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Résumeé

Ce mémoire décrit les résultats d'une étude congue pour tester l'efficacité d'une approche
particuliere visant a étudier le mécanisme de la fonctionnalisation des hétéroatomes C dans les
liaisons C-H catalysée par les composés des métaux de transition. L'approche en question consiste
a examiner les réactivités d'une famille de complexes nickelacycliques sélectionnés pour servir de
systtme modéele pour les intermédiaires postulés €tre générés in situ lors de protocoles de
fonctionnalisation C—H appelés « one-pot» (en une seule étape). Ainsi, les complexes
nickelacycliques susmentionnés, y compris les complexes dimériques «, x-{2-OPR,4-R’-
CeHs}oNix(u-Br), et leurs adduits acétonitrile monoméres €, «%-{2-OPR,,4-R’-
CsHa4}Ni(Br)(NCMe), obtenus par nickelation C—H des arylphosphinites, R.P(OAr), ont été traités
avec des substrats appropriés possédant une liaison faible/labile telle que des liaisons simples N—

O et N—N pour déterminer si la rupture des liaisons cibles ménerait a une coupure C—O ou C-N.

En tant que substrats pour les couplages C—O, nous avons testé les réactivités des hydroxylamines
(PhCH2):NOH et (CH3CH2)>NOH, en plus du substrat protégé par le benzyle PACH>ONH,. Les
réactivités observées entre ces substrats et les complexes nickelacycliques modeles susmentionnés
ont révélé trois schémas distincts influencés par la nature du complexe de nickel, le solvant utilisé
dans la réaction et le substrat spécifique utilisé. Premi¢rement, pour le substrat protégé par le
benzyle PhCH>,ONH>, le résultat implique la formation directe d'adduits liés a I'azote avec tous les
complexes de nickel testés. Deuxiemement, le complexe dimérique non-substitué¢ (R’ = H) réagit
avec (CH3CH,)>NOH et (PhCH;)NOH dans CH,Cl,, produisant I'amine oxyde zwitterionique «<,
k- {2-OPR,-C¢Hs} Ni{k°-ONH(CH3CH,):}Br et l'aminooxyde bidente (i-R;POPh)Ni {x© M-
ON(CH2Ph)2}Br, respectivement. Enfin, la réaction parallele de complexes de nickel substitués
(R’ =Cl, OMe, NMe:) avec des hydroxylamines fournit des adduits a base d'imines résultant de la
déshydratation de (CH3CH2)2NOH et (PhCH2),NOH. Cette derniére réactivité atteint des résultats
optimaux en acétonitrile, bien qu'elle se manifeste également dans une moindre mesure en CsDs si

la réaction se poursuit pendant plus de 24 heures.

Divers scénarios mécanistiques ont été explorés pour élucider la transformation observée des

hydroxylamines en imines, tous indiquant deux voies mécanistiques possibles. Le mécanisme le



plus en évidence est l'attaque nucléophile sur I'acétonitrile coordonné, résultant en une
déshydratation nette de 1'hydroxylamine avec I'élimination de la molécule d'acétamide. Dans
I'ensemble, cette étude a montré que cette réaction peut également se produire par des voies

radicalaires pour lesquelles la coordination de 1'acétonitrile au nickel n'est pas nécessaire.

S'appuyant sur les résultats décrits ci-dessus, nous avons réalisé une autre étude de réactivité entre
les complexes nickelacycliques susmentionnés et les hydroxylamines en conjonction avec des
oxydants, en utilisant spécifiquement le TEMPO (2,2,6,6-tétraméthyl-1-pipéridinyl-N-oxyde).
Cette investigation a donné naissance a une série de nouveaux complexes Ni-TEMPOH, ou
TEMPOH représente le 2,2,6,6-tétraméthyl-1-pipéridinyl-N-hydroxyde. Ces composés intrigants
nous ont offert I'occasion unique d'explorer leur chimie de coordination avec divers nucléophiles,
comme expliqué dans le chapitre 4. Cette ¢tude a montré que le complexe Ni-TEMPOH peut étre
obtenu par deux voies distinctes : 1) en convertissant le TEMPO en TEMPOH avant de réagir avec
le précurseur dimérique, et 2) en formant un complexe zwitterionique par réaction du dimere avec

I'hydroxylamine, suivi du traitement avec le TEMPO.

Les investigations de réactivité mettent en évidence que le MeCN déplace efficacement la fraction
TEMPOH des complexes Ni(II)-TEMPOH, tandis que des ligands plus volumineux tels que le
PPh3 et le DMSO échouent a montrer une réactivité similaire. Cela souligne le role crucial des
considérations stériques dans la détermination de la réaction de substitution de ce complexe
spécifique. De plus, 1'étude révele qu'en réagissant ces complexes avec d'autres nucléophiles tels
que la morpholine et 1'imidazole, des produits correspondants sont générés, notamment un adduit
de morpholine et un complexe bis-imidazole, respectivement. L'analyse RMN du complexe bis-
imidazole montre qu'en solution, il existe sous forme de complexes mono-imidazole, ce qui
indique qu'un processus d'échange pourrait avoir lieu en solution. Fait intéressant, un aspect
supplémentaire de cette recherche implique des tentatives d'oxydation du complexe Ni(II)-
TEMPOH en utilisant I'AgOCOCF3. Ce processus conduit au remplacement du Br par I'OCOCEF3,

donnant ainsi un complexe acétate.

En plus des enquétes précédentes concernant les hydroxylamines, nous avons examiné le potentiel
de couplage C—N du 4-amino-4H-1,2,4-triazole comportant des liaisons N-N simples lorsqu'il est
réagi avec nos complexes nickelacycliques. Bien que nous ayons détecté des indications d'une voie

de décomposition qui pourrait impliquer la rupture de la liaison N—N, cette réactivité est un élément



mineur dans le panorama de réactivité¢ observe, la voie principale conduisant a la formation de
simples adduits du substrat triazole. En conséquence, nous avons réussi a isoler a la fois des adduits
mononucléaires, a savoir {k%,kC-(i-Pr)2PO-Ar}Ni(Br)(xN-4-amino-4H-1,2 4-triazole), et des
adduits dinucléaires a pont triazole, spécifiquement [{k k“-(i-Pr),PO-Ar}Ni(Br)}2(u, k™, kN-4-
amino-4H-1,2,4-triazole). En utilisant la surveillance par RMN a température variable des
réactions impliquant les précurseurs de nickel et le substrat triazole, nous avons révélé que les

nouveaux adduits triazoles s'engagent dans un processus d'échange dynamique.

L'analyse des données de RMN a révélé que les adduits triazoles mononucléaires et dinucléaires
sont impliqués dans des équilibres dynamiques avec leurs adduits correspondants d'acétonitrile.
Une observation intéressante émerge : les especes cristallines récupérées dans la solution sont
systématiquement soit les adduits triazoles mononucléaires, soit les adduits triazoles dinucléaires,
jamais les deux simultanément. De plus, il semble que le choix de l'adduit optimal pour la
cristallisation dépend du précurseur spécifique utilisé. Les précurseurs [{k’,k®-(i-Pr),PO-
CeHa}Ni(u-Br)]2 et [{x®,k°-(i-Pr)2PO-(4-MeO-C1oHs)} Ni(u-Br)]» produisent exclusivement des
produits mononucléaires, tandis que [{K,k-(i-Pr),PO-(5-OMe-Ce¢H3)}Ni(u-Br)]o, [{x’,x"-(i-
Pr)>,PO-(5-Cl1-C¢H3) } Ni(u-Br)]o2, et [{k?,kC-(i-Pr)2PO-(C19He)} Ni(p-Br)]2 produisent

exclusivement les produits dinucléaires.

Mots-clés : Cyclonickellation, Phosphinite, Complexe imine, Complexe Ni-TEMPOH, Complexe
Ni-triazole, Mécanisme, Nickellation C-H, Diffraction des Rayons X.



Abstract

This thesis describes the results of a study designed to test the effectiveness of a particular approach
for probing the mechanism of transition metal-catalyzed C-heteroatom functionalization of C—H
bonds. The approach in question involves examining the reactivities of a family of nickelacyclic
complexes selected to serve as a model system for intermediates postulated to be generated in-situ
during so-called one-pot C—H functionalization protocols. Thus, the said nickelacyclic complexes,
including the dimeric complexes «,kP-{2-OPR2,4-R’-CsH4}2Nix(u-Br), and their monomeric
acetonitrile adducts k©, k- {2-OPR2,4-R’-CsH4}Ni(Br)(NCMe), which were obtained via the C-H
nickelation of arylphosphinites, were treated with suitable substrates possessing a weak/labile
bond such as N-O and N-N single bonds to see if rupture of the target bonds would lead to C-O
or C—N coupling.

As substrates for studying C—O coupling reactions, we tested the reactivities of the hydroxylamines
(PhCH2)>NOH and (CH3CH2):NOH in addition to the benzyl protected substrate PhCH>ONHa>.
The reactivities observed between these substrates and the above-mentioned model nickelacyclic
complexes revealed three distinct patterns influenced by the nature of the Ni complex, the solvent
employed in the reaction, and the specific substrate used. Firstly, for the benzyl-protected substrate
PhCH2ONH>, the outcome involves straightforward formation of N-bound adducts with all Ni
complexes tested. Secondly, the unsubstituted dimeric complex (R’ = H) reacts with
(CH3CH2);NOH and (PhCH,)NOH in CH,Cl, to give the zwitterionic amine oxide «“,x’-{2-
OPR;,-C¢Hs ! Ni{k°-ONH(CH3CH,),}Br and the bidentate aminoxide (i-R;POPh)Ni {x© -
ON(CH2Ph)2}Br, respectively. Lastly, the parallel reaction of substituted Ni complexes (R’ = CI,
OMe, NMey) with hydroxylamines furnishes imine-based adducts originating from the
dehydration of (CH3CH2)NOH and (PhCH»),NOH. This latter reactivity attains optimal results in
acetonitrile, although it also manifests to a lesser extent in C¢Dg if the reaction proceeds for over

24 hours.

Various mechanistic scenarios have been explored to elucidate the observed transformation from
hydroxylamines to imines, all of which indicate two possible mechanistic pathways. The most

prominent mechanism is the nucleophilic attack on coordinated acetonitrile resulting in net

Vi



dehydration of hydroxyl amine with elimination of acetamide molecule. Overall, this study showed
that this reaction can also proceed through radical pathways for which coordination of acetonitrile

to nickel is not necessary.

Building upon the findings described above, we carried out another reactivity study between the
nickellacyclic complexes mentioned above and hydroxylamines in conjunction with oxidants,
specifically employing TEMPO (2,2,6,6-tetramethyl-1-piperidinyl-N-oxyl). This investigation
yielded a series of new Ni-TEMPOH complexes, where TEMPOH stands for 2,2,6,6-tetramethyl-
1-piperidinyl-N-hydroxy. These intriguing compounds have afforded us a unique opportunity to
delve into their coordination chemistry with diverse nucleophiles, as elucidated in chapter 4. This
study showed that the Ni-TEMPOH complex can be accessed through two distinct pathways: 1)
converting TEMPO to TEMPOH prior to reacting with the dimeric precursor, and 2) forming a
zwitterionic complex through the reaction of the dimer with hydroxylamine, subsequently treated

with TEMPO.

Reactivity investigations highlight that MeCN eftectively displaces the TEMPOH moiety from the
Ni(I)-TEMPOH complexes, while bulkier ligands such as PPhz and DMSO fail to exhibit similar
reactivity. This underscores the pivotal role of steric considerations in determining the substitution
reaction of this specific complex. Furthermore, the study reveals that treating these complexes with
other nucleophiles such as morpholine and imidazole, the corresponding charge-neutral
mono(morpholine) adduct and cationic bis-imidazole adduct. NMR analysis of the latter complex
indicates that in solution it exists as a mono-imidazole adduct undergoing exchange processes in
solution. Interestingly, an additional facet of this research involves attempts to oxidize the Ni(II)-
TEMPOH complex using AgOCOCF3. This process leads to the replacement of Br with OCOCEF3,

yielding an acetate complex.

In addition to the above investigations involving hdroxylamines, we have examined the C—N
coupling potential of 4-Amino-4H-1,2,4-triazole featuring N—N single bonds when reacted with
our nickelacyclic complexes. Although we have detected indications of a decomposition pathway
that could involve N-N bond cleavage, this reactivity is a minor element within the broader
reactivity landscape observed, the primary route leading to the formation of simple adducts of the
triazole substrate. As a result, we have isolated both mononuclear adducts, namely {k,x"-(i-

Pr),PO-Ar}Ni(Br)(xN-4-amino-4H-1,2,4-triazole), and triazole-bridged dinuclear adducts,

Vi



specifically [{x®,k%-(i-Pr)2PO-Ar}Ni(Br)}2(p,k",1cN-4-amino-4H-1,2,4-triazole). By employing
variable temperature NMR monitoring of the reactions involving the Ni precursors and the triazole
substrate, we unveiled that the newly formed triazole adducts engage in a dynamic exchange

process.

Analysis of the NMR data revealed that both mono- and dinuclear triazole adducts are engaged in
dynamic equilibria with their corresponding acetonitrile adducts. Interestingly, a noteworthy
observation emerges: the crystalline species retrieved from the solution are consistently either the
mononuclear or the dinuclear triazole adduct, never both simultaneously. Moreover, it appears that
the selection of the favored adduct for crystallization is contingent upon the specific precursor
used. Precursors [ {x”,k¢-(i-Pr),PO-C¢Ha4} Ni(u-Br)]z and [ {x,x-(i-Pr),PO-(4-MeO-C1oHs) } Ni(u-
Br)], exclusively yield mononuclear products, whereas [{x”,x-(i-Pr),PO-(5-OMe-CsH3)} Ni(u-
Br)o, [{xk-(i-Pr)2,PO-(5-C1-C¢H3)}Ni(u-Br)]2, and  [{x®,xC-(i-Pr),PO-(C10Hs) }Ni(u-Br)]2

exclusively yield the dinuclear products.

