101) -C(100) -C(107)

120.8 (7)
119.8(7)

122.5 (8)
118.8

118.8

117.9(9)

121.1

121.1

121.2 (8)
119.4(7)
119.4 (6)

120.5(8)
119.8

119.8

118.4(8)
120.8

120.8
119.4 (8)
120.4 (7)
120.0 (8)
119.7(9)

120.2

120 .2

121.2(8)
119.4

119.4

120.1(9)

119.9

119. 9

118.4(10)
120.8
120.8

121.2 (8)
119.4

119.4

120.2(8)
120.3 (7)
119.3 (8)
119.9 (9)
120.1

120.1

119.7(10)

120.1

120.1

120.9 (10)
119.6

119.6

121.0(9)
119.5

119.5

118.3 (9)
120 . 8

120 . 8
127.4 (16)
121.6(14)

121.6(13)
116.6 (12)

C(102) -C(101) -C(106)
C(102) -C(101) -C(100)

C(106) -C(101) -C(100)
C(103) -C(102) -C(101)

C(103) -C(102) -H(102)
C(101) -C(102) -H(102)

C(104) -C(103) -C(102)
C(104)-C(103)-H(103)
C(102)-C(103)-H(103)

C(103) -C(104) -C(105)
C(103) -C(104) -H(104)
C(105)-C(104)-H(104)
C(106) -C(105) -C(104)
C(106) -C(105) -H(105)

C(104) -C(105) -H(105)

C(105) -C(106) -C(101)

Cf105) -C(106) -H(106)
C(101) -C(106) -H(106)
C(108) -C(107) -C(112)
C (108) -C(107) -C(100)
C(112) -C(107) -C(100)

C(109) -C(108) -C(107)

C(109) -C(108) -H(108)

C(107) -C(108) -H(108)

C(110) -C(109) -C(108)

C(110) -C(109) -H(109)

C (108) -C (109) -H (109)

C(109) -C(110) -C(111)

C(109) -C(110) -H(110)

C(111) -C(110) -H(110)

Cf110) -C(111) -C(112)
C(110) -C(111) -H(111)
C (112) -C (111) -H(111)

Cf111) -C(112) -Cf107)
C (111) -C(112) -H(112)

C(107) -C(112) -H(112)

C(200) -Nf200) -C(5)
N (200) -C(200) -C(201)
N(200) -C(200) -C(207)
C (201) -C(200) -C(207)
C(202) -C(201) -C(206)

C(202) -Cf201) -C(200)

C(206) -C(201) -C(200)

C(203) -C(202) -C(201)

C(203) -C(202) -H(202)
C (201) -C(202) -H(202)

C(202) -C(203) -C(204)
C(202) -C(203) -H(203)

C(204) -C(203) -H(203)

C(203) -C(204) -C(205)

C(203) -C(204) -H(204)

C(205) -C(204) -H(204)

C(204) -C(205) -C(206)
C(204) -C(205) -H(205)

C(206) -C(205) -H(205)

C(205) -C(206) -C(201)
C(205) -C(206) -H(206)

120.0

118.8(12)
121.0 (12)
120.0

120.0

120.0

120.0

120.0
120.0
120.0

120.0

120.0
120.0

120.0

120.0

120.0

120.0

120.0

120.0

118.6(9)
121.3 (9)
120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0
120.0

120.0
120.0

120.0

120.0

105.8 (14)
133.3 (15)
109.3 (13)
117.3 (12)
120.0

119.7(12)

120.2(12)

120.0

120.0

120.0

120 . O

120.0

120.0

120.0

120.0

120.0

120.0
120.0

120.0

120.0
120.0



cxxxv

C (201) -C(206) -H(206)

C (208) -C (207) -C (212)
C(208) -C(207) -C(200)
C (212) -C(207) -C (200)

C(209) -C(208) -C(207)

C(209) -C(208) -H (208)

C(207) -C(208) -H (208)
C(208) -C(209) -C (210)
C (208) -C (209) -H(209)

C(210) -Cf209) -H(209)

C(211) -C(210) -C(209)

C(211) -C(210) -H(210)

C(209) -C(210) -H(210)

C(210) -C(211) -C(212)

C(210) -C(211) -H(211)
C(212) -C(211) -H(211)

C(211) -C(212) -C(207)

C(211) -C(212) -H (212)

C(207) -C(212) -H (212)

C(300) -N(300) —C (43)

N(300) -C(300) -Cf301)

N(300) —C(300) -C(307)
C (301) —C (300) —C (307)

C(302) -C (301) -C(306)

C(302) -C(301) -C(300)

C(306) -C (301) -C(300)

C(303) —C(302) -C(301)

C(303) -C(302) -H(302)

Cf301)-C(302)-H(302)

Cf302)-C(303)-C(304)

C(302) —C(303) —H(303)

C(304) —C(303) —H (303)

C(305)-C(304)-Cf303)

C(305) -C(304) -H(304)

C(303)-C(304)-H(304)

Cf304) -C(305) —C(306)

C(304)—C(305)—H(305)

C(306) -C(305) -H(305)

C(305) -C(306) -Cf301)

C(305) -C(306) -Hf306)

C(301) -Cf306) -Hf306)

C(308) -Cf307) -C(312)

C(308) -Cf307) -C(300)
C(312) -C(307) -C(300)

C(307) -Cf308) -C(309)

C(307) —C (308) -H(308)

C(309) —C (308) —H(308)

C(310)-C(309)-C(308)

C(310) -C(309) -H (309)

C(308) -C(309) -H(309)
C(309) -C(310) -Cf311)
C(309) -C(310) -H(310)
C(311) -C(310) -H(310)
C(310) -C(311) -C(312)

C(310) -C(311) -H (311)

C(312) -C(311) -H (311)

C(311) -C(312) -C(307)

120.0

120.0

117.0(10)

122.8(10)

120.0

120.0

120.0

120.0

120 . O

120.0

120.0

120.0

120.0

120.0

120.0
120.0

120.0

120.0

120.0

115.4(11)

131.3(11)
114.2 (10)
114.3 (9)
120.0

120.9(9)

119.1(9)
120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120. 0

120.0

120.0

120.0

120.0

120.0

120.0

121.5(7)
118 .5 (7)

120.0
120.0

120.0

120.0

120.0

120.0
120.0

120.0

120.0

120.0

120.0

120.0

120.0

C(311)-C(312)-H(312)

C(307) -C(312) -H(312)

C(400) -N(400) -C(43)

N(400) -C(400) -C(401)

N(400) -C(400) -C(407)

C(401) -C(400) -C(407)

C(402) -C(401) -C(406)

C(402) -C(401) -C(400)
C (406) -C(401) -C(400)

C(401) -C(402) -C(403)
C(401) -C(402) -H(402)

C(403) -C(402) -H(402)

C(404) -C(403) -C(402)

C(404) -C(403) -H(403)

C(402) -C(403) -H (403)
C(405) -C(404) -C(403)

C(405) -C(404) -H (404)

C (403) -C (404) -H(404)

C(404) -C(405) -C (406)

C(404) -C(405) -H(405)

C(406) -C(405) -H(405)

C(405) -C(406) -C(401)

C(405) -C(406) -H(406)

C(401) -C(406) -H(406)

C(408) -C(407) -C(412)

C(408) -C(407) -C(400)

C(412) -C(407) -C(400)

C (407) -C (408) -C(409)

C(407) -C(408) -H(408)

C(409) -C(408) -H(408)

C(408) -C (409) -C(410)

C(408) -C(409) -H(409)

C(410) -C(409) -H(409)

C(409) -C(410) -C(411)

C(409) -C(410) -H(410)

C(411) -C(410) -H(410)

C(412) -C(411) -C(410)

C(412) -C(411) -H(411)

C(410) -C(411) -H(411)

C(411) -C(412) -C(407)

C(411) -C(412) -H(412)

C(407) -C(412) -H(412)

C(500) -N(500) -C(24)
N(500) -C(500) -C(501)

N(500) —C(500) —C(507)

C(501) -C(500) -C(507)

C(502) -C(501) -C(506)

C(502) -C(501) -C(500)

C(506) -C(501) -C(500)

C(501) -C(502) -C(503)

C(501) -C(502) -H (502)

C(503) -C(502) -H(502)

C(504) -C(503) -C(502)

C(504) -C (503) -H(503)

C(502) -C(503) -H(503)

C(503) -C(504) -C(505)

C(503) -C(504) -H(504)

120.0

120.0
122.3 (17)

128.0(17)

113.7(15)
118.2(15)

120.0
119.7 (15)

118.6(16)
120.0

120.0

120.0

120.0
120.0

120.0
120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

119.7 (12)
120.3 (12)
120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

122.9(13)
131.3 (13)

114.7(12)
114.0 (10)
120.0

120.1(13)

119.9(13)
120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0



cxxxv’

C(505) -C(504) -H(5o4)

C (504) -C(505) -C(506)
C (504) -C(505) -H(50s)
C (506) -C (505) -H (505)
C (505) -C(506) -C (501)
C(505) -C (506) -H(506)
C(501) -C(506) -H (506)
C(508) -C(507) -C (512)
C (508) -C(507) -C(500)
C(512) -C(507) -C(500)
C(507) -C(508) -c(509)
C (507) -C (508) -H (508)
C(509) -C(508) -H(508)
C(510) -C(509) -C(508)
C(510) -C(509) -H (509)
C(508) -C(509) -H (509)
C(511) -C(510) -Cf5o9)

C(511) -C(510) -H (510)
C(509) -C(510) -Hf510)
C(512) -C (511) -C (510)

C(512) -C(511) -H(51;)

C(510) -C(511) -H(511)

C(511) -C(512) -C(507)
C(511) -C(512) -H(512)
C (507) -C(512) -H(512)
C(600) -N(600) -C(24)
N(600) -C(600) -C(601)
N(600) -c(600) -C(607)
C(601) -C(600) -C(607)
C(602) -C(601) -C(606)
C(602) -Cf601) -C(600)
C(606) -C (601) -C(600)
C(603) -C(602) -C(601)
C (603) -C(602) -H (602)

C(601) -C(602) -H(602)