Keywords: Cyclonickelation, Phosphinite, Imine complex, Ni-TEMPOH complex, Ni-triazole
complex, Mechanism, C-H nickelation, X-Ray diffraction.
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1.1 Chapter 1-Introduction

The carbon-hydrogen bond (C—H) holds a distinctive place in organic chemistry as the ubiquitous
unfunctionalized group. Organic molecule representations often reveal the presence of C—H bonds
by the absence of other bonds. This "invisibility" of C—H bonds results from their wide prevalence
and their generally low reactivity. Considering these attributes, it becomes evident that the
advancement of precise methods for selectively functionalizing C—H bonds could represent one of
the most versatile and impactful transformations in organic synthesis. Realizing this potential has
the capacity to revolutionize the synthesis of organic compounds, ranging from simple substances

like methanol to intricately structured natural and synthetic products.

One of the most promising approaches to C—H functionalization is based on so-called
"organometallic routes," which involve the formation of a bond between carbon and a metal center.
The direct carbon-hydrogen bond activation and subsequent formation of C—C or C—heteroatom
(C—X) bonds through transition metal catalysis have shown to be one of the most promising
alternatives to traditional cross-coupling reactions that start from an activated C-X bond as
opposed to a C-H bond. Indeed, selective functionalization of C—H bonds promoted by transition
metal precursors has attracted much attention as it can convert inert alkanes and arenes into
valuable functionalized organic products®2. This method does not require pre-functionalization of
starting materials to reactive organohalides or organometallic complexes (for example Grignards,
organozinc compounds, etc.) making the process simpler and greener®. In addition, selective C—H
functionalization involves comparatively short synthetic operations and generates less undesired
byproducts, rendering the method economically attractive. As a consequent, in the last decade,
metal-promoted C—H functionalization has become a trusted tool in organic synthesis*, medicinal
chemistry®, crop protection® and material science’. Synthetic procedures based on C—-H
functionalization are becoming prominent and play a central role in developing sustainable

chemical processes.

Transition metal precursors can break C—H bonds in several ways. Low oxidation state metals
activate C—H bonds through a classic oxidative addition mechanism to give a new metal complex

featuring an organyl and a hydride moiety?, while other metals follow radical mechanisms?® to break
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C—H bonds. Furthermore, some other metals can follow sigma bond metathesis*, ambiphilic metal
-ligand activation'?, concerted metalation-deprotonation®? and ligand to ligand hydrogen transfer3.
In some cases, one metal precursor can react via several competing mechanisms leading to lower

yields and lower selectivities.

The less abundant and precious 4d and 5d transition metals like iridium, palladium, rhodium and
ruthenium are strongly active towards catalytic functionalization of inert alkanes and arenes
through C—H bond activation. However, their low natural availability, high cost and environmental
shortcomings have motivated chemists to search for new catalysts form cheaper and more
abundant transition metals. Recently, earth abundant first row transition metals have attracted more
attention for C—H bond functionalization compared to expensive metals. Among 3d metals nickel
catalysts have been found to be highly active towards various organic transformations. Indeed, Ni-
based systems have a long history in the activation of C-H bonds. Thus, the first nickel catalyzed
selective C—H bond activation was reported by Kleinman and Dubeck in 1963. *. Over the past
few decades, there has been a growing number of reports highlighting Ni(II)-catalyzed protocols

for directly functionalizing unactivated C—H moieties.

The central theme of the present thesis is inspired by the documented efficacy of Ni-based
precursors for C—H functionalization applications. More precisely, the vast majority of Ni-
promoted C—H functionalization chemistry follows the so-called directing group-assisted C-H
functionalization methodologies. Before describing the projects undertaken during the course of
my Ph. D. studies, I will provide in the following sections a review of some important nickel
catalyzed directing-group-assisted C—H functionalization examples in order to provide some

context for the research studies in question.

1.2 Directing group assisted C—H functionalization

Metal-catalyzed C—H bond activation stands as a highly valuable strategy reliant on nucleophilic
substituents (in other words directing groups) within the substrate that enable its binding to the

metal, thus facilitating the subsequent coordination of the targeted C—H bond. This approach
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involves chelation assistance, forming a metallacycle intermediate that reacts with a co-substrate

to create C—C or C—X bonds, as illustrated in Scheme 1.1.

Scheme 1. 1. Generalized scheme for chelation-assisted C—H bond derivatization.

o
~C o

Many different types of functional groups have been evaluated as directing groups to selectively
activate a C—H bond and promote its functionalization. The efficiency of metal catalyst C—H
functionalization partly depends on the easy installation and removal of these directing groups.
Despite the fact that a significant number of monodentate directing groups are available, bidentate
directing groups are mostly limited to quinoline and pyridine derivatives. Furthermore, installation
and subsequent purification processes of bidentate directing groups are lengthy and economically
not feasible. Also, in many cases conventional directing groups are unable to bind the metal propel,
as a result, C—H functionalization remains unsuccessful. Therefore, invention of new types of
directing groups are crucial in order to functionalize a C—H bond that cannot be derivatize with

traditional directing groups.

1.3 Examples of chelation-assisted nickel-catalyzed C—H

bond functionalization

1.3.1 Alkylation of C—H bond

Several chelation-assisted systems are applicable in nickel-mediated C—H derivatization. Notably,
in 2013, Chatani reported a chelation-assisted alkylation of the C—H bond situated at the ortho
position to an 8-aminoquinoline directing group®. Although this method is quite efficient, giving
88% yield, it requires a very high temperature (140 ‘C), supporting ligand PPhs, and a base
(Scheme 1.2).
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Scheme 1. 2. Alkylation of Csp?-H bonds with linear R-X in presence of Ni (II) catalyst.
10 mol % Ni(OTf),

(0] 0
20 mol % PPh
NTNTNF zBr'B‘? d NTTS
H equiv i H
N 2 equiv Na,CO; No
H Bu

Toluene
140 °C,24 h 88%

First, this C—H functionalization strategy necessitates the external base (Na>CO3) to neutralize in-
situ generated HX. Secondly, the supporting ligand PPhs likely aids in displacing the "OTf ligand,
inducing a positive charge on Ni that allows for the binding with the directing group and
subsequent coordination of the C—H bond facilitating its activation. Additionally, the supporting
ligand (PPh3) serves to coordinatively stabilize the electropositive Ni(IV) intermediate. Lastly, this
method requires high temperature, probably because oxidative addition of alkyl halide to Ni(II) is
energetically not favorable. It is probable that an excess of RX and base is employed to accelerate
the reaction rate. According to the proposed mechanism, the catalyst initially reacts with the
directing group (DG), leading to the formation of HX. Subsequently, a cyclometallation occurs
through a concerted metalation—deprotonation mechanism to activate the ortho C—H bond. This is
followed by the oxidative addition of RX, reductive elimination, and finally, protonation with HX,

resulting in the desired product (Scheme 1.3).
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Scheme 1. 3. Mechanism of alkylation of Csp?-H bonds with linear R-X in presence of Ni (II)
catalyst.
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Punji reported another intriguing example of Ni-catalyzed alkylation involving a Csp>-H bond of
a pyridine-substituted indole (Scheme 1.4)'®. Indoles play a crucial role in numerous biologically
active compounds, natural products, and pharmaceuticals. Consequently, the selective
functionalization of indoles using transition metal catalysis is gaining considerable attention. This
method necessitates a catalytic amount of LIHMDS and two equivalents of LiO'Bu for achieving
complete conversion (Scheme 1.4). Notably, other precursors such as Ni(OAc)., (DME)NiCl, and
(DME)NiClz/Phen proved inefficient, failing to yield satisfactory results in the mentioned reaction.
The high acidity of the C(2)-H bond suggests an easy activation. The proposed mechanism
suggests that the catalyst undergoes initial activation by LiN(SiMEz3),, followed by the addition of
RX through a radical pathway.

38



Scheme 1. 4. Alkylation of indoles.
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In 2016, Wang introduced a system initially aimed at functionalizing benzoic acid derivatives
derived from 8-aminoquinoline (Scheme 1.5). Unexpectedly, instead of targeting the phenyl ring
as intended, the functionalization occurred at the C5 position of the quinoline’. This surprising
outcome turned out to be favorable because quinolines constitute essential structural components
of numerous biologically active drugs and natural products. Furthermore, the bioactivity of these
drugs is significantly influenced by the nature of substituents on the C5 position of the quinoline
moiety. Consequently, developing a method allowing selective functionalization of the C(5)-H

bond of quinoline holds considerable significance.

Scheme 1. 5. Alkylation of Quinoline.

u Ni(dppH)Cl, 10% K _F
jj\ e 2 equi KHCO; 0 R
_'_
Ph E | Br><R 1,4-dioxane Ph N |
Nx 150°C, 12 h 80% 1 N

The authors observed lower yields when substituents were installed at the C4, C6, and C7
positions, implying that steric hindrance on the quinoline moiety significantly impacts the above
reaction. Also, mechanistic studies show that the presence of a radical scavenger, 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO), completely inhibits functionalization. This inhibition
suggests the involvement of a radical process in the reaction mechanism. The authors proposed

the tentative mechanism shown in Scheme 1.6 to rationalize their findings.
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Scheme 1. 6. Mechanism of C(5)-H functionalization of quinoline.
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According to this proposed mechanism, intermediate A abstracts a Bre radical, leading to the
formation of the *CF2CO:Et radical and the oxidized intermediate B. The latter then undergoes an
intramolecular Single Electron Transfer (SET) process, resulting in Intermediate C, which features
a radical cation fragment. This species reacts with the in-situ formed radical *CF,CO-Et,

generating D. Finally, a proton transfer/demetallation step leads to the formation of the product.

Ge and his team have reported an effective system for alkylating unactivated Csp>-H bonds using
alkyl halides as electrophiles®. When an aliphatic amide and alkyl halide mixture is treated with a
Ni(IT) precursor in the presence of a base and a robust supporting ligand, the methyl C—H bond
undergoes functionalization with the alkyl group (Scheme 1.7). In this instance, the strong
supporting ligand dppbz most probably stabilizes the electrophilic Ni(IV) intermediate. The
authors do not explicitly justify the need for using an excess of base (5 equivalents), but it is likely

due to the low solubility of the base in the solvent in which the reaction was conducted (toluene).
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Scheme 1. 7. Alkylation of Csp*-H bond
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Alkylation of the C—H bond in the methyl group is notably absent in the case of ethyl or propyl
groups, suggesting a preference for the formation of a five-membered ring intermediate over six
or seven-membered ring intermediates in the cyclometallation step. Bulky alkyl halides such as
iso-propyl and iso-butyl iodides also fail to yield the desired products, likely due to the steric
instability of the intermediate formed. The proposed mechanism closely resembles the previously

discussed alkylation of Csp®-H bonds.

1.3.2 Arylation of C—H bond

Numerous catalytic systems have emerged for the arylation of C—H bonds, often employing
chelation strategies. Hoover's work introduced the Ni-mediated oxidative decarboxylative
arylation of Csp?>-H bonds using aromatic carboxylates as coupling partners. This method
demonstrates a broad substrate scope for aromatic carboxylates, encompassing compounds such
as benzofuran, benzoxazoles, triazole, pyrazole, and benzothiophene. The anticipated product is
obtained through a Ni-catalyzed reaction between benzamide and an aromatic carboxylate in the

presence of a base and an additive (Scheme 1.8)*.

Scheme 1. 8. Arylation of phenyl group.

o o Ni(OAc),.4H,0 20% 0 0
Ag,COj32eq, PivOH 1.5 eq -
S NH
E | X 4+  NaO \ /> o
H N~ N Na,COj5 4 eq, DMA \ />
110°C, 24 h 90% N

DMA= Dimethylacetamide

The requirement of fairly expensive Ag>COs in this method for obtaining satisfactory results stands
as one of its drawbacks. The authors justify the need for silver salts by citing literature reports>%!
that invoke decarboxylation of carboxylic acids in the presence of these reagents at high
temperature. According to the authors, thiazole-5-carboxylate reacts with silver salt to generate

Ag-thiazole species with elimination of CO>. Subsequently, this Ag-thiazole species undergoes

41



transmetalation with Ni'! intermediate as shown in scheme 1.9. In addition, the involvement of a
polar aprotic solvent like DMA can expedite the rate of nickel-mediated C—H bond activation. This
phenomenon is attributed to the solvent's ability to stabilize the electropositive nickel center.
Another possibility is that the solvent aids in the dissociation of the "OAc anion, thereby facilitating
the coordination of Ni with the directing group. Notably, the reaction remains unaffected by
TEMPO, indicating that a single electron transfer process is not involved. Additionally, the kinetic
isotope effect value of 4.3 (obtained from competition experiments with deuterated and
nondeuterated amide substrate) suggests an irreversible C—H bond activation step. The proposed

mechanism is depicted in Scheme 1.9.

Scheme 1. 9. Oxidative decarboxylative arylation of Csp*-H bond.

0}
@N »
H

H N~

Nil'X,
HX + Ag'X HX
0
N AN
| | o IlIiH—Nl =
Nil—N_ _~ H |

\ N3.2CO3

NaX + NaHCO;
X
I
1‘“—N / Nl“—N

N
N=/

Ago ( J/Ag 47_ ﬂ

NaX+C02

Ong explored the hydroarylation reaction of benzimidazole with styrene, detailing two catalytic
conditions that yield either branched or linear coupling products. These conditions involve

Ni(COD)z, a supporting ligand (NHC), and AIMe3 as a Lewis acid (Scheme 1.10)*. The selectivity
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in product formation is attributed to the coordination of AlMes by the benzimidazole nitrogen, a
relationship confirmed through X-ray crystallography. The linear product arises due to steric
control during the insertion of styrene into the Ni-H bond, while the branched product results from

the electronically favored hydride insertion at the B-carbon of styrene.

Scheme 1. 10. Hydroarylation reaction of benzimidaozle.

N Ni(cod), 10 mol%
\ NHC 10 mol% Ph N Ph  tBu \
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N Me N .-

\ o |

+ PhMe, 150 °C 85% \ N N»MCS:

PN 15h 70% \—/ ;

Z “Ph Inpresenceof 77T
AlMe3

Preceding the activation of the C—H bond, the formation of the NHC-Ni complex occurs through
the substitution of the COD ligand with NHC. Notably, the C—H bond at the C-2 position exhibits
significant acidity, making the activation of this C—H bond by the nickel center highly facile. The
proposed mechanism involves the activation of the C—H bond, followed by coordination and
insertion of styrene, ultimately leading to reductive elimination and yielding either linear or
branched products (Scheme 1.11). In the presence of AlMe3, the insertion of styrene occurs at the
alternate carbon of the double bond, resulting in the linear product. For simplicity, this specific

step is omitted in the figure.
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Scheme 1. 11. Mechanism of hydroarylation reaction of benzimidazole.