C(604) -C (603) -C(602)
Cf604) —C(603) -H(603)
C(602) -C(603) -H (603)
C(603) -C(604) -C (605)
C(603) -C(604) -H (604)
C(605) -C (604) -H (604)
C(606) -C(605) -C(604)
C(606) -C (605) -H (605)
C (604) -C(605) -H(605)

C (605) -C (606) -C(601)
C (605) -C (606) -H(606)

C(601) -C(606) -H(606)
C (608) -c(607) -C(612)
C(608) -Cf607) -C(600)
C(612) -C (607) -C(600)
C(607) -C (608) -C(609)
C(607) -C(608) -H(608)
C(609) -C(608) -H (608)
C (610) -C (609) -C (608)
C(610) -Cf609) -H(609)
C(608) -C(609) -H(609)
C(609) -C(610) -C(611)

120.0

120.0
120.0

120.0

120.0

120.0

120.0

120.0
120.9 (8)
119.0 (8)
120.0

120.0

120.0

120.0

120.0
120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

108.8(15)
130.4 (15)
113 .7 (14)
115.9 (12)

120.0

120.2(11)

119.8(11)
120.0
120.0

120.0

120.0

120.0

120 . O
120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0

120.0
120.0

116.4 (10)

123.5(10)
120.0

120.0

120.0

120.0

120.0

120.0

120.0

C(609)-Cf610)-H(610) 120.0

C(611)-C(610)-Hf610) 120.0
C(612)-C(611)-Cf610) 120.0
C(612)-Cf611)-H(611) 120.0

C(610) -C(611) -H (611) 120.0
C(611)-C(612)-C(607) 120.0
C(611)-C(612)-H(612) 120.0

C(607)-C(612)-H(612) 120.0

C(736) -C(701) -C(704) 81(2)
C(736) -C(701) -C(719) 83(3)
C(704) -C(701) -C(719) 91(2)
C (704) -C(702) -C(707) 120(2)
Cf707)-C(703)-Cf737) 63(2)
Cf702)-C(704)-C(701) 104(2)

Cf702) -C(704) -C(736) 68(2)
C(701) -C(704) -Cf736) 47.0(16)
C(717)-C(706)-C(710) 136(3)

C(717) -C(706) -C(709) 53(2)
C(710) -C(706) -C(709) 102 (2)
C(703)-C(707)-C(737) 64(2)

C(703)-C(707)-C(702) 104(2)

C(737) -C(707) -C(702) 102 (2)

C(717) -C(709) -C(706) 46(2)

C(717) -C(709) -C(725) 140 (3)

C(706) -C(709) -C(725) 139 (2)
C(727) #1-C(711) -C(742) 80(3)

C(727)#1-C(711) -C(740) 81(4)
c(742)-C(711)-c(740) 45(3)

C(727)#1-C(711) -C(726)#197(3)

C(742) -C(711) -C(726)#1 171(3)

C(740)-C(711)-C(726)#1 143(5)

C(727)#1-C(711) -C(712)*156 (3)

C(742)-C(711)-C(712)#1 125(3)
C(740)-C(711)-C(712)#1 135(4)

C(726)#1-C(711) -C(712)#148 .8(19)

C(735)-C(712)-C(727) 52(4)

C(735)-C(712)-C(726) 96(5)

C(727)-C(712)-C(726) 102(3)

C(735)-C(712)-C(711)#2 83(5)
C(727)-C(712)-C(711)#2 47(2)

C(726)-C(712)-C(711)#2 63(2)
C(735)-C(713)-C(727) 45(3)
C(706) -C(717) -C(709) 80(3)

C(706) -C(717) -C(708) 127 (4)

C(709) -C(717) -C(708) 93(3)

C(701) -C(719) -C(736) 43.4(16)

C(723)-C(721)-C(720) 103(4)
C(733)-C(724)-C(731) 93(3)

C(718) -C(726) -C(712) 78(3)

C(718) -C(726) -C(711)#2 135 (4)
C(712) -C(726) -C(711)#2 68(2)
C(735) -C(727) -C(711)#2 98(4)

C(735) -C(727) -C(712) 37(3)
C(711)#2-C(727)-C(712) 77(3)
Cf735)-C(727)-C(713) 59(3)

C(711)#2-C(727)-C(713) 154(4)
C(712)-C(727)-C(713) 76(3)



cxxxv”

C(735)-Ct727)-c(742)#2 149(4)
C(711) #2-C(727) -C(742) #251 (2)
C(712)-C(727)-C(742)#2 119(3)
C(713)-C(727)-C(742)#2 149(3)
C(715)#1-C(732)-C(722) 105(3)
C (712) -C(735) -C(727) 91(6)
C(712) -C (735) -C(713) 109(6)

Cf727)-C(735)-Cf713) 75(4)
C(701)-C(736)-Cf704) 51.5(18)
C(701) -C(736) -C (719) 54(2)

C(704) -C(736) -C(719) 70(2)

C(703) -C(737) -C(707) 53.3(19)

C(742) -C(740) -C(711) 61(5)

C(734)-C(742)-C(740) 106(6)

C(734)-C(742)-C(711) 148(4)
C(740)-C(742)-C(711) 74(5)

C(734)-C(742)-C(727)#1 164(4)

C(740)-C(742)-C(727)#1 77(5)

Cf711)-C(742)-C(727)#1 49(2)



Table 1. Crystal data and structure refinement for cis-V-8.

cxxxv”

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit ceil dimensions

Volume

C102 F176 Br2 NlO Rh2

1807.37

100 (2)K

1.54178 Â

Monoclinic

P21 / c

a = 17.580(4) Â
b = 26.769(5) Â
c = 24.033(4) Â

11266 (4)Â3

(X = 900

f3 = 95.080 (12)°

y = 900

z

Density (calculated)

bsorption coefficient

4

1.066 g/cm3

3.520 mm’

Brl

Br2



Reflections collected

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

-20h20, -31k31, -27P27

54125

18314 [Rint = 0.0721

Semi-empirical f rom eguivalents

0.7800 and 0.5300

Fuli-matrix least-squares on F2

18314 / 1039 / 1196

Goodness-of-fit on F2 0.774

Final R indices [I>2sigma(I)]

R indices (ail data)

Largest dif f. peak and hole

Ri = 0.0974, wR2 = 0.2378

Ri = 0.2058, wR2 = 0.2657

1.644 and -1.208 e/Â3

Table 2. Atomic coordinates (x iO) and equivalent isotropic

dispiacement parameters (À2 x io) for cis-V-8.

Ueq is defined as one third of the trace of the orthogonalized

Uij tensor.

F(000)

Crystai size

Theta range for data collection

Index ranges

CXXXIX

3672

0.28 x 0.12 x 0.10 mm

2.48 to 66.99°

0cc. X y z Ueq

Rh(i) 1 2158(1) 6781 (1) 5648(1) 71 (1)

Rh(2) 1 3020(1) 7353(1) 5266(1) 71 (1)

3r(i) 1 4466(1) 4532(1) 3667(1) 138(1)

Br(2) 1 6076 (2) 6541 (1) 8277(1) 280 (2)

N(i) 1 1723(5) 7360(3) 6028(3) 63(2)

N(2) 1 2716 (5) 7852 (3) 5849(4) 71(3)

N(3) 1 1450 (5) 6897(3) 4980(3) 68(2)

N(4) 1 2162(5) 7576(3) 4748(4) 75(3)

N(5) 1 2653 (5) 6239 (3) 5267 (3) 67 (2)

N(6) 1 3262(4) 6791(3) 4747(4) 73(3)

N(7) 1 2936(5) 6692(3) 6288(4) 85(3)

N(8) 1 3841(5) 7102(3) 5805(4) 77(3)

C(1) 1 2089 (6) 7807 (4) 6100 (5) 68 (3)



CXL

c(2) 1 1835(6) 8199(4) 6462(4) 70(3)

Cf3) 1 1632 (6) 8075 (4) 7011 (5) 79 (3)

C(4) 1 1346 (7) 8437 (4) 7331 (5) 101 (4)
C(5) 1 1268(8) 8914(5) 7153(5) 113(5)

Cf6) 1 1460 (7) 9043 (4) 6607 (5) 106 (4)
Cf7) 1 1721 (6) 8678 (4) 6287 (4) 87 (4)

C(8) 1 977(8) 7355(4) 6137(5) 81(4)

C(9) 1 672 (7) 7000 (4) 6507 (5) 84 (4)
C(10) 1 -113 (9) 6985 (5) 6584 (5) 107 (5)

c(11) 1 -641(8) 7297(6) 6301(7) 122(5)
C (12) 1 -390 (8) 7667 (6) 5945 (7) 129 (5)

C(13) 1 410 (7) 7667 (5) 5874(5) 88 (4)
C(14) 1 3255 (6) 8227 (4) 6047 (5) 80(3)

C(15) 1 3620 (7) 8235(4) 6584 (5) 96 (4)

C(16) 1 4168 (7) 8568 (5) 6785 (5) 112 (5)
C(17) 1 4423(9) 8914(5) 6419(6) 142(6)

C(18) 1 4116 (9) 8944 (5) 5882 (7) 141 (6)

C(19) 1 3538 (7) 8606 (5) 5677 (5) 108 (5)

C(20) 1 1513 (6) 7321 (5) 4650 (4) 82 (4)

C(21) 1 914(7) 7466(4) 4196 (5) 77(3)

C(22) 1 143 (7) 7487 (4) 4289 (5) 96 (4)

C(23) 1 -419(6) 7633 (5) 3876 (5) 103 (4)

C(24) 1 -278 f9) 7753 (6) 3330 (6) 125 (5)

C(25) 1 516 (8) 7723 (5) 3261 (5) 113 (5)

C(26) 1 1108 (6) 7580 (4) 3644 f5) 82 (4)

C(27) 1 967 (7) 6520 f4) 4790 (5) 82 (4)

C(28) 1 445 (7) 6316(4) 5091 (5) 88 (4)

C(29) 1 39 (7) 5913 (5) 4950 (5) 94 (4)

C(30) 1 126 (7) 5675 (4) 4451 (7) 108 (5)

C(31) 1 615(7) 5843 (5) 4077 (6) 118 (5)

C(32) 1 1027 f6) 6255 (5) 4252 (5) 88 (4)

C(33) 1 2170 (7) 8091 (4) 4540(5) 83 (4)

C(34) 1 1639(7) 8442 (5) 4690 (5) 96(4)

C(35) 1 1722 (9) 8960 (6) 4574 (6) 125 (5)

Cf36) 1 2371 (10) 9088 (5) 4289 (6) 129 (6)

C(37) 1 2901 (9) 8750 (5) 4171 (5) 116 (5)

C(38) 1 2812 (7) 8243 (5) 4300 (5) 88 (4)

C (39) 1 3098 (6) 6311 (4) 4865 (4) 60 (3)

Cf40) 1 3417(6) 5906 (4) 4540 (4) 71(3)

C(41) 1 2929 (7) 5495 (4) 4265 (5) 92 (4)

C(42) 1 3285 (8) 5107 (4) 4032 (4) 95(4)

C (43) 1 4039 (7) 5065(4) 4020 f4) 79 (4)

C(44) 1 4524(8) 5456(4) 4226(5) 102(4)

C(45) 1 4200(7) 5856 (4) 4491 (4) 79 (3)

C(46) 1 2674(7) 5753(4) 5505(5) 73(3)

Cf47) 1 1991(7) 5483(4) 5511(4) 91(4)

C(48) 1 1984 (8) 5005 (4) 5801(5) 98 (4)

C(49) 1 2662 (9) 4853 (5) 6049 (6) 111 (5)

C(50) 1 3340 (7) 5090 (5) 6051(5) 99 (4)

C(51) 1 3308(7) 5543(4) 5754(5) 92(4)

C(52) 1 3522 (6) 6918(4) 4185(5) 74 (3)

C(53) 1 4150 (6) 7229(4) 4155 (5) 83(4)

C(54) 1 4376 (7) 7377 (4) 3629 (5) 97 (4)

Cf55) 1 3996 (6) 7219 (4) 3164 (5) 84 (4)

C(56) 1 3353 (7) 6932 (4) 3192 (4) 86 (4)

C f57) 1 3093 (6) 6759 (4) 3688 (4) 76 (3)
C (58) 1 3609 (7) 6826 f4) 6288 (5) 81 (4)



CXLI

c(59) 1 4247 (6) 6738 (5) 6737 (5) 77 (3)

Cf60) 1 4309 (8) 6284 (5) 7002 (5) 104 (5)
c(61) 1 4852(9) 6204(5) 7411(7) 127(5)
c(62) 1 5338(7) 6595(7) 7627(5) 117(5)
C(63) 1 5274(7) 7051(6) 7371(6) 110(5)
C(64) 1 4738(7) 7116(5) 6942(5) 96(4)

c(65) 1 2674(6) 6574(4) 6846(5) 75(3)

C(66) 1 2246 (6) 6159 (4) 6892 (5) 99 (4)
C(67) 1 1929(7) 6039(5) 7400(5) 100(4)
C(68) 1 2043(7) 6393(5) 7821(5) 110(5)
c(69) 1 2442 (7) 6800 (5) 7804 (4) 101 (4)
C(70) 1 2771(6) 6912(4) 7277(5) 82(3)
C(71) 1 4590(8) 7104 (5) 5691 (5) 82 (4)
c(72) 1 4886(8) 7574(6) 5576(5) 113(5)
c(73) 1 5606(9) 7611(6) 5365(7) 130(5)
c(74) 1 6055(10) 7207(7) 5290(7) 144(7)
C(75) 1 5769(8) 6751 (6) 5402 (6) 117 (5)
C(76) 1 5036 (7) 6702 (5) 5615 (4) 89 (4)
N(100) 0.50 862(13) 9377(8) 7428(9) 111(8)

C(100) 0.50 1291(10) 9693 (8) 7621 (11) 94 (7)

C(101) 0.50 2134 (9) 9797(8) 7613 (9) 117 (7)

C(102) 0.50 2644(12) 9431(8) 7820(10) 131(8)

cf103) 0.50 3418(11) 9479(9) 7753(10) 150(9)

C(104) 0.50 3682 (9) 9892 (10) 7477(10) 172 (10)

C(105) 0.50 3172(13) 10258(9) 7270(10) 164(9)
c(106) 0.50 2398 (12) 10210 (8) 7337 (10) 140 (8)

c(107) 0.50 890(11) 10038 (7) 8044 (8) 110(7)

C(108) 0.50 1298 (10) 10398 (8) 8362 (9) 135(9)

C(109) 0.50 913(14) 10752(8) 8654(9) 133(9)

C(110) 0.50 120 (14) 10746 (9) 8627 (10) 145 (9)

c(111) 0.50 -288 (10) 10386 (10) 8309 (10) 135 (8)
c(112) 0 .50 97(11) 10031 (8) 8017 (9) 126 (8)

N(200) 0.50 942(13) 9225(6) 7558(9) 94(7)

C(200) 0.50 1287(11) 9606 (8) 7676 (13) 102 (7)

C(201) 0.50 2016 (10) 9808(8) 7471(9) 114(7)
C(202) 0.50 2664(12) 9532(8) 7646(10) 135(8)

C(203) 0.50 3372 (10) 9675 (10) 7486(11) 145 (8)

C(204) 0.50 3433(11) 10094 (10) 7150 (10) 168 (10)

c(205) 0.50 2786(15) 10370 (8) 6976 (10) 162 (10)

C(206) 0.50 2077 (12) 10226 (8) 7136(9) 136 (9)

c(207) 0.50 735(11) 10030 (7) 7868 (8) 99 (7)

c(208) 0.50 1047 (10) 10434 (8) 8173 (9) 107 (7)

C(209) 0.50 587(13) 10725(8) 8485(10) 136(9)

c(210) 0.50 -184 (13) 10613 (9) 8493 (10) 130 (8)

C(211) 0.50 -495 (10) 10210(9) 8189(10) 135(9)

C(212) 0.50 -36(11) 9918 (7) 7876(9) 130(8)

N(300) 0.50 -742(11) 7933 (9) 2894(10) 101(7)
c(300) 0.50 -1287(13) 7676(7) 2805(12) 122(7)
C(301) 0.50 -1468(13) 7120(6) 2832(11) 163(8)

C(302) 0.50 -865(14) 6811(8) 2718(13) 150(8)

c(303) 0.50 -873(15) 6309(8) 2865(14) 167(9)

c(304) 0.50 -1484(17) 6116(7) 3126(14) 183(10)

C(305) 0.50 -2087(14) 6424(9) 3239(13) 209(11)
C(306) 0.50 -2079 (11) 6927(9) 3092(12) 201 (10)

c(307) 0.50 -1900 (11) 7928 (8) 2352(9) 134 (7)

c(308) 0.50 -2425(15) 7637(9) 2029(12) 145(8)

c(309) 0.50 -2995(15) 7864(12) 1680(13) 147(9)



CXLII

Cf310) 0.50 -3041(14) 8382(13) 1653(12) 153(10)
C(311) 0.50 -2516 (14) 8673 (9) 1975(12) 153 (10)
C(312) 0.50 -1945(11) 8446 (8) 2325 (9) 137 (8)
N(400) 0.50 -960 (13) 8105 (9) 3004(11) 128 (9)
c(400) 0.50 -1170(13) 7730(8) 2761(13) 125(8)
c(401) 0.50 -1166(13) 7172(7) 2887(11) 142(8)
Cf402) 0.50 -657(14) 6882(8) 2615(12) 160(9)
c(403) 0.50 -631(16) 6368 (8) 2700(14) 184 (10)
C (404) 0.50 -1113 (16) 6145 (7) 3055 (14) 172 (10)
C (405) 0.50 -1621(13) 6436(9) 3327(12) 191 (10)
C (406) 0.50 -1647 (12) 6949 (9) 3242(11) 191(10)
C(407) 0.50 -2012(12) 7875(9) 2469(10) 145(8)
C(408) 0.50 -2413 (16) 7551(9) 2098 (13) 142 (8)
C(409) 0.50 -2988(17) 7733(13) 1718(13) 147(9)
C(410) 0.50 -3162(15) 8239(13) 1708(13) 153(10)
C(411) 0.50 -2761 (15) 8564 (10) 2078 (14) 154 (9)
C(412) 0.50 -2187(13) 8382(9) 2459(11) 172(10)

Table 3. Hydrogen coordinates (x i0) and isotropic dispiacement

parameters (À2 x i0) for cis-V-8.

0cc. X y Z Ueq

Hf3) 1 1696 7744 7149 94
H(4) 1 1197 8352 7689 122

H(6) 1 1406 9376 6473 128
H(7) 1 1830 8760 5917 104
H(9) 1 1007 6769 6704 101

H(10) 1 -286 6752 6842 128
1-1(11) 1 -1170 7261 6347 146

H(12) 1 -730 7903 5763 155
H(13) 1 577 7905 5619 105
H(15) 1 3475 7986 6836 116
H(16) 1 4367 8560 7165 134

Hf17) 1 4822 9137 6546 171

Hf18) 1 4289 9194 5642 169
H(19) 1 3334 8625 5298 130
H(22) 1 -4 7399 4647 115

H(23) 1 -931 7652 3972 124

H(25) 1 658 7812 2902 136

H(26) 1 1618 7560 3546 98
H(28) 1 358 6472 5434 106
H(29) 1 -315 5788 5192 113
H(30) 1 -165 5382 4362 130
H(31) 1 663 5686 3728 141
H(32) 1 1380 6383 4010 106
H(34) 1 1213 8333 4874 115
H(35) 1 1369 9203 4680 150
H(36) 1 2433 9426 4178 154