HC
\>—N|
P
\>
Ni(COD),

NHC

N N| | -

>_ NHC Ni(0)

oh N Ph
\ .
N >_ ©[N>_NI\
Cod,
N\ NHC

The direct functionalization of an alkyl group with thiophene holds significant promise due to the
widespread presence of thiophenes and their analogues in functional materials, pharmaceuticals,
and natural products. Kambe detailed a Ni.catalyzed cross-coupling reaction involving an alkyl
amide with thiophene. The efficiency of this method is limited by the utilization of many additives
like Ag2CO3, MesCOOH, TBAB, and KH>PO4 (Scheme 1.12)2. Whereas rule of TBAB and
MesCOOH is not clearly understood.

Scheme 1. 12. Cross coupling of alkyl amide with thiophene.

0 Ni(OTf),, Ag,COs;, 0

0 ! /& TBAB, KH,PO, S 0
H MesCOOH, DMSO
. : 70%
160 °C, 24 h

TBAB = tetrabutylammonium bromide

The kinetic isotope effect value of 4.6 (measured by a competition experiment between deuterated
and nondeuterated substrates) suggests that the rate-determining step involves the cleavage of the
Csp’-H bond. The proposed mechanism closely resembles the arylation of Csp>-H bonds, with a

few distinctions: (1) prior to cross-coupling, KH>PO4 activates the catalyst, converting it to
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Ni(H2POs)a, (2) after the activation of the C—H bond, silver salt oxidizes Ni(Il) species to Ni(III)
species, and (3) subsequently, Ni(IlI) undergoes metathesis with thiophene. Finally, reductive

elimination yields the arylated product, as illustrated in Scheme 1.9.

1.3.3 Alkynylation of C—H bond

Alkynes serve as versatile building blocks in synthetic organic chemistry and find significant
utility in material science and biological chemistry as valuable precursors. The oxidative coupling
of Csp*-H bonds with alkynes presents a highly promising approach due to its potential for atom-
and step-economy. Shi reported a nickel-catalyzed alkynylation of Csp>-H bonds using ethyny](tri-
isopropyl)silane, demonstrating excellent yields (Scheme 1.13)*. However, the method requires
additives such as the oxidant Cu(OAc), the supporting ligand DavePhos, and the transmetalating
reagent Me>S+CuBr, which can be considered a limitation of this approach. The co-solvent PhnCN
results in marginal improvements in the yield, but its precise contribution to the reaction

mechanism remains unclear.

Scheme 1. 13. Alkynylation of Csp*>-H bonds.

0 NiBr, 20 mol%, L 20 mol% 0 N\ !
|‘| Me,S.CuBr, Cu(OAc), 3 eq 0 EQPO :

N |+ N : 5
N TIPS Cs,COs 5 eq, PhACN, DCE H (O

H N,, 140°C, 24 h A rON- !
goo, TIPS i Z L '

DCE-= 1,2-dichloroethane

This report also presents some preliminary mechanistic studies. For example, deuterium labeling
experiments conducted on the aforementioned system demonstrate an absence of proton-deuterium
scrambling, indicating that the C—H activation step is irreversible. In addition, KIE values obtained
from both parallel reactions (KIE = 2.8) and competition reactions (KIE = 2.0) support the
involvement of C—H bond cleavage in the rate-determining step. Moreover, when a radical
scavenger is introduced into the standard reaction, the yield drops to 15%, suggesting a potential
radical pathway. Based on these findings, the authors propose the following reaction mechanism

(Scheme 1.14).
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Scheme 1. 14. Mechanism of alkynylation of Csp*-H bond.
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In 2015, Shi devised a nickel-catalyzed direct alkynylation of unactivated aromatic amides with

alkyl bromides (Scheme 1.15)*. Remarkably, this reaction proceeds solely with alkyl halides in

the presence of a nickel catalyst and base, without requiring any oxidant, supportive ligand, or

additional additives. DME plays a dual role as both a cosolvent and a supportive ligand in this

reaction. Notably, only 0.5 mol% of catalyst loading is sufficient to generate yields of 95%, and a

broad range of alkynyl bromides featuring different chain lengths and both aromatic and aliphatic

alkyne groups could be introduced. An additional advantage lies in the ease of removing the PIP

directing group through mild N-nitrosylation/hydrolysis of the functionalized amide.
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Scheme 1. 15. Alkynylation of Csp?-H bonds.
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Punji developed a catalytic system employing (thf)2NiBr,/Phen precursor for the alkynylation of
nitrogen-containing heteroarenes using triisopropylsilylalkynyl bromide as coupling partners. This
method demonstrates the capability to couple numerous heteroarenes, including pyrazole, indoles,
imidazoles, and pyrroles, with alkynyl bromides (Scheme 1.16)%*. Notably, the reaction tolerates
various functional groups such as F, Br, NO2, OMe, and CN on the heteroarene moiety. However,
it is important to note that this method is specifically applicable only to triisopropylsilylalkynyl

bromides.

Scheme 1. 16. Alkynylation of heteroarenes.
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The presence of a crucial stabilizing supporting ligand, 1,10-phenanthroline, significantly impacts

the reaction, and without it the yield of the alkynylated product is limited to only 10%. Notably,
indoles containing other coordinating groups, such as -C(O)O'Bu, -C(O)Ph, and 2-thiophenyl, fail
to yield the expected product. These observations underscore the significance of a nitrogen group
at the 2-position of the N-substituent. The measured kinetic isotope effect (Ku/Kp = 3.6) suggests
that C—H nickelation might be the rate-determining step. Furthermore, deuterium labeling
experiments indicate that C—H nickelation is an irreversible process. The mechanism proposed by
the authors is similar to the mechanisms described earlier for the alkylation or arylation of C—H

bonds (Schem 1.3 and Scheme 1.10).
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1.3.4 Alkenylation of C—H bond

Functionalized alkene compounds are highly valued as potential building blocks in synthetic
organic chemistry, finding utility in diverse reactions such as metathesis, cross-coupling, and
cycloaddition reactions. Zhang developed a method involving nickel-mediated alkenylation of -
Csp’-H bonds with terminal alkynes, facilitated by the chelation assistance of the 8-
aminoquinoline group (Scheme 1.17)*. This method needs multiple additives such as a base,
supporting ligand, and a weak acid, giving a moderate yield of final product. The acidic additive,
HOACc, appears to be essential for the proton transfer from the concerted metalation-deprotonation

step to the base. There is no plausible explanation for the necessity of the supporting ligand

(MePhaP).

Scheme 1. 17. Alkenylation of Csp*-H bond.

o
o . m Ni(OAc), 20 mol%, DMF o
N/Q | | NaOAc 0.5 eq, HOAc 2 eq E
H MePh,P 40 mol% | Q= 8-aminoquinolinyl
H Ph o 78% DMF=Dimethylformamide
160 °C, 24 h Ph

The absence of any influence on reaction yields when using radical scavengers indicates the
exclusion of a radical pathway in the mechanism. Additionally, the deuterium labeling experiment
revealed no deuterium-proton exchange, supporting the irreversible nature of C—H nickelation.
The parallel and competitive KIE values of 3.5 and 4.6, respectively, highlight that C—H activation
represents the slowest step in the process. As proposed, the mechanism involves initial
coordination of the alkyne, followed by its insertion into the C—Ni bond, ultimately culminating

in metathesis to yield the desired product, as depicted in Scheme 1.18.
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Scheme 1. 18. Mechanism of alkenylation of Csp*-H bond.
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Miura's strategy for alkenylation of 1,3,4-oxadiazole with alkyne or styrene showcases the ease of
functionalizing oxadiazole due to the highly acidic nature of its C(5)-H bond. This acidity predicts
the straightforward activation of the C(5)-H bond, which indeed facilitates the alkenylation process
in the presence of Ni(COD), at 100°C within a short span of 3 hours (Scheme 1.19)?. Notably,
this strategy relies solely on the supporting ligand (PCy3), which potentially aids in dissociating

the 'COD' ligand. Owing to the absence of in-situ generated HX, the use of a base is not required.
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Scheme 1. 19. Alkenylation of 1,3,4-oxadiazole.
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The proposed mechanism involves the protonation of the Ni(0) catalyst by the highly acidic C(5)-
H bond. Subsequently, the alkyne coordinates and inserts into the Ni-H bond. Finally, the resulting

intermediate undergoes reductive elimination, yielding the desired product.

Shi's method for alkenylation of carboxamides with styrenyl iodide involves the use of the
precursor Ni(acac)z, the supporting ligand BINOL, and KTFA as an additive (Scheme 1.20)*°. The
supporting ligand potentially aids in forming a highly oxidized nickel intermediate, ensuring
coordinative saturation. However, it is worth noting that the article does not detail any mechanistic

studies for this particular reaction.

Scheme 1. 20. Direct alkenylation of carboxamide with styrenyl iodide.
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1.3.5 Halogenation of C—H bonds

Chatani's development of an efficient method for iodination of aromatic C—H bonds using
molecular iodine showcases the utility of aryl halides in synthesizing compounds relevant to
medicinal and material science (Scheme 1. 21)*°. Interestingly, this method necessitates only a
catalyst and a base, eliminating the need for supporting ligands or additional oxidants. The
presence of a chlorine group at the C5 position of the quinoline moiety acts as a regulator,

effectively blocking this site and enhancing the regioselectivity of C—H bond functionalization.
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Scheme 1. 21. Iodination aryl C—H bond
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The authors present some mechanistic experiments that provide insights about some key features
of the catalytic cycle. For example, the deuterium labeling experiment does not show any proton-
deuterium exchange, indicating an irreversible C—H nickelation. Whereas KIE value of 1.8 from
competition reactions hints that C—H bond breaking is likely the rate-determining step. Moreover,
this reaction fails to proceed in the presence of a radical scavenger (TEMPO, BHT), indicating the
involvement of radical species in the reaction. The authors proposed the following reaction

mechanism based on the aforementioned mechanistic studies.
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Scheme 1. 22. Mechanism of Iodination aryl C—H bond
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Shi presented a method involving nickel-mediated halogenation of aromatic amides using lithium
halide, aided by the PIP directing group (Scheme 1.23). This process requires a strong oxidant in
the form of KMnO4 and Oz combined, along with the utilization of a supporting ligand, THP, to
achieve the expected yield. It is likely that an excess of LiX (3 eq) is employed to accelerate the
reaction rate. The precursor NiCly(PPhs), is used instead of Ni(OTf), for the generation of

chlorinated products.

Scheme 1. 23. Halogenation of Csp*-H bond with LiBr in presence of Ni(OTf)..
(0] O
3 0,
MeO PIP Ni(OTf), 10 mol% MeO PIP
THP 20 mol%
+ 3 LiBr
H KMnO, 2.2 eq, t-BuCN Br  83%
0,, 24 h, 140 °C
THP= tetrahydropyrane
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1.3.6 Thiolation and Selenation of C—H bond

2-Aminothiophenols and their selena analogues are important structural units of many bioactive
compounds and can be used as intermediates in the synthesis of many heterocycles that are
valuable in the pharmaceutical industry and material science. For example, 2-aminothiophenols
are present as substituents in benzothiazole, phenothiazines and dibenzothiazepines which are the

key functional units of various immunosuppressive, antipsychotic and antidepressant agents.

Ackermann has developed a strategy of chalcogenation of electron rich anilines with the aid of a
monodentate pyrimidyl directing group (Scheme 1. 24)3!. This method requires an oxidant (MnQO3)
that converts diphenyl disulphide to sulfinyl radical (Scheme 1. 25). No extra ligand is required,
likely because 1,4-dioxane serves the dual purpose of solvent and supporting ligand. Selena

analogues formed following the same strategy.

Scheme 1. 24. Sulfonylation of aryl C—H bond.

F Na(OTf), 10 mol% F
g MnO, 1 eq E
~N ~
2-pym 1+ ppS-SPh 2-pym
- LiO'BU, 120 °C SPh
1,4-Dioxane, 18 h 96%

It 1s observed that an electron withdrawing group on aniline leads to low yields, hinting that a
nucleophilic mode of action is operative. Radical scavengers inhibit the reaction, suggesting that
a single electron transfer process is involved in the mechanism. In addition, the high value of
Ku/Kp = 5 proves that C—H bond activation is the rate limiting step. Based on the above

information, the following mechanism is proposed (Scheme 1.25).
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Scheme 1. 25. Mechanism of sulfonylation of aryl C—H bond.
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Kambe introduced a straightforward method for the sulfonylation of aromatic C—H bonds using
NiCl, (Scheme 1.26)*. This process operates without the need for any additives, yet it demands a
high catalyst loading, resulting in a moderate yield of 61%. Among various solvents examined,

only dioxane demonstrated efficacy, likely due to its polar nature and coordinating properties.

Scheme 1. 26. Sulfonylation of aromatic C—H bond.
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1.3.7 Amination of C—H bond

Arylamines are essential substructures found in natural products and materials used for
optoelectronics, agrochemicals, and pharmaceuticals. Hence, research based on facile amination
of unreactive C—H bonds is quite attractive. In 2015, Zhang reported an efficient strategy for direct
amination of aryl C—H bond®. Treatment of 8-aminoquinoline benzamides auxiliary with

secondary amines in the presence of nickel precursor, strong oxidants and base delivers ortho-
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amination products (Scheme 1. 27). The method is compatible with both electron donating and
withdrawing groups. Moreover, aryl rings and halogen groups are also tolerated on the substrate.
Steric factors play little or no role on the reaction as both para- and meta- substituted carboxamides
afford similar yields. Another advantage of this method is that it works with both acyclic and cyclic

amines (e.g., 2,6-dimethylmorpholine and substituted piperidines).