Hf37) 1 3339 8856 3998 139
H(38) 1 3191 8007 4221 106



CXLIII

H(41) 1 2388 5507 4256 110
H(42) 1 2974 4847 3865 114
H(44) 1 5056 5447 4184 123
H(45) 1 4530 6109 4649 95
H(47) 1 1533 5612 5327 109
H(48) 1 1531 4813 5814 118
H(49) 1 2663 4545 6245 133
H(50) 1 3799 4961 6236 119
Hf51) 1 3776 5715 5728 110
H(53) 1 4428 7342 4488 100
H(54) 1 4804 7591 3611 116
H(55) 1 4166 7303 2812 100
H(56) 1 3068 6845 2851 103
H(57) 1 2658 6550 3693 91
H(60) 1 3959 6025 6892 125
H(61) 1 4917 5877 7563 153
H(63) 1 5602 7318 7495 132
H(64) 1 4693 7435 6770 115
H(66) 1 2155 5943 6580 119
H(67) 1 1658 5738 7447 120
H(68) 1 1805 6332 8154 132
H(69) 1 2519 7015 8119 121
H(70) 1 3046 7214 7235 98
H(72) 1 4603 7867 5641 136
Hf73) 1 5785 7932 5270 156
Hf74) 1 6549 7243 5164 172
Hf75) 1 6059 6460 5338 140

H(76) 1 4859 6379 5705 107

H(102) 0.50 2464 9148 8009 158

H(103) 0.50 3766 9229 7895 180
H(104) 0.50 4211 9925 7431 206

1-1(105) 0.50 3352 10540 7082 197
H(106) 0.50 2050 10460 7195 169
H(108) 0.50 1840 10403 8381 161

1-1(109) 0.50 1191 10999 8871 159
HfllO) 0.50 -144 10988 8826 174
H(111) 0.50 -830 10381 8290 162
H(112) 0.50 -181 9785 7800 152

H(202) 0.50 2622 9246 7875 162
Hf203) 0.50 3815 9487 7605 174
H(204) 0.50 3918 10192 7041 202
H(205) 0.50 2827 10656 6747 194

H(206) 0.50 1635 10415 7017 163

H(208) 0.50 1573 10511 8167 128

H(209) 0.50 800 11001 8693 163
Hf210) 0.50 -498 10813 8706 156
H(211) 0.50 -1022 10133 8194 162
1-1(212) 0.50 -249 9642 7668 156
H(302) 0.50 -447 6943 2540 180

Hf303) 0.50 -461 6098 2788 201
Hf304) 0.50 -1490 5773 3226 219

Hf305) 0.50 -2505 6292 3417 250

H(306) 0.50 -2491 7138 3170 241

Hf308) 0.50 -2394 7283 2048 174

H(309) 0.50 -3354 7666 1459 176
Hf310) 0.50 -3430 8538 1414 183
H(311) 0.50 -2547 9027 1957 183



CXLIV

14(312) 0.50 -1587 8645 2546 164
14(402) 0.50 -328 7034 2372 192
11(403) 0.50 -284 6169 2514 220
H(404) 0.50 -1094 5794 3113 206
14(405) 0.50 -1950 6283 3570 229
14(406) 0.50 -1995 7148 3428 230
11(408) 0.50 -2294 7204 2105 170
11(409) 0.50 -3261 7511 1465 176
11(410) 0.50 -3555 8364 1447 183
14(411) 0.50 -2880 8910 2071 185
14(412) 0.50 -1913 8604 2712 206

Table 4. Anisotropic parameters (À2 x io) for cis-V-8.

The anisotropic dispiacement factor exponent takes the form:

-2 3t2 [ h a*2 U11 + . . . -f- 2 h k a* b* U12

Uli U22 U33 U23 U13 U12

Rhfl) 103(1) 78(1) 31 (1) -2(1) 3(1) 3(1)
Rh(2) 105(1) 76(1) 32(1) -3(1) 2(1) 0(1)
Br(1) 178 (2) 124(1) 108 (2) -38(1) -6(1) 39(1)
3r(2) 348(3) 345(3) 133(3) -49(2) -62(2) 134(3)
N(1) 79 (6) 80 (6) 29 (5) -15(4) -6 (4) 10 (5)
N(2) 99(7) 60(6) 51(7) -6(4) 1(6) 3(5)
N(3) 83(6) 92(7) 25(6) 3(4) -18(5) 10(5)
N(4) 60 (6) 99 (7) 64 (7) 12 (5) -1 (5) 25 (5)
N(5) 104(7) 61(5) 38(6) 6(4) 13(5) 3(5)
N(6) 85(6) 89 (7) 44(6) -1 (5) -1(5) 7 (5)
N(7) 50 (6) 87 (7) 121 (10) -3 (6) 24 (6) -3 (5)
N(8) 44(5) 122(8) 63(8) -16(6) -2(5) 13(5)
C(1) 83(9) 72(8) 44(8) -22(6) -24(6) 15(7)
c(2) 118(9) 65(7) 29(7) -7(5) 8(6) 12(7)
c(3) 112(9) 64(7) 61(9) -4(6) 14(7) 8(6)
C(4) 179(12) 73(8) 55(9) 18(6) 28(9) 24(9)
C(5) 176(13) 122(11) 42(9) -15(7) 18(9) 52(10)
C(6) 196(13) 64(8) 59(9) -15(6) 14(9) 49(8)
c(7) 154(11) 81(8) 25(7) -7(5) 10(7) 6(8)
C(8) 118 (10) 71(8) 52 (9) -30(6) -4 (8) 26(8)
C(9) 120 (10) 90 (9) 41 (8) —16 (6) 5 (7) -8 (8)
C(10) 134 (12) 150 (13) 37(9) -15(7) 14(9) -20(10)
C(11) 103(11) 176 (16) 86 (14) -38(11) 11 (10) -17(11)
C(12) 115(13) 157 (14) 116 (15) -11(11) 5(10) 4(11)
C(13) 80(9) 120 (10) 66(9) -17(7) 21(7) -4(8)
c(14) 103(9) 94(9) 41(8) -15(7) -1(7) -3(7)
c(15) 150(12) 85(9) 57(10) -16(7) 24(9) -6(8)
C(16) 166 (13) 130 (12) 35 (9) 3 (8) -14 (9) -47 (10)
C(17) 214(16) 158(14) 49(12) -19(9) -19(12) -72(12)
C(18) 209 (16) 101 (11) 112 (15) -4(10) 13 (13) -77(10)
c(19) 170(13) 111(10) 50(9) 5(7) 41(9) -15(9)



CXLV

C(20) 62 (8) 169 (12) 11(7) -21(7) -19(6) 61(8)
C(21) 83(9) 75(8) 73(10) -4(6) 4(8) 11(6)
C(22) 90(9) 141(11) 56(10) -10(7) 3 (8) 14(8)
C(23) 59(8) 204(14) 43(10) -3(9) -17(7) 15(8)
c(24) 115(12) 183(15) 82(13) 9(10) 42(10) -2(11)
c(25) 146 (12) 157 (12) 30(9) 19(8) -23 (9) 8(11)
c(26) 87 (8) 118 (9) 40 (8) 16(6) 12 (7) 13 (7)
c(27) 92 (9) 98 (9) 54 (9) -23 (7) -14 (7) 1 (7)
Cf28) 111 (10) 87(9) 68(9) -10(7) 21(8) -42(8)
C(29) 108 (10) 130 (12) 46 (9) -4 (7) 16 (8) -20 (9)
C(30) 98 (10) 94 (10) 131 (15) 0 (9) 2 (10) -37 (8)
C(31) 132 (12) 137 (12) 80 (12) -30 (9) -6 (9) -66 (10)
C(32) 97(9) 132(11) 37 (8) 14 (7) 6 (7) -15 (8)
c(33) 127 (11) 82(9) 37(8) 8(6) -11(7) 36(8)
c(34) 146(11) 92 (9) 49 (9) 14 (7) 3 (8) 14 (9)
Cf35) 181(15) 121(13) 69(12) 16(9) -15(10) 0(11)
cf36) 219 (17) 76 (10) 87 (13) 21 (8) -10 (12) 1 (11)
Cf37) 213 (16) 90(11) 46(9) 0 (7) 21 (10) -5(11)
C(38) 127 (10) 92(9) 40(8) -9(7) -14(7) 6(9)
c(39) 80(8) 58(7) 37(7) -26(5) -20(6) 44(6)
C(40) 59 (7) 92 (9) 60 (9) 16 (6) -1 (6) 9 (7)
C(41) 124 (10) 56(7) 96(11) 7(7) 16 (8) -1(7)

c(42) 176 (12) 80 (8) 30 (7) —9 (5) 9 (8) 54 (9)
C(43) 124(10) 58(7) 57(8) -23(5) 14(7) 44(7)
c(44) 177(12) 52(7) 83(10) -9(6) 42(9) 37(8)
C(45) 115 (10) 74 (8) 46 (8) -3 (6) -9 (7) -1 (7)

C(46) 98(9) 76(8) 44(8) -18(6) 1(7) 15(8)
c(47) 137(11) 88(9) 49(9) 3 (6) 15(8) -11(8)

c(48) 117 (11) 89(9) 90(12) 3 (8) 22 (9) -7(8)

c(49) 124(12) 106(11) 105(13) 19(8) 22(11) 43(10)

c(50) 94(10) 117(11) 84(11) 18(8) 1(8) 4 (9)

C(51) 125(11) 88(9) 64(10) 7(7) 20(8) 15(8)

C(52) 86(8) 79(8) 56(9) -13(6) -8(7) 8(6)
c(53) 102 (9) 107 (10) 37 (8) 0 (6) -13 (7) -18 (7)
C (54) 156(11) 116 (9) 15 (8) -7 (6) -12 (8) -36 (8)
Cf55) 93(9) 114(10) 43(9) 6(6) 1(7) -12(7)
C(56) 123 (10) 114 (10) 18(7) -20(6) -6(7) 13 (8)
C(57) 92 (8) 118 (9) 16 (7) -3 (6) -12 (6) -6 (7)

C(58) 100 (10) 95(9) 42 (9) -2(6) -29(8) 42 (8)
C(59) 81 (8) 100 (9) 50 (9) 5(7) 1 (7) 5 (8)
C(60) 140(12) 143(13) 24(9) -12(7) -24(8) 35(10)

C(61) 195(16) 105(11) 82(13) -31(9) 20(11) 43(11)
C(62) 128 (10) 183 (12) 31(9) -3 (8) -51(7) 58(9)
C(63) 114(11) 159(13) 55(11) -8(9) -7(9) 21(9)
C(64) 99(10) 153(12) 30(9) -1(8) -20(7) 15(9)

C(66) 140 (11) 122 (10) 35(8) -3 (6) 6(8) -44 (8)
C(67) 115 (10) 124(11) 59(10) 14(8) 3 (8) -9 (8)

Cf68) 156(12) 147(13) 28(9) -5(8) 17(8) -28(10)
C(69) 156 (12) 128(11) 19 (7) 0 (7) 12 (7) -36 (9)
C(70) 123 (9) 80 (8) 41 (8) 4 (6) -6 (7) 3 (7)
C(71) 85(10) 108 (10) 48(9) -9(7) -14(7) -10(9)
C (72) 96 (10) 194 (16) 51 (10) -10 (9) 9 (8) -11 (11)

C(73) 135(14) 149(14) 100(14) 18(11) -25(11) -29(12)
C(74) 136(15) 155 (16) 145(17) -30(13) 47 (12) -22(13)
C(75) 101 (11) 163 (15) 84 (12) -47 (10) -12 (9) 11 (11)
C(76) 81(9) 144(12) 41(8) 6(7) -3(7) 13(9)
N(100) 180(16) 125(16) 26(13) 52(11) 2(12) 36(14)
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c(100) 166 (14) 85 (12) 29 (12) 3 (10) -4 (12) 2 (12)
c(lol) 198(14) 105(13) 47(13) -4(11) 5(13) 16(13)

Cf102) 232(18) 125(16) 40(15) -29(12) 26(14) 0(16)
C(103) 234 (19) 147 (18) 72 (18) -35(14) 32 f17) -8 (17)
C(104) 260 f19) 151 (19) 107 (19) -17 (17) 27 (17) -51 (17)
C (105) 218 (18) 194 (17) 84 (18) 1 (16) 32 (16) -41 (16)
C(106) 212(17) 136(15) 75(16) 7(14) 24(15) -1(15)
C(107) 167(14) 116(14) 48(14) -9(12) 4(13) 36(13)
C(108) 215 (18) 117 (15) 68 (18) -6 (14) -7 (16) 62 (15)
C (109) 207 (19) 135 (15) 55(16) -7 f13) 10 (16) 66 (16)
C(110) 270 (20) 115 (15) 49 (15) -41 (12) 14 (17) 59 (17)
C(111) 264(17) 108 f16) 32(14) -30(12) 7(14) 78(14)

C(112) 246(17) 110(14) 21(13) -11(11) 0(14) 70(15)
Nf200) 165(15) 65(12) 57(14) 25(11) 30(12) 32(12)
c(200) 172(14) 103(13) 30(12) -3(11) 2(12) -1(12)
C(201) 188(15) 103 (13) 49(14) -23(12) -12(13) 13(13)
C(202) 231(18) 124(15) 51(15) -43(13) 8(15) 12(15)
C(203) 224 (16) 135(16) 79(16) -39 (14) 24 f15) -38 (15)

C(204) 254 (19) 183 (19) 69 (19) -33 (16) 23 (16) -45 (17)

C(205) 210 (20) 200 (18) 82 (19) -8(16) 23 f17) -15(18)
C(206) 202 (18) 140 (16) 65 (17) -2 (14) 6(16) -18 (16)

C(207) 166(15) 113(13) 15(12) 10(10) -19(12) 43(13)

C(208) 173(15) 99(14) 44(14) -24(12) -20(13) 62(13)
C (209) 217 f19) 127 (14) 62 (16) -23 (13) 7 (16) 51 (15)
C (210) 254 f19) 107 (16) 27 (14) -50 (12) -4 (15) 45 (16)
C(211) 269 (19) 98 (17) 33 f15) -22 (13) -11(15) 55(15)
C(212) 254(18) 111(16) 26(14) -11(12) 13(15) 56(15)

N(300) 66 f13) 219 (17) 17(11) 48 (12) -4 (10) 36 (12)
Cf300) 111(13) 207(15) 51(12) 58(12) 12(12) -11(13)
C(301) 163 (16) 217 (15) 109 (14) 27 (14) 15(14) -10 (14)

C(302) 126 (16) 201 (17) 127 (16) 39 (16) 30 (14) -10 (16)
Cf303) 166(17) 158(16) 183(18) 48(15) 52(16) -38(16)
Cf304) 170 (20) 174 (18) 210 (20) 55 (16) 42 (19) -85 (17)

C(305) 220 (20) 193 (18) 210 (20) 48 (17) 43 (19) -112(18)

C(306) 210(20) 203 (19) 190 (20) 24 (18) -4(19) -85 (18)

C(307) 123(13) 222(15) 64(13) 29(13) 44(11) -14(13)

C(308) 135(16) 220 (17) 79 (16) 24 (15) 6 (14) 1 (15)

C(309) 126 (15) 215 (19) 100 (16) 28 (16) 10 (14) 26 (15)
Cf310) 120 (16) 210 (20) 132 (18) 55(17) 15 (16) 18 (16)
C f311) 133 (18) 200 (18) 126(18) 64 (16) 17(16) -22 (16)

C(312) 131(15) 200(16) 85(15) 47(14) 43(13) -16(15)

Nf400) 77 (14) 270 (20) 38 (15) 40 (15) -5 (12) 7 (15)

C(400) 102(14) 217(15) 54(13) 50(13) 2(12) -16(14)

c(401) 129(15) 218 (16) 82(14) 37 (14) 27 (13) -28 (15)

C(402) 135 (16) 196 (17) 148 (17) 33 (15) 13 (15) -23 (15)

Cf403) 172 (19) 188 (19) 190 f20) 25 (18) 25 (18) -16 (18)
C f404) 140 (20) 178 (17) 210 (20) 39 (16) 66 (18) -65 f16)
C f405) 182 (19) 170 (17) 219 (18) 40 (16) 4 (17) -133 (16)

C(406) 197 (19) 209 f17) 165 (18) -12 (17) -1 f17) -67 (17)
Cf407) 141(14) 219(15) 78(14) 23(13) 21(13) -17(14)
C (408) 136(15) 219 f17) 70 fis) 39 (14) 7 f14) 2 (14)
C(409) 125(16) 217 f19) 98 (17) 11 (17) 2 (15) 29 (16)
Cf410) 124 (16) 200 (20) 128 (18) 54 (17) 2 (15) 45(17)
C (411) 123 (17) 203 (17) 135 (18) 61 (16) -1 (16) 0 (16)
C f412) 160 f17) 229 (18) 123 (18) 37 f16) -8 (16) -17 (16)
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Table 5. Bond lenqths [Â] and anqies [0J for cis-V-8.

Rhfl) -N(5)

Rhfl) -N(3)
Rh(l) -N(7)

Rh(l) -N(l)
Rh(l) -Rh(2)

Rh(2) -N(4)

Rli(2) -N(8)

Rh(2) -N(6)

Rh(2) -N(2)

Brfl) -C(43)
Br(2) -C(62)

Nfl) -C(8)
N(l) -C(l)

N(2) -C(l)

N(2) -C(14)

N(3) -C(27)

N(3) -C(20)

N(4) -C(20)

N(4) -C(33)

N(5) -C(39)

N(5) -C(46)

N(6) -C(39)

N(6) -C (52)
N(7) -C (58)
N(7) -C(65)
N(8) -C(71)

N(8) -C(58)

C(l)-C(2)

C(2) -C(7)

C(2) -C(3)

C(3) -C(4)

C(4) -C(5)
C(5) -C(6)

C(5) -N(200)

C(5) -N (100)

C(6) -C(7)

C(8) -C(13)

C(8) -C(9)

Cf9) -C(10)
C (10) -CUl)

C(11) -C(12)

C(12) -C(13)
C (14) -C(15)

C(14) -C(19)

C (15) -C (16)

C(16) -C(17)

C(17) -C(18)

C(18) -C(19)
C(20) -C(21)

C(21) -C(22)
C (21) -C (26)

C(22) -C(23)

C(23) -C(24)

C(24) -N(300)

1.960(8)
1.967 (8)
1.981(10)

1.986(8)
2.3929(12)

1.961(8)
1.971(9)

2.023 (8)
2.042 (8)
1.854 (8)
1.945 (11)

1.360 (13)
1.364(11)

1.307(11)

1.431(12)

1.370(12)
1.394 (13)
1.333 (13)

1.468(12)
1.311(11)

1.419 (12)

1.353(11)

1.501 (13)
1.236 (13)
1.490(13)

1.367(13)

1.465(13)

1.459 (12)
1.357 (12)

1.436(13)
1.361(13)

1.349 (14)
1.427 (15)
1.44(2)

1.60(3)

1.349(12)

1.406(14)
1.438 (14)
1.408 (14)
1.382 (16)

1.406(18)

1.431(14)

1.391(15)

1.465(14)

1.368(14)
1.380(16)

1.358 (18)
1.416(16)
1.499 (14)

1.395 (13)
1.430 (14)
1.393 (14)
1.396 (16)
1.36(3)

C(24) -C(25)
C(24) -N(400)
C(24) -C(400)

C(25) -C(26)
C(27) -C(28)

C(27) -C(32)
C(28) -C(29)
C (29) -C(30)

C(30) -C(31)

C(31) -C (32)
C(33) -C(38)

C(33) -C (34)
C(34) —C (35)
C(35) —C (36)

C (36) —C (37)

C(37) —C(38)

C(39) -C(40)
C(40) -C (45)

C(40) -C(41)

C(41) -C(42)

C(42) -C(43)

C(43) -C(44)

C(44) -C(45)

C(46) -C(51)

C(46) -C(47)

C(47) -C(48)

C(48) -C(49)
C (49) -C(50)
C(50) -C(51)

C(52) -C(53)

C(52) -C(57)

C(53) -C(54)

C(54) -C(55)

C(55) -C(56)

C(56) -C(57)

C(58) -C(59)

C(59) -C(60)

C(59) -C(64)

C(60) -C(61)

C(61) -C(62)

C(62) -C(63)

C(63) -C(64)
C (65) -C (66)

C(65) -C(70)

C(66) -C(67)

C(67) -C(68)

C(68) -C(69)
C(69) -C(70)

C(71) -C(76)

C(71) -C(72)