Scheme 1. 27. Direct amination of C—H bond.

o Ni(OAc), 10 mol% 0
0 i Ag,CO; 2 eq N2
E + 7 "Bn N/H
H N32CO3 2 €q | 74%
Bn
140 °C, 10 h

Q = 8-aminoquinolinyl

Competitive and parallel KIE values of 4.3 and 4.9, respectively, suggest that C—H bond cleavage
of benzamide is the slowest step. A radical scavenger experiment indicated the possibility of
involvement of single electron transfer process. Based on preliminary mechanistic studies and
literature precedents, the mechanism shown in Scheme 1.28 was proposed. Intermediate C was
detected by MAIDL-TOF-MS, partially supporting the proposed mechanism. SET process may be

involved in the formation of intermediate C.
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Scheme 1. 28. Mechanism of amination.
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1.3.8 Examples of stoichiometric C—H functionalization

The previous section presented several examples of Ni-catalyzed C—H functionalization strategies
involving C-C and C-X (X= O, N, S etc.) bond forming. These precedents showcase the potential
of this strategy and establish some of the advantages of these protocols, including: the effectiveness
of different directing/binding groups; compatibility with many substrates, metal precursors or
catalysts; and tolerance of high temperature. In addition, many of these strategies also afford

excellent yields of functionalized products.

However, a significant drawback of these one-pot methods is that they provide limited
understanding of the way in which the functionalization reaction works. In many cases, the authors
propose mechanisms without substantial experimental evidence, and for this reason many of the
mechanistic proposals are general in nature and fairly similar to one another. Indeed, the
mechanistic schemes presented above share the following common features: (a) the Ni-organyl
intermediate required for the functionalization step is generated via C—H nickelation (for Ni(II)

precursors) or C—H activation (for Ni(0) precursors), followed by (b) introduction of a second
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intermediate featuring a Ni(IT), Ni(IIT) or Ni(IV) center bonded to an additional organyl ligand R
(aryl, alkyl, alkynyl) or a heteroatom-bonded fragment such as OR, NR», etc., and finally (c)
formation of the C-C or C-X bond via reductive elimination. While these proposals are, for the
most part, reasonable, there are very few reports supporting these proposals. For instance, only in
a limited number of cases has the functionalization of Ni(Il)-organyl moiety been substantiated to
occur as claimed in the above-cited mechanistic proposals. Demonstrating the feasibility of such
coupling steps would require isolation of the postulated intermediate species or analogous model
systems and exploring their reactivities. Fortunately, a number of research groups have recently
begun conducting such studies involving stoichiometric model reactions, with the express
objective of identifying the reaction variables (temperature, base, solvents, ligands, oxidants etc.)
that can promote the functionalization step. The present section describes some of these studies
and presents the insights they have provided into the underlying C—H functionalization reaction
mechanisms for the systems in question. Given the limited number of reports on Ni systems, some

examples of Pd-based systems are also included in this discussion.

Pd-based systems. Maiti et al. documented that a stoichiometric amount of Pd(OAc) reacts with

phenylacetamides of 8-aminoquinoline in acetonitrile at 65 °C, resulting in the formation of the
organopalladium species shown in Scheme 1.29. This species is isolated through crystallization,
and its XRD analysis confirms a distorted square planar Pd(II) geometry for this intermediate.>**
The target alkenylated product forms upon treatment of this organopalladium species with styrene.
Rate measurements conducted on parallel reactions involving f,f-D>-biphenyl styrene and
undeuterated biphenyl styrene yielded a kinetic isotope effect of 2.84 (Scheme 1. 29). This
observation suggests that the rate-determining step might be the product-forming step, which could
involve B-hydride elimination. The significance of this report lies in the direct observation of an

insertion reaction occurring on an isolated and authenticated Pd—Ar intermediate, thus serving to

corroborate the likelihood of such reactivities in a catalytic process.
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Scheme 1. 29. Palladium assisted alkenylation.

In 2018, Qu et al. provided evidence for the formation of a palladacycle intermediate via a
stoichiometric reaction between a pre-formed imine and Pd(OAc), in AcOD-ds at 70 °C.%®
Treatment of this palladacycle intermediate with [F'] in AcOH resulted in the formation of both
fluorinated and acylated products featuring opposite configurations at the C—X bond formation
site (Scheme 1.30). Based on DFT analysis of transition state energies, the authors proposed that

the fluorination occurs via reductive elimination, while acylation follows an SN2 mechanism.

Scheme 1. 30. Reactivity of bicyclic palladacycle [F"|BF4

t-Bu [F*1BF4 1.5 eq ? D
FsC X NH/ NEt, NBu,PFg 50% FsC F3C
|
Pd- -0 5 oAc T \F
gy AcOH, 70 °C :
Me Me Me

In 2018, Bull and colleagues isolated a palladacycle through the treatment of pyrrolidine with
Pd(OAc): in pyridine,*”*® and showed that this palladium intermediate reacts with 4-iodoanisole
to give the arylated product in a very low yield (13%) (Scheme 1. 31). Also in 2015, Chen reported
preparation of similar 5-membered palladacycle intermediate by reacting benzamides with
Pd(OAc), in CH3CN at 60 °C. Subsequent reaction of this palladacycle with alkyl iodide in
'AmylOH/xylene (1:1) at 130 °C resulted in the formation of the alkylated product, obtained after
an acidic aqueous workup (Scheme 1.32). Although there was no insight on exactly how the C—C
coupling takes place, the study establishes the feasibility of such a reactivity between palladacycles
and aryl iodides.
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Scheme 1. 31. Arylation of pyrrolidine moiety
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Scheme 1. 32. Reaction of Palladicycle with akyl halide giving alkylation
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Ni-based systems. In 2019, Sanford’s group devised a method based on the reaction of 2-

(Quinolin-8-yl)isoindoline-1,3-dione with Ni(OAc): in the presence of Ni(PEt3)4 and picoline in
benzene-ds at 100 °C to give a stable nickelacyclic intermediate (Scheme 1.33).%° The subsequent
stoichiometric reaction of this Ni" intermediate with I, resulted in the formation of an iodinated

product, as shown below.

Scheme 1. 33. Reaction of Ni(Il) intermediate with I»

N
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To establish whether the above iodination reaction proceeds through high-valent intermediates, the
authors conducted cyclic voltammetry (CV) experiments on the Ni(Il) species, showing that a
quasi-reversible one-electron redox event occurs at approximately +0.2 V versus Ag/Ag’,
identified as the Ni""' couple. The CV data for the Ni(II) intermediate suggests that Ag' salts can

facilitate the single-electron oxidation of this Ni"l complex. Indeed, treating this species with 1
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equivalent of AgOTf or AgOTFA resulted in the formation of the Ni'! triflate (OTf) and

trifluoroacetate (OTFA) complexes Scheme 1.34. Curiously, however, these Ni'

complexes did
not exhibit any reactivity with iodine. This possibly implies that the iodination is initiated by a

divalent precursor.

Scheme 1. 34. Oxidation of Ni" species to Ni'"' complex
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Love and co-workers demonstrated a model nickelacyclic intermediate that shows interesting
reactivities with other substrates giving valuable functionalized product (Scheme 1.35).*° For
instance, introducing an o-bromoketone resulted in the generation of a new C—C bond, yielding
alkylated products in good yields. Similarly, they successfully formed new C—C bonds through the
addition of an aryl iodonium salt or Phl, generating arylated products. Productive insertion

reactions of CO led to the creation of new C—C and C—N bonds within the cyclized urea.

Scheme 1. 35. Reaction of nickelacycilc intermediate with different coupling partners
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The above precedents present some of the stoicheometric studies carried out on Ni- and Pd-based
model systems probing the mechanistic aspects of C—H functionalization reactions. These studies
are analogous to our group’s investigations on the reactivities of nickellacyclic complexes with
various substrates. An overview of these studies is provided in the following section to provide

context for the projects that constitute the central theme of the present thesis.

1.3.9 Early results from our group

Over the last decade, a growing number of studies on nickel-catalyzed C—H functionalization
reactions have highlighted the potential of Ni precursors as effective substitutes for the more
commonly used Pd counterparts. These advancements, coupled with our group’s enduring interest
and focus on organonickel chemistry, in general, and pincer-type nickel complexes in particular,
motivated our team to synthesize nickelacyclic complexes and investigate their structures,

stabilities, and potential for functionalization.

Building upon the group’s expertise in synthesizing POCOP-type (POCOP= mer-«P, xC, xP-(1,3-
PR»-CsH3) pincer complexes of nickel through C—H nickelation, a new project was initiated in
2013 with the objective of developing synthetic routes to cyclonickellated complexes derived from
aryl phosphinites and investigating their structures, thermal stabilities, and reactivities under
conditions pertinent to C—H functionalization chemistry. Mr. Boris Vabre, the first group member
who took on this new project, reported in 2014 that phosphinite ligands derived from phenol and
its substituted derivatives can undergo relatively facile C-H nickelation to give nickealcyclic

dimers and their phosphinite adducts, as shown in Scheme 1.36.

Scheme 1. 36. Synthesis of cyclometalated complexes of Ni
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It was shown that the observed C—H nickelation step is influenced by electron-donating groups
(OMe > Me > COOMe).*! These studies indicated an electrophilic C—H nickelation mechanism
occurring with a mono(phosphinite) intermediate generated in situ through ligand dissociation
(Scheme 1.37).

Scheme 1. 37. Proposed mechanism for C-H nickellation
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Boris Vabre has also examined the regioselectivity of the C-H nickelation step, showing for
instance that cyclonickelation of 3-F-C¢H4OP(i-Pr)> proceeds with a preference for nickelation at

the C—H bond para to the fluoro substituent. (Scheme 1.38).

Scheme 1. 38. Cyclonickelation of substituted ligand showing site selectivity
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The reactivities of the nickellacyclic complexes prepared by Vabre were also explored briefly to
show that reaction with benzyl bromide can result in benzylated products, as shown in Scheme
1.39. The confirmation of product identity was achieved through NMR and GC/MS analyses. The
benzylation of the ipso-C atom of the nickelacyclic dimer was considered important as it provided
evidence supporting the feasibility of the proposed strategy for arenol functionalization. Indeed,

several literature reports have shown that Ni-Ar complexes can undergo insertion of SO2, CO, and
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alkynes. In addition, there are literature precedents that nickellacyclic intermediates can react with

alkyl halides producing alkylated products.*!

Scheme 1. 39. Benzylation of nickelacyclic dimer
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Mr. Vabre’s pioneering studies were subsequently pursued by another group member, Mr. Loic
Mangin, who conducted further studies on C—H nickelation and functionalization steps. For
instance, Mr. Mangin devised a more efficient strategy of C—H activation using acetonitrile as

t.4? Thus, he showed that employing acetonitrile as the solvent facilitated orthonickellation

solven
at reduced temperatures and within a shorter timeframe for the reaction. This method also required
only a slight excess of the Ni(II) precursor to efficiently produce the monomeric MeCN adduct as
a stable form of the cyclonickellated species. The acetonitrile reaction mixtures remained
homogeneous throughout the entire reaction period, ensuring a higher effective concentration of
Ni while preserving a Ni : phosphinite ratio of approximately 1 : 1. Additionally, the undesired
formation of the analogous P(OPh)(i-Pr), adduct was avoided by the easy formation of the

acetonitrile adduct, whereas the latter could be worked-up to give the target Br-bridged dimer, as

shown in Scheme 1.40.

Scheme 1. 40. Alternative protocols for preparation of orthonickellated complexes
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Regioselectivity studies of the new C—H nickellation reaction showed that cyclonickellation of
aryl phosphinites derived from 3-Me-, 3-MeO-, and 3-CI-CsH4OH occurs exclusively at the ortho
position farthest from the substituent (Scheme 1.41). In light of the observation that the C—H
nickellation reactions in question are regioselective regardless of the electron-donating or electron-
withdrawing nature of the substituents, it was concluded that the determinant factor determining

regioselectivity is sterics, not electronics.
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Scheme 1. 41. Cyclonickellation of various mono- or di-orthosubstituted aryl phosphinites
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Mr. Mangin also noted that the nickelation of 3,5-(OMe)>-CsH3OP(i- Pr)> followed by the usual
workup did not yield the expected p-Br dimeric species (Scheme 1.42). Instead, it produced the
monomeric MeCN adduct. This observation suggests that the presence of two MeO substituents
in the substrate 3,5-(OMe),-CsH3OP(i- Pr), creates significant steric hindrance, discouraging the
dimerization of its cyclonickellated derivative and favoring the formation of the acetonitrile

adduct.

Scheme 1. 42. Formation of Ni-NCMe from cyclonickellation of 3,5-(OME),-C¢H3OP(i- Pr)2
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Another important observation was the size variation of the resulting nickellacycles: a pronounced
preference for a 5-membered nickellacycle, which hindered nickelation at the phenol substituent
C—H sites in 2-substituted and 2,6-disubstituted substrates. This phenomenon is attributed to the
more favorable energetics of the 5-membered nickellacycle that are formed at the transition state

compared to the alternative 6- or 7-membered nickellacycles (Scheme 1.43).

Scheme 1. 43. Formation of 6-memebered nickellacycle is not energetically favored
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Mr. Mangin has made other mechanistic studies to gain deeper insight to C—H nickelation step in
MeCN. And it is seen that when deuterated and nondeuterated cyclonickelated dimer is dissolved
in MeCN, H/D scrambling occurs at the ortho position, indicating that the cyclonickelated complex
is thermodynamically unstable toward reprotonation by HBr (Scheme 1.44).

Scheme 1. 44. Observed Ortho H/D Scrambling between Complexes deuterated and
nondeuterated dimer in MeCN
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To examine the process of H/D scrambling, a deuterated complex was subjected to reflux in
CH;CN for 24 hours. Analysis of the resulting product revealed that the ligand had assimilated
17% H specifically at the ortho positions (Scheme 1.45). This outcome can be explained by
considering the exchange of H/D between the DBr formed in situ and the reaction solvent, leading
to the generation of HBr. Subsequently, the HBr likely protonates the newly formed Ni—C bond,

explaining the incorporation of H into deuterated nickelacycle (Scheme 1.45).