C(72) -C(73)

C(73) -C(74)

C(74) -C(75)

C(75) -C(76)

1.421(15)

1.66(3)

1.99(3)
1.381 (14)

1.336(13)

1.488(14)
1.319 (13)
1.378 (15)
1.373 (15)

1.365(14)
1.373 (14)
1.392 (14)
1.425(15)

1.424 (17)

1.347 (16)
1.404 (14)
1.476 (12)
1.397 (12)
1.511 (14)
1.359 (12)
1.334 (14)

1.411(14)
1.393 (12)
1.342 (14)
1.403 (13)
1.458 (14)
1.347(15)

1.350(14)
1.405(14)
1.389 (13)
1.421 (13)
1,414 (13)

1.321(13)
1.372 (13)

1.393 (13)

1.506(15)

1.372 (15)
1.390 (14)

1.324(17)
1.420(17)

1.368 (17)
1.345 (15)

1.352 (13)
1.376(14)

1.422(14)
1.387 (15)
1.298 (14)
1.470 (13)
1.352 (14)

1.399 (16)
1.408 (16)
1.360 (17)

1.356 (16)

1.435(14)
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N(100) -C(100)

C (100) -C (101)
C (100) -C(107)
C(101) -C (102)

C(101) -C(106)

C(102) —C(103)

C(103) -C(104)

C(104) -C(105)
C (105) -C (106)
C (107) —Cf108)

Cf107) -Cf112)

Cf108) -Cf109)
C (109) -C (110)

C(110) -C(111)

C(111) -C (112)

Nf200) -C(200)
C (200) -C (201)
C (200) -C (207)
C (201) -C (202)

C(201) -C (206)
C (202) -C (203)

C(203) -C(204)

C(204) -C(205)

C(205) -C (206)
C(207) -C(208)

C(207) -C (212)

C(208) -C(209)
C (209) —C (210)
C(210) -C (211)

C(211) -C (212)

N(300) -C(300)
C(300) —C(301)
C (300) —C (307)
C (301) —C(302)

C(301) -C (306)

C (302) -C(303)

Cf303) -C(304)

C(304) -C(305)

C(305) -C(306)
C(307) -C(308)

C(307) -C(312)

Cf308) —C(309)

C(309) -C (310)
C (310) —C(311)

C(311) -C(312)
N(400) -C(400)
C(400) -C(401)

C(400) -C(407)

C(401) -C(402)

C(401) -C(406)

C(402) -C(403)

C(403) -C(404)

C(404) -C(405)
C(405) -C(406)
C(407) -C(408)

C(407) -C(412)

C(408) -C (409)

1.199(16)

1.510 (15)
1.585 (15)
1.3900

1.3900

1.3900

1.3900

1.3900

1.3900

1.3900

1.3900
1.3900

1.3900

1.3900

1.3900

1.208 (16)
1.512(15)

1.590(15)

1.3900

1.3900

1.3900

1.3900

1.3900

1.3900

1.3900
1.3900

1.3900

1.3900

1.3900

1.3900
1.183 (17)
1.524 (15)

1.611(15)
1.3900

1.3900

1.3900

1.3900

1.3900

1.3900

1.3900
1.3900

1.3900

1.3900
1.3900

1.3900
1.203 (18)

1.522(15)
1.628 (16)
1.3900

1.3900

1.3900

1.3900

1.3900
1.3900

1.3900

1.3900

1.3900

C(409) -C (410)

C(410) -C(411)
C(411) -C(412)

N(5) -Rh(1) -Nf3)
N(5) -Rh(1) -Nf7)
N(3) -Rh(1) -Nf7)

N(5) -Rh(1) -Nf1)
N(3) -Rh(1) -Nf1)
N(7) -Rh(1) -Nf1)
N(5) -Rh(1) -Rh(2)

N(3) -Rh(1) -Rhf2)

N(7) -Rh(1) -Rh(2)

N(1) -Rh(1) -Rhf2)

N(4) -Rh(2) -Nf8)

N(4) -Rh(2) -N(6)
N(8) -Rh(2) -N(6)

N(4) -Rh(2) -N(2)

N(8) -Rh(2) -N(2)

N(6) -Rh(2) -N(2)

Nf4) -Rh(2) -Rh(1)

N(8) -Rhf2) -Rhfl)

N(6) -Rh(2) -Rh(1)

Nf2) -Rhf2) -Rh(1)
C(8) -N(1) -C(1)

C(8) -N(1) -Rh(1)

C(1) -N(1) -Rh(1)

Cf1) -Nf2) -C(14)

C(1) -N(2) -Rh(2)

C(14) -N (2) -Rh(2)
C(27) -Nf3) -C(20)
C (27) -N(3) -Rh(1)

C(20) -N (3) -Rh(1)

C(20) -N(4) -C (33)

C(20) -N(4) -Rh(2)

C(33) -N(4) —Rh(2)

C(39) -N(5) -C (46)

C(39) -N(5) -Rh(1)

C(46) -N(5) -Rh(1)

C(39)-N(6)-C(52)
C (39) —N(6) -Rli(2)

C(52) -N(6) -Rh(2)

C(58) -Nf7) -C(65)

C(58) -N (7) -Rh(1)

C(65) -N(7) -Rh(1)

C(71) —Nf8) -C(58)
C (71) -N(8) -Rh(2)
C (58) -N (8) -Rh(2)

N(2) -Cf1) -N(1)

Nf2) -Cf1) -C(2)

N(1) -C(1) -C(2)

C(7) -Cf2) -C(3)

C(7) -Cf2) -C(1)

C(3) -C(2) -C(1)

C(4) -C(3) -C(2)

C(5) -C(4) -C(3)

C(4) -C(5) -Cf6)

1.3900

1.3900
1.3900

90.6(3)
88.2(3)

175.4 (4)
176.0 (4)

90.6(3)
90.3 (3)

88.5(2)
87.9(3)

87.6(3)

87.7(3)

176.7 (4)

91.6(4)
88.2(3)

90.2(4)

89.6(3)

172.7(3)

87.7(3)

88.9(3)
86.3 (2)

86.7(3)
115.9 (9)
119.9(7)

123.1(7)

118.2(9)

122.6(7)

118.7(7)
119.2 (10)

119.0(8)

121.0(8)

117.1(10)

123.7(8)
118.1(7)

115.8 (8)

123.6(7)
119.2 (6)
119.4 (8)
121.2 (7)

118.9(6)

115.7(11)

124.0(9)

118.5(7)
120.0 (10)
122.0(8)

117.0(7)

115.5(9)
121.6 (10)
122.8(10)

117.6(9)

122.5(10)

119.7 (10)

119.2(10)

121.8(11)

119.7 (11)
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C(4)-C(5)-N(200)

C(6) -C(5) -N(200)

Cf4) -c(5) -N(100)

C(6) -C(5) -N (100)
N (200) -C(5) -N(100)
c(7) -C(6) -C(5)
C(6) -C(7) -C(2)

N(1) -C(8) -C(13)
N(1) -C(8) -C(9)

C(13) -C(8) -C(9)
C(10) -C(9) -C(8)
C(11) -C(10) -C(9)

C(10) -C(11) -C(12)

C(11) -C(12) -C(13)

C(8) -C(13) -C(12)

C(15) -C(14) -N(2)

C(15) -C(14)-C(19)

N(2) -C(14) -C(19)

C(16) -Cf15) -C(14)

C(15) -C(16) -C(17)

C(18) -C(17) -C(16)

C(17) -C(18) -C(19)

C(18) -C(19)-C(14)

N(4) -C(20) -N(3)

N(4) -C (20) -C(21)

N(3) -C(20) -C(21)

C(22) -C(21) -C(26)

C (22) -C(21) -C(20)

C(26) -C (21) -C(20)
C (23) -C(22) -C(21)
C (22) -C(23) -C(24)

N(300) —C (24) -C(23)

N(300) -C (24) -C(25)

C(23) -C(24) -C(25)

N(300) -C(24) -N(400)

C(23) -C (24) -N(400)

C(25) -C (24) -N(400)
N (300) -C (24) -C(400)
C (23) -C (24) -C(400)

C(25)-C(24)-C(400)

N(400) -C(24) -C (400)

C(26) -C(25) -C(24)

C(25) -C (26) -C (21)
C(28) —C (27) -N(3)

C(28) -C(27) -C(32)

Nf3) -C(27) -C(32)

C(29) -C (28) -C(27)

C(28) -Ct29) -C(30)

Cf31) -C (30) -C (29)

C(32) -C(31) -C(30)

C(31) -C(32) -C(27)

C(38) -C(33) -C(34)

C(38)-Cf33)-N(4)

C(34) —C (33) -N(4)
C (33) -C(34) -C (35)
C(34) -C(35) -Cf36)
C(37) -C(36) -C(35)

111.6(13)
128.5(13)

129.6(13)

110.0(13)

18.9(12)
117.9(11)

123.7(11)

124.5(11)

123.0(12)

112.4(12)
121.5 (12)

122.9(13)

119.4(14)
115.9 (14)
127.8(13)

123.8(11)
113.5(11)

122.4(11)
126.2 (12)

118.1(14)
121.5 (14)
120.3(14)

120.3 (13)

115.2 (10)
122.1 (12)
122.6 (11)

117.0(11)

121.6 (11)

121.4(11)

122.3(11)
124.2 (12)

131.5(15)

117.4 (14)

110.7(14)
22.8 (15)

113.0(14)

130.7(14)

25.4(13)
116.4 (14)

129.9(14)

37.1(7)

128.9 (12)

116.8(11)
123.9(11)

112.4(11)

123.4(11)

125.3 (12)

120.2(12)

122.7(12)

114.2(13)

125.2(11)

120.3(12)

117.0(11)

121.1(11)

121.4(13)
115.5 (14)
122.4 (14)

C(36) -C(37) -C(38)
C (33) -Cf38) -C(37)

N(5) -C (39) -N(6)

N(5) —C(39) -C(40)

N(6) -C(39) -C(40)
C(45) -C(40) -C(39)
C(45) -C(40) -C(41)

C(39) -C(40) -c(41)

C(42) -C(41) -C(40)

C(43) -C(42) -C(41)

C(42)-C(43)-C(44)

C(42) -C(43) -Br(1)

C(44) -C(43) -3r(1)

C(45)-C(44)-C(43)

C(44) -C(45) -C(40)

C(51) -C(46) -C(47)
C(51) -C(46) -N(5)

C(47) -C(46) -N(5)

C(46) -C(47) -C(48)

C(49) -C(48) -C(47)

C(50) -C(49) -C(48)

C(49) -C(50) -C(51)

C (46) -C (51) -C (50)

C(53) -C(52) -C(57)

C(53) -C(52) -N(6)

C(57) -C(52) -N(6)

C(52) -C(53) -C(54)

C(55) -C(54) -C(53)
C(54) -C(55) -C(56)

C(55)-C(56)-C(57)

C(56) -C(57) -C(52)

N(7) -C(58) -N(8)
Nf7) -C(58) -C(59)

N(8) -C(58) -C(59)

C(60) -C(59) -C(64)

C(60) -C(59) -C(58)

C(64) -C(59) -C(58)

C(61) -C(60) -C(59)

C(60) -C(61) -C(62)

C(63) -C(62) -C(61)

C(63) -C(62) -Br(2)

C(61) -C(62) -Br(2)

C(64) -C(63) -C(62)
C(63) -C(64) -C(59)

C (66) -C (65) -C (70)

C(66) -C(65) -N(7)

C(70) -C(65) -N(7)

C(65) -C(66)-C(67)

C(68) -C(67) -C(66)

C (69) -C (68) -C (67)

C(68) -C(69) -C(70)

C(65) -C(70) -C(69)

C(76) -C(71) -N(8)

C(76) -C(71) -C(72)

N(8) -C(71) -C(72)

C(71) -C(72) -C(73)
C(74) -C(73) -C(72)

120.7(14)

119.3 (12)

116.5(8)
124.2 (10)

119.3 (10)
122.6 (10)
114.8 (10)
122 .5 (9)

118.1(11)

124.6(12)

120.1(9)
121.2 (9)

118.4(9)
118.1 (11)

123.9(11)

117.1(12)
123.8(12)
119.0 (11)
120.2 (12)

115.5(12)

127.4(14)

114.0(13)

125.8(13)

120.0(11)
119.3 (10)
120.5 (10)

120.2(11)

120.3 (12)
119.7 (11)
124.1 (11)

115.6(11)
118.7 (11)

127.4 (12)
113.9(11)
117.3 (13)
119.7 (12)
122.7(12)
120.7 (15)

121.5(14)

118.1(13)

116.7(13)
125.2 (13)
119.0 (14)
123.2(14)

120.8(11)
117.8 (10)
120.7 (10)
121.3 (12)

115.5(12)
126.4 (12)

117.0(11)
118.8 (11)
127.2 (12)

117.2(13)

115.1(13)

119.9(14)
122.8 (16)



CL

c(73) -C(74) -c(75)
C(74) -c(75) -C(76)

c(71) -c(76) -C(75)
CflOO) —N(100) —C(5)

N(100) -c(100) -C(101)
N (100) -C (100) -C(107)
C (101) -C(100) -c(1o7)

C (102) -C (101) -C(106)

C(102) -C(101) -C(100)
C(106) -C(101) -C(100)
C(101) -C(102) -C(103)

C(102) -C(103) -C(104)

C(105) -C(104) -C(103)
C(104) -C(105) -C(106)

C(105) -Cf106) -C(101)
C(108) -C(107) -C(112)

C(108) -C(107) -C(100)

C(112) -C(107) -C(100)
C(109) -C(108) -C(107)

C(108) -Cf109) -Cf110)
C (109) -C(110) -C(111)
C(112) -C(111) -C(110)

C(111) -C(112) -C (107)

C(200) -N (200) -C(5)
N (200) -C(200) -C(201)
N (200) -C (200) -C(207)

C(201) -C(200) -C(207)
C(202) -C(201) -C(206)

C(202) -C(201) -C(200)

C(206) -C(201) -C (200)

Cf203) -C(202) -C(201)

C(204)-C(203)-C(202)

C(203) -C(204) -C(205)
C(206) -C(205) -C(204)

C(205) -C(206) -C(201)

C(208) -C(207) -C(212)

C(208) -C(207) -C(200)

C(212) -C(207) -C(200)

C(207) -C(208) -C(209)

C(210) -C(209) -C(208)
C(209) -C(210) -C(211)
C(212) -C(211) -C(210)

C(211) -C (212) -C(207)

C(300) -N(300) -C(24)
N(300) -C(300) -C(301)
N(300) -C(300) -C(307)
C(301) -C(300) -C(307)
C(302) -Cf301) -C(306)
Cf302) -C(301) -C(300)
C(306) -C(301) -C(300)

C(303) -C(302) -C(301)
C(304) -C(303) -C(302)

C(303) -C(304) -C(305)
C(306) -C(305) -C(304)
C(305) -Cf306) -C(301)

C(308) -C(307) -C(312)
C(308) -C(307) —C(300)

117.4 (16)
120.8(15)

121.8 (13)
115 (2)
135.3 (18)
111.0(17)

113.2(14)
120 . O

117.9(13)

121.5(14)
120.0
120.0
120.0
120.0

120.0
120.0

121.4(11)
117.7(11)
120.0
120.0

120.0
120.0

120.0

115.2 f19)

130.4(19)
111.3 (16)

113.3(14)
120.0

114.0(14)

126.0(14)
120.0
120.0

120.0
120.0

120.0
120.0

119.1(12)
118.1(12)
120.0
120.0
120.0
120.0
120.0

111(2)
137 (2)

111.1(18)
108.0 (14)
120.0

114.0(14)

123.7(14)
120.0
120.0

120.0
120.0

120.0

120.0
120.9 (12)

C(312) -C(307) -C(300)
C(309) -C(308) -C(307)
C(310) -C(309) -C(308)
C(309) -C(310) -C(311)

C(312) -C(311) -C(310)
C(311) -C(312) -C(307)

C(400) -N(400) -C(24)

N(400) -C(400) -C(401)

N(400) -C(400) -C(407)

C(401) -C(400) -C(407)
N(400) -C(400) -C(24)

C(401) -C(400) -C(24)
C(407) -C(400) -C(24)
C(402) -C(401) -C(406)

C(402) -C(401) -C(400)
C(406) -C(401) -C(400)
C(401) -C(402) -C(403)

C(404) -C(403) -C(402)
C(403) -C(404) -C(405)
C(406) -C(405) -C(404)

C(405) -C(406) -C(401)

C(408) -C(407) -C (412)

C(408) -C(407) -C(400)

C(412) -C(407) -C(400)

C(407) -C(408) -C(409)
C(410) -C(409) -C(408)

C (409) -C(410) -C(411)

C(412) -C (411) -C(410)

C(411) -C(412) -C(407)

118.9(12)

120.0

120.0

120.0

120.0

120.0

86.2 (18)
136 (2)

103.8(17)
108.0 (14)
56.6 (15)

84.5(13)
157.0(19)
120.0

116.6(15)

123.4(14)
120.0

120.0
120.0

120.0

120.0
120.0

121.1(13)

115.6(13)
120.0
120.0

120.0

120.0

120.0
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Table 1. Crystal data and structure refinement for V-10.

Empirical formula C76 H64 N12 Rh2

Formula weight 1351.21

Temperature 100 (2) K

Wavelength 1.54178 Â

Crystal system Tetragonal

Space group P4/n

Unit ceil dimensions a = 17.6228(9) Â cL = 900

b = 17.6228(9) Â = 9Q0

c = 11.8846 (15) Â = 90°

Volume 3690.9(5)Â3

Z 2

3Density (calculated) 1.216 g/cm

bsorption coefficient 3.985
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Ff000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

)JDsorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigmafl)]

R indices (ail data)

Largest dif f. peak and hole

1388

0.08 x 0.06 x 0.06 mm

3.55 to 56.10°

-18h18,-18k18,-l0t12

33886

2400 [Rint = 0.064]

Semi-empiricai f rom equivalents

0.8400 and 0.7800

Fuli-matrix least-squares on F2

2400 / o / 205

1 . 027

Ri = 0.0363, wR2 = 0.0884

Ri = 0.0459, wR2 = 0.0905

1.455 and -0.545 e/Â3

Table 2. Atomic coordinates fx io) and eguivalent isotropic
3

dispiacement parameters (A x 10 ) for V-10.

Ueq is defined as one third of the trace of the orthogonaiized

Uij tensor.

0cc. x y z Ueq

Rhfi) 1 2500 2500 3158(1) 24(1)
Rh(2) 1 2500 2500 5173(1) 26(1)
N(i) 1 2930(2) 1422(2) 3233(3) 27(1)
N(2) 1 2584(2) 1341(2) 5101(3) 28(1)
N(9) 1 3355 (2) -2165(2) 3649(4) 80 fi)
C(1) 1 2814 (2) 998 (2) 4162 (4) 30(1)
C(2) 1 2927(2) 162(2) 4101(3) 30(1)
C(3) 1 3378 (2) -229 (2) 4864 (4) 36(1)
C(4) 1 3520 (2) -999 f2) 4719 (4) 42(1)
Cf5) 1 3206 (2) -1389 f2) 3829 (4) 53 f1)
Cf6) 1 2734 (2) -1002 f2) 3066 (4) 50(1)
Cf7) 1 2611 (2) -237 (2) 3202 (4) 38(1)
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C(8) 1 3432(2) 1170 (2) 2365(4) 32(1)
C(9) 1 4148(2) 871(2) 2638(4) 40(1)
cf10) 1 4647(2) 669(2) 1759(4) 53(1)
c(11) 1 4436(3) 770(2) 655(4) 58(1)
c(12) 1 3735 (3) 1070(2) 408(4) 52(1)
c(13) 1 3235(2) 1258(2) 1253(4) 40(1)
C(14) 1 2255(2) 924(2) 6006(4) 32(1)
c(15) 1 1599 (2) 500(2) 5848 (4) 41(1)
C(16) 1 1258(2) 135(2) 6748(4) 45(1)
C(17) 1 1563(3) 194(2) 7818(4) 54(1)
c(18) 1 2210(3) 617(2) 7977(4) 56(1)
C(19) 1 2551 (2) 981 (2) 7062 (4) 43(1)

Table 3. Hydrogen coordinates (x io)
3parameters (A x 10 ) for V-10.

and isotropic dispiacement

0cc. X y z Ueq

H(9A) 1 3655 -2413 4111 120

H(9B) 1 3147 -2402 3073 120

1-1(3) 1 3590 31 5489 43

H(4) 1 3836 -1258 5239 51
H(6) 1 2502 -1267 2461 60

H(7) 1 2304 26 2672 45
H(9) 1 4294 805 3402 48
H(10) 1 5131 463 1931 64

H(11) 1 4774 633 65 69
Hf12) 1 3594 1147 -355 63

H(13) 1 2747 1452 1066 48

H(15) 1 1383 459 5118 49
H(16) 1 813 -158 6631 54

H(17) 1 1328 -54 8436 65
H(18) 1 2425 661 8706 67

H(19) 1 2997 1273 7178 51

Table 4. Anisotropic parameters (Â2 x ion) for V-10.