Scheme 1. 45. Mechanism of H incorporation into deuterio ligand
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In 2019, Mangin expanded the range of cyclonickelated complexes accessible via C-H nickellation
to include phosphinites derived from 1- and 2-naphthol. When these naphthol phosphinites are
treated with a Ni'' precursor, {(i-PrCN)NiBr2}» in the presence of Ets;N, the resulting
cyclonickelated products can be isolated.** These products exist either as bromo-bridged dimers

or as adducts, which can be either acetonitrile or the phosphinite ligand itself (Schem 1.46).

Scheme 1. 46. Nickelation of 4-X-1-naphthyl phosphinites
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Another approach demonstrated that when 2-allyl-1-naphthyl phosphinite is exposed to a nickel
precursor in the presence of a base at room temperature, it triggers the nickelation of the allylic

moiety as shown in scheme 1.47.

Scheme 1. 47. C—H nickelation of 2-allyl-1-naphthyl
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Significantly, Mangin et al. observed an unexpected insertion-type C—P functionalization while
investigating the nickelation of the phosphinite derived from 2-Et-1-naphthol at high temperature
(Scheme 1.48).* It was observed that heating an acetonitrile solution of 1-naphthylphosphinite
and {(i-PrCN)NiBr2}, at 160 °C for 4 hours without Et;N resulted in a crude mixture. The isolation
process via crystallization and subsequent XRD analysis revealed a C-P functionalized product

and some unknown species, as depicted in Scheme 1.48.

Scheme 1. 48. C—P Functionalization of phosphinite
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Later, the authors uncovered several aspects concerning this C-P bond formation reaction. For
instance, the reaction is expedited by a high concentration of the phosphinite substrate and elevated
temperatures. Moreover, alongside the functionalized product, naphthol is also generated.
Additionally, heating the product crystal in MeCN at 160—200 °C does not prompt decomposition,
suggesting that the unidentified species arises from a distinct side reaction rather than thermal

degradation of the insertion product. These observations led to the following proposed mechanism.

Scheme 1. 49. Postulated mechanism for formation of C-P functionalized product
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In the aforementioned C—P functionalization reaction, a side product characterized by a 'P singlet

at 121 ppm was observed. In an effort to identify this side product, Mr. Mangin explored an
alternative route to obtain the C-P functionalized product. Treating 2-Et-8-(i-Pr2P(O))-1-naphthol
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with a nickel precursor at 160°C without a base gave phosphorus-containing species shown in

Scheme 1.50. The proposed mechanism closely resembles the one presented in Scheme 1.49.

Scheme 1. 50. Formation of another C-P functionalized product
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To summarize this subsection, my former colleagues have successfully developed an effective
method for activating aromatic C—H bonds, followed by an in-depth exploration of the factors
influencing the C—H metalation step. It has been established, for instance, that the C—H nickelation
step is reversible in the absence of a base, and electron-donating groups have been observed to
accelerate this step. In addition, their work provides a comprehensive approach to isolating and
characterizing nickellacyclic intermediates, granting valuable insights into their reactivity. These
findings served as the guiding principles for the design of my own project, which will build upon
and continue the investigation of the reactivities of the nickellacyclic intermediates previously

developed by our group.

1.4 Objectives and contents of the thesis

The selection of cyclonickelated aryl phosphinites as a model system for our project is grounded
in recent investigations conducted within our research group as presented in the previous section.
Thus, our group has established that aryl phosphinites derived from substituted phenols and
naphthols readily undergo C—H nickelation, resulting in the formation of stable and isolable
cyclometalated complexes. The choice of this phosphinite substrate is motivated by its simplicity,
accessibility, and its close resemblance to real-world examples. Furthermore, the incorporation of
phosphorus nuclei renders this model system amenable to facile monitoring through *'P NMR
spectroscopy. Additionally, the rarity and chemical stability of the isolated nickelacyclic species
make these ideal candidates or model systems for probing its reactivity with a secondary coupling

partner.

68



A limited number of results from our previous studies also established that functionalization of the
aryl moiety in the above-mentioned model systems is also feasible based on C—C and C—P coupling
reactions. However, these reactions have not been optimized or expanded. Therefore, expanding
the range of C—X coupling reactions is the main objective of my Ph. D. project. The main strategy
adopted in my studies rests on an analogy with the type of C—X bond coupling that was achieved
in our group, namely: C—Br bond activation of benzyl bromide*! and P—C1/Br bond activation in

halophosphines** as shown below:

Scheme 1. 51. Formation of C-P bond

R2 FP{Z
H O/P\ /Br H O/ 7N|Br2

Ni BF_PRZ PR2
X B ———
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Scheme 1. 52. Proposed scheme to form C-N bond
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NR,OH is similarly
polar to PR,Br

R,

Therefore, we set out with the goal of testing the feasibility of activating some other labile bonds

e.g., C—X, N—X or X—X bonds as shown in the scheme below (Scheme 1. 53).
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Scheme 1. 53. Proposed reactivity study of nickelacyclic intermediate
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We selected hydroxylamines, R,NOH, and the 1,2,4-traizile shown above as substrates possessing
potentially labile N—O and N-N bonds, respectively. The results of these investigations are
described in Chapters 2 to 4 which are separate articles, each exploring different parts of the topic
as detailed below. Chapter 5 wraps up everything with some conclusions and a few suggestions

for future work.

Chapter -2 delves into the interactions between hydroxylamines and four ortho-nickelated
compounds derived from aryl phosphinites 3-R’-CsH4OPR; (R = i-Pr; R’ = H, Cl, OMe, NMe).
The main objective of this study was to ascertain whether nickellacyclic complexes derived from
phosphinites could react with hydroxylamines to enable C—N functionalization of the aryl group
through the rupture of their labile O-N bonds followed by reductive elimination. This process
draws parallels to the C—P coupling observed with chlorophosphines. While the anticipated C—N
coupling outcome did not come to fruition, our investigations have yielded intriguing insights into
the interactions of Ni complexes with hydroxylamines. Notably, we have uncovered a

straightforward pathway for the dehydration of these substrates to imines.
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Scheme 1. 54. Reactivity of nickelacyclic complex with hydroxyl amine
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Chapter 3, on the other hand, explored the potential for C—N coupling using reagents that contain
N-N single bonds. This report outlines the outcomes of our investigations into the reactions
between our ortho-nickelated complexes and 4-amino-4H-1,2,4-triazole. While this approach
similarly did not yield the intended C-N coupling, we have successfully isolated novel
mononuclear and dinuclear adducts. Notably, these adducts exhibit intriguing solution exchange

dynamics, a subject elaborated upon in this report.
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Scheme 1. 55. Reactivity of nickelacyclic complex with and 4-amino-4H-1,2,4-triazole
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In both Chapter 2 and Chapter 3, we explored the viability of achieving C-O/C-N
functionalization within these complexes by subjecting them to reagents characterized by weak
element-element bonds, specifically hydroxylamines and 4-amino-4H-1,2,4-triazole. Building
upon the investigations mentioned earlier, Chapter - 4 turns our attention to the reactivity of
hydroxylamines in the presence of oxidants like TEMPO. These studies have yielded the creation
of unusual Ni-TEMPOH complexes. These newly discovered compounds have allowed us to
investigate the coordination chemistry displayed by them when they interact with different

nucleophiles. The details of these investigations are elaborated upon in this report.
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Scheme 1. 56. Formation of Ni(II)-TEMPOH complexes
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Scheme 1. 57. Reactivities of Ni(II)-TEMPOH complexes with nucleophiles
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2.2 Abstract

This report discusses the reactivities of hydroxylamines with a family of nickellacyclic complexes
prepared by C—H nickelation of aryl phosphinites. Treating the dimeric complexes & x*-{2-
OPR2,4-R’-CeH4}2Niz2(p-Br)2 (R = i-Pr; R” = H, Cl, OMe, NMez) or their monomeric acetonitrile
adducts &€ xP-{2-OPR2,4-R’-C6H4}Ni(Br)(NCMe) with hydroxylamines showed three types of
reactivities depending on the Ni complex, the reaction solvent, and the substrate used: (1) the
benzyl-protected substrate PhCH>,ONH> gave simple N-bound adducts with all Ni complexes; (2)
the parent Ni dimer (R’ = H) reacted with EttNOH and (PhCH»2);NOH in CH2Cl, to give,
respectively, the zwitterionic amine oxide &€ xP-{2-OPR2-Ce¢Hs}Ni(x°-ONHEt2)Br and the
bidentate aminoxide (i-R2POPh)Ni{x% ¥ -ON(CH2Ph):}Br; (3) the analogous reaction of
substituted Ni complexes (R’ = Cl, OMe, NMe,) with hydroxylamines in acetonitrile gave adducts
of imines derived from dehydration of ENOH and (PhCH2)NOH. The latter reactivity proceeds
optimally in acetonitrile, but it also occurs to a lesser extent in C¢Dgs if the reaction is allowed to
go for more than 24 h. Different mechanistic scenarios have been considered to rationalize the

observed hydroxylamine—imine transformation.

2.3 Introduction

Synthetic methodologies based on C—H functionalization using base-metal precursors
have grown in prominence over the past two decades, to the point where such methodologies are
now a central part of the global drive to develop sustainable chemical processes.!> The most
common approach to metal-catalyzed C—H functionalization requires the presence in substrates
of directing groups that bind the metal atom to facilitate its interaction with the target C—H
moiety.>> Such chelation-assisted strategies generate metallacyclic intermediates that can then
react with co-substrates to give the final products of the functionalization process. From a practical
point of view, it is advantageous to ensure that such multi-step functionalization processes proceed
directly to the end products in a “one-pot” manner. On the other hand, intercepting key
intermediates and studying their stabilities and reactivities can provide valuable mechanistic
insight that can help optimize the functionalization process.®’

In this context, our group has shown that simple Ni(II) precursors can promote C—H

metallation of phosphinites derived from phenol and naphthol, thus giving access to a rare family
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of stable and isolable nickellacyclic complexes (Scheme 2.1).3° We have also reported on the
factors that affect the C—H nickellation step,'® and briefly described the C—C and C—P
functionalization reactivities observed with some of the isolated nickellacyclic complexes

(Scheme 2.1).

Scheme 2. 1. Previously reported C—H nickellation and functionalization of aryl- and naphthyl-

phosphinites.
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As a follow-up to our investigations on the theme of C—H functionalization, we set out to
determine if our phosphinite-based nickellacyclic complexes might react with hydroxylamines to
allow C—N functionalization of the aryl moiety, analogously to the C—P coupling observed with
halophosphines (Scheme 2.1). The present report discusses the reactivities of hydroxylamines with
four orthonickellated compounds derived from the aryl phosphinites 3-R’-CsHsOPR2 (R =i-Pr; R’
=H, Cl, OMe, NMez). Although the hoped-for C—N coupling did not materialize, we have made
interesting observations on the reactivities of Ni complexes with hydroxylamines, including a

facile process for dehydration of these substrates to imines, as described herein.

2.4 Results and discussion

2.3.1 Synthesis of the nickellacyclic complexes.

The methodology employed for preparation of the precursors required for our study is shown in

Scheme 2.2. This methodology gave easy access to the previously reported dimeric complexes 1-
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3,'"13 and the identity of each complex was established based on its characteristic *'P{'H} singlet

resonance (CsDs, ppm): 199.0 (1), 200.7 (2), and 198.2 (3).

Scheme 2. 2. Synthesis of dimeric precursors 1-3.
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Having obtained the known dimers 1-3, we set out to prepare the fourth (unreported)
dimeric precursor 4 (R’=NMe;). The pro-ligand 3-Me>N-C¢H4OP(i-Pr)2 required for the synthesis
of this precursor was prepared by treating 3-Me>N-C¢H4OH with CIP(i-Pr); in the presence of
Et3N, and it was then used for the preparation of 4 according to the above procedure. Analysis of
the final reaction mixture by 3'P{'H} NMR showed a new singlet at 195.8 ppm, confirming the
successful formation of 4-NCMe, the acetonitrile adduct of the target cyclonickellated dimer 4.
Indeed, the pro-ligand 3-NMe;-CsH4OP(i-Pr), underwent C—H nickellation more readily than its
previously studied analogues (R’ = H, Cl, OMe) such that the heating shown in Scheme 2. 2 was
unnecessary in this case. This finding was consistent with our previous observation that C—H
nickellation of aryl phosphinites is more facile for substrates bearing electron-releasing
substituents. !4

Unfortunately, however, complications arose during the second stage of the synthesis as
we noted that the standard toluene work-up procedure used successfully to isolate the dimers 1-3
does not give pure samples of the target dimer 4. Indeed, *'P{'H} NMR analysis of the solid
obtained from the toluene work-up showed two sets of signals with a 3:1 integration ratio, a singlet

at ca. 196.7 ppm attributed to the target dimer 4 along with AB doublets at ca. 182.5 and 150.2

82



ppm (3Jpp= 327 Hz) attributed to complex 4°, the phosphinite adduct of the target cyclometallated
dimer 4 (Scheme 2.3).

Scheme 2. 3. Preparation of complex 4.
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The formation of 4’ can be ascribed to side reactions that take place during the toluene

work-up phase: the Et;3N-HBr generated in the C—H nickellation step of the synthesis of 4 partially
protonates the newly formed Ni-aryl moiety, thereby giving back some NiBr, and re-forming the
pro-ligand;'’ the latter then reacts with 4 to give the stable phosphinite adduct 4’ (Scheme?2. 3).
The identity of 4’ was established unequivocally thanks to X-ray diffraction studies carried
out on single crystals obtained from the recrystallization of the reaction mixture. (The solid-state
structures of this and all other new compounds presented in this report will be discussed later.)
Unfortunately, however, the target dimer 4 could not be isolated in pure form even though it is the
major component of the mixture. Therefore, the reactivity studies of 4 were conducted using in-

situ generated 4-NCMe.

Reactivities of the dimeric precursors with hydroxylamines. With the required cyclonickellated
precursors in hand, we proceeded to examine their reactivities with the hydroxylamines BnONH>
(Bn = PhCH>), Et2NOH, and Bn,NOH. These substrates were selected to probe the three different
types of reactivities we anticipated: (1) likely formation of simple N- or O-bound adducts, (2)

possible protonation of the Ni-Ar moiety in the dimers by the relatively acidic proton Ro-NOH to
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give aminoxide derivatives (Ni—ONR2), and (3) possible homolytic cleavage of the
hydroxylamine N—O bond to give Ni-aminyl or Ni-amide derivatives. Thus, the benzyl-protected
substrate BnONH, would suppress the protonation pathway and let us assess the relative
nucleophilicities of the N- and O-lone pairs, whereas EtzNOH and BnoNOH would reveal the
impact of steric/electronic factors on the reactivities. The results of these studies are described
below.