The anisotropic displacement factor exponent takes the f orm:

-2 7t2 [ 2 2 u11 + ... + 2 h k a* b* U12 I

Uli U22 U33 U23 U13 U12

Rh(1) 18(1) 18(1) 37(1) 0 0 0
Rh(2) 20(1) 20(1) 39(1) 0 0 0
N(1) 27(2) 21(2) 32(2) -1(2) 6(2) 3(1)
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Rh(1) -N(1)
Rh(1) -N(1)#1
Rh(1) -N(1)#2

Rh(1) -N(l)#3

Rh(1) -Rh(2)

Rh(2) -N(2)#1

Rh(2) -N(2)#2

Rh(2) -N(2)#3

Rhf2) -N(2)

N(1) -c(1)
N(1) -Cf8)

N(2) -C(1)

N(2) -c(14)

Nf9) -c(5)
N(9) -H(9a)
N(9) -H(9b)
c(1) -c(2)

c(2) -c(3)

C(2) -C(7)
cf3) -C(4)

Cf3) -H(3)
c(4) -c(5)

C(4) -H(4)

C(5) -C(6)

C(6)-Cf7)

c(6) -H(6)
c(7)-H(7)

C(8) -C(13)

C(8) -Ct9)

2.048 (3)

2.048(3)
2.048(3)

2.048 (3)
2.3950(9)

2.051(3)
2.051 (3)
2.051(3)
2.051(3)
1.349 (5)
1.430(5)

1.332(5)

1.425(5)
1.410 (5)
0.88

0.88
1.488 (5)
1.389 (5)
1.394 (5)
1.390 (5)
0.95

1.378 (6)
0.95

1.406(6)

1.375(5)
0.95

0.95
1.376(6)

1.405 (5)

c(9)-c(10)

cf9) -Hf9)

C(10) -c(11)

C(10) -H (10)

c(11) -C(12)

c(11) -Hf11)

C (12) -C(13)

C(12) -H (12)

C(13) -H(13)

C(14) -C(19)
C (14) -C (15)
C (15) -C(16)

C(15) -H(15)

C(16) -C(17)
C(16) -H(16)

C(17) -C(18)
C(17) -H(17)

C(18) -C(19)

C(18) -H(18)

C (19) -H(19)

N(1) -RH1-N(1)*1

N(1) -RH1-Nf1)#2

Nf1)#1-RH1-N(1)#2

N(1) -RH1-N(1)#3

Nf1)#1-RH1-N(1)*3

Nf1)#2-RH1-N(1)#3
N(1) -RH1-RH2

N(1)#1-RH1-RH2

1.410(5)

0.95

1.376 (6)
0.95

1.376 (6)
0.95

1.377 (6)
0.95
0.95

1.363 (5)
1.390 (5)

1.385(5)
0.95

1.384 (6)
0.95

1.375(6)
0 .95

1.398 (6)
0.95

0.95

174.97 (18)

89.891(8)
89.890 (8)

89.888 (8)
89.890 (8)

174.97(18)
87.48 (9)

87.48(9)

N(2) 29(2) 22(2) 32(2) 5(2) 9(2) 0(1)
N(9) 95(3) 18(2) 127(4) 4(2) -22(3) 11(2)
C(1) 22(2) 30(2) 39(3) 4(2) 9(2) 0(2)
C(2) 28(2) 21(2) 41(3) 8(2) 14(2) -1(2)
C(3) 32(2) 29(2) 45(3) 11(2) 14(2) 1(2)
Cf4) 35 (2) 33 (3) 59 (3) 17 (2) 8 (2) 6 (2)
C(5) 50(3) 25(2) 83(4) 8(3) 6(3) 1(2)
Cf6) 54(3) 26(2) 70(4) -1(2) -6(2) 1(2)
C(7) 36 (2) 25 (2) 52 (3) 10 (2) 9 (2) -1 (2)
C(8) 33(2) 17(2) 45(3) 5(2) 15(2) 2(2)
C(9) 36(2) 31(2) 52(3) 15(2) 19(2) 6(2)
C(10) 49(3) 41(2) 69(4) 18(2) 31(3) 18(2)
C(11) 74(4) 46(3) 53(4) 11(2) 36(3) 17(2)
C(12) 61(3) 53(3) 43(3) 8(2) 15(3) 18(2)
C(13) 44(2) 41(2) 34(3) 4(2) 12(2) 14(2)
C(14) 38(2) 21(2) 37(3) -1(2) 10(2) 4(2)
C(15) 41(2) 35(2) 46(3) -15(2) 11(2) -6(2)
C(16) 55(3) 27(2) 54(4) -11(2) 23(3) -14(2)
C(17) 75(3) 39(3) 48(4) 2(2) 33(3) -11(2)
C(18) 71(3) 60(3) 37(3) 3(2) 13(3) -11(3)
C(19) 44(2) 42(2) 43(3) 5(2) 7(2) -7(2)

Table 5. Bond lengths [Â] and angles [O] for V-10.
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Nfl) #2-RH1-RH2

Nf1) #3-RH1-RH2

N(2)#1-RH2-Nf2)#2
Nf2)#1-RH2-Nf2)#3

N(2)#2-RH2-Nf2)#3

N(2) #1-RH2-N(2)

N(2)#2-RH2-N(2)

N(2) #3-RH2-N(2)
N(2)#1-RH2-RH1

N(2) #2-RH2-RH1

N(2)#3-RH2-RH1

N(2) -RH2-RH1

C(1) -Nf1) -C(8)

C(1) -Nfl) -RH1

C(8) -N(1) -RH1

C(1) -N(2) -C(14)
C(1) -Nf2) -RH2

C(14) -N(2) -RH2

C(5) -N(9) -H(9A)
C(5) -N(9) -Hf9B)
H(9A) -N(9) -H(9B)

Nf2) -C(1) -Nt;)
N(2) -C(1) -C(2)

N(1) -C(1) -C(2)
C(3) -C(2) -C(7)
Cf3) -C(2) -Cf1)

Cf7) -C(2) -C(1)

C(2) -C(3) -C(4)
C(2) -Ct3) -H(3)

C(4)-C(3) -11(3)
C(5) -C(4) -C(3)
C(5) -C(4) -11(4)

C(3) -C(4) -Hf4)
C(4) -C(5) -C(6)

C(4) -C(5) -N(9)

C(6) -C (5) -N(9)

C(7) -C(6) -C(5)
C(7)-C(6)-H(6)

C(5) -C (6) -H(6)

C(6) -C(7) -Cf2)
C(6) -C (7) -Hf7)

C(2) -C(7) -11(7)

C(13) -C(8) -C(9)

C(13) -C(8) -N(1)

C(9) -C(8) -N(1)
C(8) -C(9) -C(10)
C(8) -C(9) —H(9)

C(10) -C(9) -H(9)
C (11) -C (10) -C(9)
C (11)-C (10) -H(10)

C(9) -C(10) -11(10)
C(10) -C(11) -Ct12)
C (10) -C(11) -H(11)
C(12) -C (11) -Ht”)
C(11) -C (12) -Cf13)
C(11) -C(12) -H(12)

C(13) -C(12) -11(12)

87.48(9)
87.48 (9)

89.902 t8)
89.902 (8)

175.26(18)
175.26(18)

89.902 t8)
89.901 (7)
87.63 (9)
87.63 (9)
87.63 (9)
87.63 (9)

120.8 (3)
119.6(2)

119.1(2)

121.5 (3)
120.6(2)

116.9(2)

120

120

120

118.7(3)
122.0(3)
119.2 (4)
118 .6 (3)
122.4(4)

118.9(3)

120.4(4)
119.8

119.8
120 . 6 (4)
119.7

119.7
119.4 (4)
121.7 (4)
118.9(4)

119.5(4)
120.2

120.2

121.4(4)
119.3

119 .3

119.4(4)

120.1(3)

120.4(4)
118.9(4)
120.6

120.6
120.4(4)

119.8

119.8

119.7(4)

120.2

120.2

120.8(5)

119.6

119.6

C(8) -C(13) -C(12)
Cf8) -C(13) -H(13)

C(12) -C(13) -H(13)
C (19) -C (14) -C(15)
C(19) -C (14) -N(2)
C(15) -C(14) -N(2)

C(16) -C(15) -C (14)
C(16) -C(15) -Hf15)
C(14) -C(15) -H(15)

C (17) -C (16) -C (15)
C (17) -C (16) -11(16)
C(15) -C(16) -H(16)
C(18) -C(17) -C (16)
C(18) -C(17) -H(17)

Cf16) -C(17) -11(17)
C (17) -C (18) -C(19)
C (17) -C (18) -H(18)
C(19) -C (18) -H(18)
C (14) -C (19) -C(18)
C (14) -C (19) -11(19)
C (18) -C (19) -11(19)

120.7 (4)
119.6
119.6

118.8 (4)
120.1(3)

121.0(4)

120.4(4)

119.8

119.8

120.4(4)
119.8

119.8

119.3 (4)
120.4

120.4

119.9 (5)
120.1

120.1

121.2(4)
119.4

119.4
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o