Room temperature treatment of the parent dimer 1 with BnONH: (supplied as its HCI salt
and neutralized in-situ with EtsN) gave two new species that turned out to be the Ni-chloro and
Ni-bromo derivatives of the monomeric N-bound adduct 5a shown in Scheme 2. 4. The chloro
derivative forms as a result of the facile exchange of Ni-Br with CI™ ions generated in-situ from

pre-treatment of BnONH>-HCI with Et3N.

Scheme 2. 4. Preparation of adducts 5a-Sc.
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The low isolated yield of Sa is related to the difficulties encountered in the work-up of the
sticky solid left after evaporation of the reaction solvent, and does not imply the formation of
multiple products. Indeed, the two derivatives of 5a are the only species observed in the 3'P{'H}
NMR spectrum of the crude reaction mixture (Fig. S126).

Next, we tested the reactions of precursor 1 with the two unprotected hydroxylamine
substrates. These gave two different outcomes: the reaction with Et;NOH gave 5b, which can be
described as a zwitterionic adduct or a k% -amine oxide, whereas the reaction with BnoNOH gave

the {«9 x" -aminoxide species 5S¢ by protonation of the Ni-aryl moiety in 1 (Scheme 2. 4). 'P
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NMR monitoring of these reactions showed that the Et2NOH reaction was fairly clean, the crude
mixture showing only one major and one minor species in ca. 93:7 ratio (Fig. S2. 127), but the
corresponding spectrum for the BnoNOH reaction mixture showed 4 new resonances with the
major one accounting for ca. 60% of the combined signal intensities (Fig. S2. 129). Yet, the work-
up process led to isolation of a lower yield of Sb than 5S¢ (Scheme 2. 4).

The 3'P{'H} NMR spectra (C¢D¢) displayed the following characteristic singlet
resonances: 0 195.2 for 5a-Cl and 198.3 for 5a-Br (ratio of 86:14); 201.5 for Sb; 173.3 for Sc¢. The
'"H NMR spectra were also diagnostic. For example, the ONHEt, proton in 5b gave a broad and
downfield signal at ca. 9 ppm, whereas no such signal was detected in the spectrum of 5¢ consistent
with the absence of an NH or OH moiety in this compound. Moreover, the diastereotopic benzylic
protons in Sc¢ displayed two ABX-type doublets of doublets as a result of coupling with the P
nucleus (“Jup =2 and 6 Hz), whereas the OCH>Ph protons in 5a display broad singlets. Compounds
5a-5¢ were also studied by single-crystal X-ray diffraction studies to unequivocally confirm the
assigned structures (vide infra).

One common aspect of the reactions shown in Scheme 2. 4 is the impact of solvent on
reactivity outcomes. For instance, 5a forms most readily in CH>Cl> and toluene, whereas its
formation is less favored in acetonitrile; this is presumably because the in-situ formed acetonitrile
adduct 1-NCMe is fairly stable toward substitution by BnONH>. Similarly, using acetonitrile
instead of CH2Cl> hampered the reactions of 1 with Et2NOH and BnoNOH. For instance, running
the reaction of 1 with Et;NOH in acetonitrile gave a 2:1 mixture of Sb and the acetonitrile adduct
1-NCMe (Fig. S2. 128), implying that competitive acetonitrile binding reduces the extent of
hydroxylamine coordination, thereby hindering the formation of Sb. Indeed, re-dissolving pure Sb
in acetonitrile gives a 2:1 mixture of Sb and 1-NCMe. In the case of the analogous acetonitrile
reaction with BnoNOH, the formation of 5¢ was suppressed completely as we obtained a 1:1
mixture of the acetonitrile adduct 1-NCMe and a new species believed to be a simple BnoNOH
adduct (Fig. S2. 130). In this case, however, Sc is stable in acetonitrile, because the protonation of
the Ni-Ar moiety cannot be reversed.

Next, we probed the reactivities of the Cl- and MeO-substituted dimers 2 and 3 with the
three hydroxylamine substrates. The reactions with BnONH; proceeded similarly to the reaction

with 1 to give the chloro- and bromo-derivatives of the simple N-bound adduct 6a and 7a (Scheme

85



2. 5). In contrast, very different "atVities were observed with Et;NOH and BnoNOH, giving the Ni-
imine products 6b/7b and 6¢/7¢, respectively.

Scheme 2. 5. Preparation of adducts 6a-6¢ and 7a-7c.
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We emphasize again that these reactions appear fairly clean by NMR, and so the generally
low isolated yields of the products do not imply major side-reactions, relating instead to their
difficult recrystallizations. For instance, the *'P{'H} NMR spectrum recorded for the crude
mixture of the reaction of 2 with Et;NOH showed that the resonances for 6b and the acetonitrile
adduct 2-NCMe account for nearly 90% of the combined signal intensities (Fig. S2. 131);
similarly, in the corresponding spectrum for the reaction of 3 with Et2NOH the resonance assigned
to the imine adduct 7b accounted for more than 90% of the combined intensities (Fig. S2. 132).

Single crystals were obtained for the new complexes 6a-c, 7b, and 7c, allowing us to
confirm their solid-state structures.!¢ In the case of 7a, we were unable to grow single crystals
suitable for accurate X-ray diffraction studies, but the identity of this compound was established
reliably based on NMR spectra.

The 3'P{'H} NMR spectra (CsDs) of the new compounds showed these characteristic
singlets: 6 199.0 for 6a-Br and 195.6 for 6a-Cl (ratio 57:43); 195.5 for 6b; 196.3 for 6¢; 197.1 for
7a-Br and 193.8 for 7a-Cl (ratio 30:70); 193.8 for 7b; and 194.9 for 7¢. For the imine adducts, the
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13C NMR spectra showed the NCspoHR signals (R = CHs and Ph) at § 166, and the 'H NMR
spectra showed the expected signals for the vinylic protons NC(H)R at 6 6.49-6.55 (m, 6b), 6.63-
6.67 (m, 7b), 7.80 (d, *Jur = 8.7 Hz, 6¢), and 7.86 (d, “Jup =~ 8.6 Hz, 7¢), respectively, as well as
the anticipated ABX-type doublets of doublets for the diastereotopic NCH2R protons in 7b and 7¢.

Another noteworthy feature of the 'H NMR spectra for 6¢ and 7¢ is the unusually downfield
signals for the ortho protons of the (benzyl) Ph rings, at & 8.82 and 8.93, respectively. We examined
the solid-state structures of these complexes to see if any unexpected H----element close contacts
present in the crystal lattice might provide a rationale for these observations. Although some close
Ni---H contacts were, indeed, located in the examined structures, these appear to be a common
feature of these imine adducts. Thus, the available data does not allow us to pinpoint a specific
bonding phenomenon (e.g., agostic or similar interactions involving orbital overlap) that might
explain the observed downfield chemical shifts. A summary of the structural analyses conducted
to investigate this question is provided in the supporting information.

The reactivities of the Me;N-substituted precursor was studied next using in-situ generated
4-NCMe. Reactions with BnONH; and Et;NOH followed pathways similar to those observed with
the analogous dimers 2 and 3, i.e., giving the simple N-bound adduct 8a and the imine adduct 8b,
respectively (Scheme 2. 6). On the other hand, the reaction with BnoNOH gave no tractable

products which could be isolated in a pure form and characterized.

Scheme 2. 6. Preparation of adducts 8a and 8b.
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The *'P{'"H} NMR spectra (C¢Ds) of the new BnONH adducts showed characteristic singlets at &
196.1 for 8a-Br and 192.8 for 8a-Cl (ratio 77:33), whereas the corresponding signal for the new
imine adduct 8b appeared at 192.9 ppm. The 'H NMR spectra of the benzyl-protected
hydroxylamine adduct 8a and the imine adduct 8b were consistent with the absence of a plane of

symmetry in these molecules. Complex 8a also showed two broad signals at 5.47 and 5.25 ppm

for the NH> and OCH- protons.

Synthesis of a simple amine adduct. In addition to the new complexes presented above, we also
prepared a simple amine adduct for the purpose of comparing its spectral features and solid-state
structure to those of the imine and hydroxylamine adducts under discussion. Thus, treating the
dimer 3 with Et;NH generated adduct 7d (Scheme 2. 7), which was fully characterized by NMR

and single crystals X-ray diffraction studies.

Scheme 2. 7. Preparation of the Et,NH adduct 7d.
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The 3'P{'H} NMR spectrum of 7d showed the anticipated singlet resonance at 192.6 ppm,
whereas the "H NMR spectral features were fully consistent with the presence of an effective plane
of symmetry in the coordination plane resulting in the pairwise equivalence of the symmetry-
related NCH>CHs and PCHCH; groups above and below this plan.!” Moreover, one of the
multiplets for the 4 diastereotopic NCH: protons (resonating at 2.1 ppm) integrates for 3 protons,

leading us to suspect that it overlaps with the signal for the NH proton.

2.3.2 On the mechanism(s) for the conversion of hydroxylamines into imines.

The unanticipated observation of the hydroxylamine-to-imine conversions promoted by three of

our cyclonickelated complexes prompted us to study the mechanism of this transformation. A
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literature search revealed that two different mechanistic proposals have been put forth for
hydroxylamine-to-imine conversions. Murahashi’s group was the first to report a TiCl3-promoted
conversion of hydroxylamines R!CH>N(R?)OH into imines,'®2° and this group has proposed a
radical pathway consisting of three distinct stages:?! (1) initial homolysis of the N—O bond in the
substrate generates TiCl3(OH) and the aminyl intermediate R'CH2N(")R?; (2) a 1,2-hydrogen shift
converts the aminyl into the a-aminoalkyl radical R'CH(")N(H)R?; (3) electron-transfer from the
latter to TiCl3(OH) regenerates TiCl3 and produces the imine product and an equivalent of water.

The second mechanistic proposal for hydroxylamine-to-imine conversions (or
hydroxylamine dehydration) is a non-radical pathway promoted by late transition metal systems.
This alternative proposal is, in fact, based on the generally accepted mechanism for hydration of
nitriles, a transformation that is promoted by a variety of transition metal compounds.?? A recent
report has adapted such a non-radical mechanism to rationalize the Pt(Il)-promoted dehydration of
hydroxylamines into imines via a nucleophilic attack by hydroxylamines on coordinated
cyanamides.?

Both of the above mechanistic scenarios have some appeal for the system under discussion
here. Murahashi’s radical pathway is in accord with our original expectation that the N—O bond
in hydroxylamines might be prone to a homolytic cleavage. However, such a process is much more
likely to occur with an open-shell precursor such as TiCls rather than with our closed-shell Ni(II)
precursors. Indeed, divalent nickel centers are usually electrophilic and tend to bind unsaturated
substrates such as nitriles, thereby activating them to varying degrees towards nucleophilic attacks.
For instance, our dimeric precursors readily form acetonitrile adducts.

Moreover, closely related Ni complexes bearing phosphinite-based pincer ligands are
known to catalyze nucleophilic attacks by amines and alcohols on RCN (R = CHCH,,*
CHCHPh,” Me,**?” Ph*®). For these reasons, a non-radical pathway involving nucleophilic
attack on coordinated nitriles seemed a priori more plausible for the mechanism of the
hydroxylamine-to-imine conversions observed in our system. Nevertheless, we undertook
experiments to assess the respective merits of the two mechanistic postulates, as described below.

Our initial mechanistic investigations were focused primarily on the acetonitrile reaction
of dimer 3 with two equivalents of Eto2NOH, because this system gives fairly clean outcomes.
Analysis of the final reaction mixture confirmed the formation of the imine adduct 7b as the

anticipated main product (see Scheme 2. 5) in addition to a small crop of colorless crystals, which
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were isolated and identified by XRD analysis as acetamide. This fortuitous observation provided
an important clue regarding the mechanism of imine formation: the conversion of hydroxylamine
to imine occurs concomitantly to the hydration of acetonitrile. This scenario would be consistent
with the nucleophilic attack mechanism depicted in Scheme 2. 8, as well as the radical pathway

inspired by Murahashi’s proposal for the TiCl; system and shown in Scheme 2. 9.

Scheme 2. 8. Nucleophilic attack mechanism for Ni(Il)-promoted dehydration of

hydroxylamines.
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Scheme 2. 9. Radical pathway mechanism for Ni(II)-promoted dehydration of hydroxylamines.
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Since the nucleophilic attack scenario (Scheme 2. 8) is entirely predicated on the
coordination of acetonitrile to Ni(Il), its validity can be determined by conducting the reaction of
3 with Et:NOH in a solvent other than MeCN to see if imine formation can be suppressed
altogether. This idea was tested by treating 3 with two equiv of E&NOH in CH>Cl; and monitoring
the reaction progress by 3'P NMR spectroscopy. In contrast to the fairly clean formation of the

imine derivative 7b in acetonitrile, the analogous reaction in CH>Cl> gave a much more complex
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mixture with multiple *'P resonances in the chemical shift region 205-120 ppm (Figure S2. 133).
Most of these are minor, but the two major resonances accounting for >80% of the combined signal
intensities are believed to be analogues of complexes Sb and 5¢ (see Scheme 2. 4). This assertion
is based on the similarities of the chemical shifts of Sb and 5¢ to those of the major resonances
generated in the CH>Cl, reaction (201.5 vs. 201.5 ppm and 173.3 vs 171.3 ppm).

It is not clear whether the CH>Cl, reaction generated the anticipated imine adduct 7b, but
two minor 3!P resonances appear in the chemical shift region associated with this product (194.7
and 193.5 ppm vs. 193.8 ppm for 7b in C¢Ds). Significantly, the intensities of these resonances are
about 6% and 3%, respectively, implying that even if one of these could be attributed to 7b, imine
formation is a minor side-reaction in CH2Cl,. Testing the reaction of 3 with Eto2NOH in toluene
gave an outcome similar to the CH>Cl» reaction (Figure S2.134): we obtained a complex mixture
in which the minor *'P resonances appearing in the chemical shift region of 7b accounted for only
2% of the combined peak intensities.

We conclude from the above tests that the reaction of 3 with Et;NOH follows different
pathways depending on the reaction solvent: formation of the imine adduct 7b is the main observed
reactivity in acetonitrile, but it is at best a minor side-reaction in CH>Cl, and toluene. This also
implies that the acetonitrile reaction likely proceeds according to the non-radical pathway shown
in Scheme 2. 8. To further support this possibility, we conducted the acetonitrile reactions of 3
with Et2NOH in the presence of reagents such as the stable radical TEMPO (TEMPO = 2,2,6,6-
(tetramethylpiperidin-1-yl)oxyl) or styrene that might intercept any radical intermediates, and
compared the results to the reactions in the absence of these reagents. These tests showed nearly
complete conversion of 3 to the anticipated imine adduct 7b, thus establishing that this
transformation is not hindered in the presence of substrates susceptible to trapping radical
intermediates.

Finally, we examined the acetonitrile and C¢Ds reactions of 3 with 2 equiv of Et2NOH over
1-2 days to compare the time profiles of these reactions and possibly detect any intermediates
involved in the process. The results of these tests are summarized by the time profiles shown in
Figure 2. 1. It is worth noting that the starting dimer 3 is rapidly converted to new species in both
reactions, but the evolution of the initially formed species throughout the reaction time-span was

quite different in each case. Thus, the first >'P NMR spectrum recorded 10 min after the acetonitrile
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reaction was launched showed the formation of multiple resonances (Figure S2. 138). Of these

resonances, the
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Figure 2. 1. Time plots for the reactions of 3 with 2 equiv of ENOH in acetonitrile (left) and
CesDs (right). See ESI for experimental details and NMR spectra of the reaction mixtures.

ones appearing at around 90-80 ppm are thought to represent oxidized species that remained
present and fairly constant in the reaction mixture throughout the reaction. In contrast, the more
downfield resonances (210-170 ppm) showed significant variation over the reaction time-span;
these latter resonances likely represent Ni derivatives of interest to the reaction mechanism. Of
these, the four accounting for >80% of the combined signal intensities have been attributed to the
following species: the 195.5 ppm resonance is the anticipated imine adduct 7b (represented by the
gray trace in the top plot); the 196.8 ppm is the acetonitrile adduct (represented by the Y trace in
the top plot); the 201.1 and 172.0 ppm resonances are hydroxylamine adducts (represented by the
X and Z traces in the top plot). Evolution of these four resonances over time led to the dominance
of the imine adduct 7b, which accounted for >80% and ca. 90% of the mixture after 7 and 24 h,
respectively.

In contrast to what was observed for the acetonitrile reaction, we detected one main product
during the first several hours of the C¢Dg reaction; this species is represented by the blue trace for
species X in the bottom plot. We believe that this species is the analogue of the zwitterionic adduct
5b (Scheme 2. 4) based on the similarity of the *'P chemical shift for these two species (see Figs
S2. 143 and S2. 144). Monitoring this reaction beyond 24 h showed that this species is gradually
converted to the imine adduct 7b (gray trace) and two unknown products (represented by the W
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and V trace in the bottom plot). It is important to emphasize that the imine adduct 7b remains a
minor product in this reaction after 48 h.

The time profile plots shown in Figure 2. 1 allow us to show that the imine adduct 7b is
the predominant product of the acetonitrile reaction after only a few minutes, whereas it is only a
minor product in CsDs (<20%) even after 48 h. Such a major discrepancy in the outcomes of these
two reactions underlines the crucial role played by the solvent, and it supports the contention that
the conversion of hydroxylamines to imines in acetonitrile proceeds via the nucleophilic attack
mechanism depicted in Scheme 2. 8. On the other hand, we cannot rule out the involvement of a
radical pathway in the formation of minor quantities of imine adducts in solvents other than
acetonitrile.

To shed further light on the mechanistic debate outlined above, we undertook DFT
calculations to model the hydroxylamine-to-imine transformations observed in our system.
Interestingly, these computational studies provided strong support for the proposed mechanism
that involves concomitant hydroxylamine dehydration and acetonitrile hydration (Scheme 2. 8).
The radical pathway was also explored, as were two other scenarios, but all of these involve
unrealistically high energy barriers (>50 kcal/mol), which leads us to rule them out in favor of the
nucleophilic attack pathway supported by the NMR data discussed above. (See ESI for a summary
of our DFT results.)

2.3.3 Solid-state structures of the new products.

During the course of this investigation, we isolated 13 new Ni complexes and conducted single
crystal X-ray diffraction studies on 12 of them. The crystals obtained for adducts 5a and 8a showed
telltale signs for co-crystallization of the Ni-Cl and Ni-Br derivatives in the asymmetric unit
resulting in double-occupancy of the halide atom in these structures. This was successfully
modelled as a substitutional disorder. There were also some indications that a similar Cl/Br
disorder might exist in the structure of 6a, but in this case we ignored the potential substitutional
disorder because the isolated crystals were twinned and of bad quality.

The electronic supporting information attached to this report provides crystal data and
structure refinement details (Tables S2. 1-S2. 5), as well as lists of the most noteworthy bond
distances (Table S2. 6) and angles (Table S2. 7) for all new complexes. Molecular diagrams for
some of the more pertinent structures are included below (Figure 2. 2), and all of the diagrams are

also provided in the ESI section (Figure S2. 143-S2. 154). One common feature in all of the
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structures presented in this study is the fairly planar coordination geometry around the central Ni
atom. Thus, the Ni centre in all the complexes is only slightly out of the mean plane defined by the
4 ligating atoms, this distance being <0.04 A in all complexes except 6¢ and 7c¢ in which it is about
0.08 A. In the case of complexes featuring a central cyclonickelated aromatic moiety (i.e., all
except Sc¢), the mean plane of this ring is twisted with respect to the mean coordination plane by
1-12° in all complexes except 4°. In the latter complex, this twist angle is 17°, presumably to
minimize the repulsions between the two bulky phosphinite ligands.

Most of the complexes analyzed by XRD studies also show fairly minor angular distortions and
deviations from the ideal values of 90° and 180° for cis and trans bond angles, respectively. For
example, in all complexes except Sc the cis angles range from 82° to 101°, whereas the trans angles
are 166-180°. In contrast, complex 5c¢ exhibits major deviations from ideal values in the 4 bond
angles involving the central Ni atom (43°, 102°, 107°, and 108°). Similarly, significant deviation
from the ideal value was found for one of the 4 angles around the sp3-hybridized N atom of the

the aminoxide ligand (£O-N-Ni = 66°).
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Figure 2. 2. Molecular diagrams of some of the new complexes presented in this report. Thermal
ellipsoids are shown at the 50% probability level. Hydrogen atoms the Me groups of the i-Pr
substituents have been omitted for clarity.

Among the new complexes presented in this study, the most unique coordination geometry
is presented by complex Sc. Indeed, what makes this a fairly uncommon compound is its unusual
3-membered Ni-O-N ring. To be sure, metallacyclic complexes analogous to Sc are known for a
few transition metals,>*® but to our knowledge there are only three previously reported Ni(II)
complexes of this type, all of which are based on (x2,x"~TEMPO).*’** These compounds display
solid state parameters fairly similar to those found in Se. Also reported in the literature is a similar,
but not analogous, complex featuring a 3-membered nickellacyclic moiety based on a “side-
bound” n?-nitrobenzene ligand coordinated to Ni(0).*°

All Ni-ligand distances in the new complexes under discussion are within the expected
range for structurally similar Ni(I) complexes (see Table 2. 1);*'"* nevertheless, a number of
comparisons are given here to provide useful insights. For instance, the unequal P1—Ni and

P2—Ni distances in complex 4’ (2.14 vs 2.25 A) reflect the stabilizing effect of the 5-membered
metallacycle (chelate effect). In complex Sc, the Ni—O bond distance is shorter than the Ni—N
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bond distance (1.84 vs 1.90 A), as found for other Ni(II)—(x?,x"-TEMPO) complexes. Likewise
(and unsurprisingly), the Ni—O distance in 5b is also significantly shorter than the Ni—N
distances in 5a (ca. 1.92 vs 1.97 A), whereas the Ni—P distances in these complexes are essentially
equivalent (ca. 2.10 A); this implies that the O- and N-bound ligands exert comparable trans
influences. On the other hand, complexes 5a and 8a display essentially equivalent Ni—N distances
(1.97 A), yet the Ni—P distance is somewhat shorter in 5a (2.10 vs 2.12 A).

A number of interesting structural features are also present in the imine adducts and the
Et;NH adduct, and a few remarks and comparisons on these features are warranted. For example,
all imine moieties are clearly planar (the sum of the three angles involving the imine-/N atoms are
359-360°) and oriented nearly perpendicularly to the coordination plane of the complex: 83° in
6b; 90° in 7b and 8b; 87° in 6¢ and 89° in 7¢. Interestingly, the plane defined by the non-hydrogen
atoms of the Et2NH moiety in 7d (C-C-N-C-C) is also oriented nearly perpendicularly (89°) with
respect to the coordination plane. The Ni—N bond distance is significantly longer in 7d vs 7b
(2.00 vs 1.95 A), consistent with the generally greater nucleophilicity of imines vs amines. On the
other hand, the much shorter Ni—P bond distances in the imine adducts relative to the
corresponding distance in complex 4’ (2.10-2011 vs. 2.14 A) indicate that imine moieties possess
a much weaker trans influence relative to the phosphinite ligand. Finally, among the imine
moieties, the Ni—N bond distances are somewhat longer for the CH3C(H)=NEt imine moieties in
6b (Figure S2. 147), 7b (Figure 2. 2), and in 8b (Figure 2. 2) relative to the presumably bulkier
imine moieties PhC(H)=NBn in 6c¢ and 7c¢ (Figure 2. 2; 1.95 vs. 1.93-1.94 A).

2.5 Summary & conclusion

The main goal of this study was to probe the potential of hydroxylamines for inducing
C—N functionalization with our phosphinite-based nickellacyclic complexes. In analogy to the
known reactivity of our nickellacyclic complexes with halophosphines, we had anticipated that
homolysis of the relatively labile N—O bond in hydroxylamines would generate reactive Ni-amido
or aminyl intermediates that would lead to C—N coupling. Instead, we observed a range of
reactivities depending on (a) whether or not the hydroxylamine substrate was protected at its OH
moiety, (b) whether the aryl moiety of the cyclonickellated complex had a non-H substituent, and

also (c) the type of N-substituent. These reactivities are represented in Scheme 2. 10.
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Scheme 2. 10. Summary of observed reactivities with hydroxylamines
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The most consistent reactivity observed for all four cyclonickellated precursors was
formation of the (BnO)H>N—Ni adducts 5a-8a. These were obtained readily when our precursors
were treated with BnONH; in CH>Cl, regardless of the nature of the substituent on the aryl moiety
of the precursor, but partial solvolysis occurs in acetonitrile to give the acetonitrile adducts.

In contrast to the uniform reactivity seen with BnONH>, the reactivities with unprotected
hydroxylamines depended strongly on the Ni precursor as well as on the reaction solvent. In
CH>Cly, the unsubstituted precursor 1 formed O-bound adducts initially that reacted further to give
two different products depending on the N-substituent of the substrate, the zwitterionic
hydroxylamine oxide 5b with R” = Et, and the x%,x- aminoxide 5¢ with R” = CH,Ph. A third
type of reactivity observed in our study was the formation of the imine adducts 6b-8b, 6¢, and 7¢
from the acetonitrile reaction of hydroxylamines with the Ni precursors possessing a non-H
substituent on their aryl moieties.

A number of literature precedents and experimental observations have allowed us to
rationalize the transformation of hydroxylamines into imines via a nucleophilic attack on the in-

situ generated acetonitrile adduct. A DFT analysis of a model reaction has also provided support
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for this scenario. It should be noted, however, that an alternative radical pathway cannot be ruled
out for the formation of the imine adduct 7b as a minor side-product (2-20%) when precursor 3
was treated with Et2NOH in CH2Cly, toluene, or C¢De.

Other aspects of the observed reactivities with hydroxylamines that still remain obscure
include (a) the decisive impact of the aryl substituent in our Ni precursors controlling the formation
of Sb/5c¢ vs. the imine adducts, and (b) the strong influence of the hydroxylamine substituent R”
favoring the formation of Sb vs 5c¢. Future studies will aim to improve our understanding of the

reactivities of hydroxylamines with our cyclonickelated precursors.

2.6 Associated content

Supporting Information. Synthetic procedures, NMR Spectra, single crystal structure data and
additional figures, PXRD diffraction diagrams, a summary of the structural analyses to rationalize
the unusually downfield chemical shits observed in the 'TH NMR spectra of complexes 6¢ and 7c,

and a summary of the DFT analysis.
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Chapter —2— Supporting Information

S2.1 General experimental considerations

All manipulations were carried out under a nitrogen atmosphere using standard Schlenk
techniques and an inert-atmosphere box. Solvents were dried by passage over a column of
activated alumina, collected under nitrogen, and stored over 3 A molecular sieves inside
transfer/storage flasks equipped with high vacuum valves (Straus flasks). EtsN was dried over
CaH,. The Ni! precursor [(i-PrCN)NiBr2]. used throughout this study was prepared as reported
previously.'?!* The dimeric precursors 1-3 were prepared using a published procedure.!! Other
reagents were purchased from Sigma-Aldrich or FisherSci and used without further purification.

The NMR spectra were recorded at 400 MHz ('H), 125.72 MHz ('3C), and 202.4 MHz (*'P).
Chemical shift values are reported in ppm (6) and referenced internally to the residual solvent
signals ("H and *C: 1.94 and 118.26 ppm for CD3CN; 7.26 and 77.16 for CDCls; 7.16 and 128.06
for C¢Dg) or externally (*'P: H3PO4 in D,0, & = 0). The minimal precision of the NMR spectra was
found to be 0.3 Hz for 'H, 0.7 Hz for 13C and 2 Hz for *'P.

Single crystals of all the structurally characterized complexes were grown from Et>O solutions
cooled to -35 °C. The crystallographic data for all structures were collected on either a Bruker
Microsource (Cu radiation) or a Bruker Venture Metaljet (Ga radiation) via the Bruker APEX II or
APEX III* software packages. Cell refinement and data reduction were performed using SAINT.*
An empirical absorption correction, based on multiple measurements of equivalent reflections, was
applied using the program SADABS or TWINABS.*” The space group was confirmed by the
XPREP* routine in APEX. The structures were solved in OLEX* using the SHELX>? suite and
refined by full-matrix least squares with SHEXL.’! All non-hydrogen atoms were refined with
anisotropic displacement parameters, whereas hydrogen atoms were set in calculated positions and
refined via the riding model, with thermal parameters being 1.5 times that of the carbon bearing

the H in question. All Thermal ellipsoid plots were drawn using OLEX.
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S2.2 Procedures for the synthesis of the new phosphinite ligand and the Ni complexes

3-NMe2-CcH4OP(i-Pr)2. A 100 mL Schlenk flask was charged with EtsN (1.252 mL, 8.975 mmol,
1.2 equiv) and 3-NMex-C¢H4OH (1.026 mL, 7.479 mmol, 1 equiv) dissolved in 35 mL THF.
Dropwise addition of CIP(i-Pr), (1.190 mL, 7.479 mmol, 1 equiv) to this solution led to salt
precipitation. The resulting mixture was stirred under inert atmosphere for 2 h at room temperature,
followed by solvent evaporation and extraction of the residues with 3 x 25 mL Et>O. Evaporation
of the extracts afforded the target ligand as a dark oil (1.689 g, 6.667 mmol, 89 %). 'H NMR (400
MHz, 20 °C, C¢Ds): 6 1.03 (dd, 6H, CH(CH3), *Jun = 7.2, *Jup = 15.7), 1.20 (dd, 6H, CH(CH?3),
3Jan = 7.0, *Jup = 10.4), 1.82 (dsept, 2H, CH(CH3)2, *Juu = 7.1, 2Jup = 2.7), 2.52 (s, 6H, N(CHs),
6.30 (m, 1H, CarH, *Juu = 8.3,%Jup = 2.5, “Jun = 0.5), 6.76 (psq, 1H, Car-H, *Juu = 2.3), 6.87
(psdtd, 1H, C4ar-H, *Jun= 8.1, J=2.3,J=0.8), 7.15 (t, 1H, Car-H, *Juu = 8.1). *C{'H} NMR
(125.72 MHz, 20 °C, C¢D¢): § 17.26 (d, 2Jpc = 8.7, CH3), 17.99 (d, 2Jpc = 20.7, CH3), 28.65 (d, Jrc
= 18.4, CH), 40.21 (s, NCH3), 103.48 (d, Jec = 10.3, Car), 106.85 (d, Jec = 0.8, Car), 107.15 (d,
Jrc=12.0, Car), 130.03 (s, Car), 152.38 (s, Car), 161.01 (d, 2Jpc = 8.8, Clar). *'P{'H} NMR (202.4
MHz, 20 °C, CDCls): 143.87 (s, 1P).

[{x?,kC-(i-Pr)2PO-(5-NMe2-CH3)}Ni(u-Br)]2 (4°). A 100 mL Schlenk flask was charged with a
solution of the ligand 3-NMe-CsH4OP(i-Pr)2 (984 mg, 3.882 mmol, 1.00 equiv) in 40 mL MeCN,
{(i-PrCN)NiBr2}, (1.340 g, 4.658 mmol, 1.2 equiv), and EtzN (471 mg, 4.658 mmol, 1.2 equiv).
The mixture was stirred at room temperature overnight. Evaporation of the solvent, followed by
extraction with toluene (3 x 20 mL) and evaporation of the volatiles gave a viscous material. This
was dissolved in minimum amount of Et2O and then hexane was added to precipitate the desired
dimer. Cannula filtration of the mixture and subsequent evaporation of the filtrate gave a solid
residue (0.937 mg). NMR analysis of this solid showed that it contained both the desired dimer, 4,
and the new complex 4°, the product of reprotonation at the aryl-Ni moiety. The *'P{'H} NMR
(CsDg) spectrum showed a singlet at 196.7 assigned to 4 and two doublets at ca. 150 (d, 1P, Jpp =
323.0), 182 (d, 1P, Jpp = 323.1) assigned to 4. Based on the weight of the solid residue obtained
from the reaction and the integration values of these signals, we estimate yields of 38% for 4 and
20% for 4°. Several attempts at purification of this mixture by recrystallization resulted in the
isolation of a small crop of crystals for complex 4°, but we did not succeed in isolating pure
samples of the desired dimer 4. For this reason, the crude mixture generated from the reaction of

{(i-PrCN)NiBr2}, with the ligand was used for reactivity studies with hydroxy amines. The NMR
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spectra  of [{x’kC-(i-Pr),PO-(5-NMez-C¢H3)} {x”-(i-Pr)2PO-(5-NMez-CsHa) }NiBr]  (4°) are
provided here. "H NMR (400 MHz, 20 °C, CDCls): 6 1.38 (dd, 12H, CHCH3, *Jun = 7.2, 3Jup =
13.4), 1.46-1.54 (m, 12H), 2.59 (sextd, 2H, CH(CH3)(CH3), *Jup = 7.1, *Jun = 2.1), 2.78 (s, 6H,
NCHz), 2.79 (s, 6H, NCHs), 2.80 (m, 2H, CH(CH3)(CH3)), 5.95 (dd, 1H, 0-CeHs, *Jun = 8.7, >Juu
=2.4),6.15 (d, 1H, 0-CeHs, >Jun = 2.8), 6.30 (dd, 1H, *Jun = 8.2, *Juu = 2.1), 6.78 (dt, 1H, p- or
m-CeHs), 6.86 (ps q, 1H, CsHs), 7.01(t, 1H, p-CsHs, 3Jun = 8.1), 7.17 (dd, 1H, 0-CeHs, > Jun = 8.7,
ST =0.7),7.36 (s, 1H ). *C{'H} NMR (125.72 MHz, 20 °C, CDCl3): 6 17.28 (s, CH3), 18.02
(s, CH3), 19.01(d, CHs, Jcp = 3.7), 20.47 (d, CH3, Jep = 4.7), 28.58 (d, PCH, Jcp = 2.7), 28.82 (d,
PCH, Jcp = 2.7), 29.76 (d, PCH, Jcp = 3.1), 29.93 (d, PCH, Jcp = 3.1), 40.63(d, Jep = 12.7), 95.72
(d, Jep = 14.1), 105.23 (d, Car, Jop = 6.4), 106.36, 107.08, 108.73 (d, Car, Jor = 5.2) 128.49, 129.26,
142.80 (d, Jcp = 12.3, Car), 150.38, 151.59, 155.80 (d, Jep = 5.2, Car), 169.38, 169.56. 3'P{'H}
NMR (202.4 MHz, 20 °C, CDCl3): 150.27 (d, 1P, Jep = 323.0), 182.46 (d, 1P, Jep = 323.1).

[{xP,kC-(i-Pr)2PO-CsHa} {NH20Bn}Ni(Cl/Br)] (5a-Cl and 5a-Br; Bn= CH:Ph). A 50 mL
Schlenk flask containing 10 mL MeCN was charged with O-benzylhydroxylamine hydrochloride
(76 mg, 0.476 mmol, 4 equiv) and EtsN (48 mg, 0.476 mmol, 4 equiv). The resulting mixture was
stirred for 45 min under inert atmosphere and at room temperature. To this mixture was added the
dimer [{x”,x-(i-Pr),PO-CsHa}Ni(u-Br)]> (1, 83 mg, 0.119 mmol, 1 equiv) and the stirring was
continued overnight under the same condition. Removal of volatiles under vacuum left a sticky,
brown residue, which was treated with ca. 1 mL of Et,0, filtered and the filtrate kept at -35 °C
overnight. Brown crystals were separated and washed with cold hexane. (Yield: 37 mg, 0.086
mmol 35 %). 'H NMR (400 MHz, 20 °C, CDCl3): 6 1.36 (dd, 6H, CHCH3, *Juu = 7.0, *Jup = 14.7
), 1.52 (dd, 6H, CHCHs, *Jun = 7.2, *Jup = 17.7), 2.36 (psoct, 2H, CHCH3, *Jun = *Jup = 7.1), 5.35
(brs, 2H, OCH>), 6.06 (br s, 2H, NH>), 6.68 (d, 1H, C3/6-H, *Juu = 7.8), 6.73 (t, 1H, C4/5-H, *Jun
=7.3),7.02 (t, 1H, C4/5-H, *Jun = 7.4), 7.10 (d, 1H, C3/6-H, *Jun = 7.6). *C{'H} NMR (125.72
MHz, 20 °C, CDCl3): § 17.00 (s, CH3), 18.14 (d, 2Jec = 3.7, CH3), 28.14 (s, P-CH), 28.40 (s, P-
CH), 78.74 (s, CHy), 110.70 (d, 2Jec =13, 1C, C2), 121.21 (d, Jpc = 2.05, 1C, C4/5), 127.20 (s, 1C,
C4/5),128.94 (s, 2C, Car), 129.21 (s, 1C, Car), 129.45 (s, 2C, Car), 134.63 (s, 1C, Car), 136.25 (br,
1C, C3/6), 167.91 (d, Jpc = 11.5, 1C, Cl4;) . The spectrum does not display the anticipated signals
for two quaternary aromatic carbons. >'P{'H} NMR (202.4 MHz, 20 °C, CDCl3): 195.19 (5a-Cl,
87%), 198.25 (5a-Br, 13%).
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[{x?,kC-(i-Pr)2PO-CesH4} {x"-E2NOH}NiBr] (5b). A 50 mL Schlenk flask containing 5 mL of
CH2Cl» was charged with the parent dimer [ {x”,x°-(i-Pr)2PO-CsHa} Ni(z-Br)]> (1, 100 mg, 0.134
mmol, 1.00 equiv) and Et;2NOH (0.024 mg, 0.268 mmol, 2.00 equiv). The solution was stirred
overnight at room temperature and under inert atmosphere. Removal of volatiles under vacuum
left a sticky, brown residue, which was treated with ca. 1 mL of Et,0, filtered and the filtrate kept
at -35 "C overnight. Brown crystals were separated and washed with cold hexane. (Yield: 0.049
mg, 41 %). '"H NMR (400 MHz, 20 °C, C¢Ds): 6 1.05 (t, 6H, NCH2CHj, *Jun = 7.2), 1.24 (dd, 6H,
CHCH;, *Jun = 7.0, 3Jup = 14.2), 1.55 (dd, 6H, CHCHs, *Jun = 7.2, 3Jup = 17.0), 2.15-2.27 (m,
4H, overlap of NCH, and PCH), 2.31-2.41 (m, 2H, NCH,), 6.89 (dd, 1H,C3/6arH, *Jun = 7.7,
“Jun = 1.4), 6.99 (tdd, 1H, C4/5a-H, *Jun = 7.5, *Jau = 1.7, >Jup = 1.3), 7.08 (tdd, 1H, C4/5a-H,
3 = 7.4, *Jan = 2.0, ®Jup = 1.6), 7.85 (dt, 1H, C3/6ar-H, *Jun = 7.7, “Jup = *Jun = 1.8), 9.02 (s,
1H, OH). “C{'H} NMR (125.72 MHz, 20 °C, C¢Ds): J 9.24 (s, NCH2CH3), 17.12 (d, *Jpc= 1.6,
PCHCH3), 18.63 (d, 2Jpc= 3.9, PCHCH3), 28.80 (d, Jrc= 26.3, PCH), 53.99 (s, NCH>), 110.01 (d,
Jrc = 13.09), 120.39 (d, J = 2.3), 126.71 (s), 134.01 (d, J = 36.3), 135.02 (d, J = 3.9), 167.60 (d,
2Jpc = 13.3, C1). *'P{'H} NMR (202.4 MHz, 20 °C, C¢Ds): 201.52 (s, 1P).

[{PhOP(i-Pr)2} {x% k"N-ON(Bn)2}NiBr] (5¢). A 50 mL Schlenk flask containing 5 mL of CH>Cl
was charged with the parent dimer [ {x”,x-(i-Pr),PO-CsHa}Ni(u-Br)]> (1, 100 mg, 0.144 mmol,
1.00 equiv) and N,N-dibenzylhydroxylamine (61 mg, 0.287 mmol, 2.00 equiv). The solution was
stirred overnight at room temperature and under inert atmosphere. Removal of volatiles under
vacuum left a sticky, red residue, which was treated with ca. I mL of Et,0, filtered and the filtrate
kept at -35 °C overnight. Dark red crystals were separated and washed with cold hexane. (Yield:
77 mg, 0.138 mmol 55 %). '"H NMR (400 MHz, 20 °C, Cs¢Ds): 6 1.02 (dd, 6H, CHCH3, *Jun = 7.1,
3Jup = 14.6), 1.19 (dd, 6H, CHCH3, *Jun = 17.1, *Jup = 7.1), 2.00 (psoct, 2H, PCH, *Jun = 7.1),
3.43 (dd, 2H, NCH>, 2Jun = 13.2, “Jup = 6.3), 4.07 (dd, 2H, NCHz, 2Jun = 13.0, “Jup = 1.9), 6.90
(t, 1H, p-CacH, *Jun = 7.3), 7.20-7.10 (m, 8H, Car-H), 7.42 (d, 2H, o- CacH, *Jun = 8.4), 7.47 (d,
4H, 0-CacH, *Jun = 7.0). BC{'H} NMR (125.72 MHz, 20 °C, C¢Ds¢): 6 16.78 (s, 2C, CH3), 17.62
(d, 2C, 2Jec = 5.5, CH3), 28.79 (s, C, PCH), 29.02 (s, C, PCH), 63.40 (s, 2C, NCH>), 121.21 (d,
2C,J=4.9, Car), 123.67 (s, 1C, Car), 128.54 (s, 4C, Car), 128.68 (s, 2C, Car), 129.52 (s, 2C, Car),
132.41(s, 4C, Car), 132.92 (s, 2C, Car), 156.34 (d, 2Jpc = 3.7, C1).*'P{'"H} NMR (202.4 MHz, 20
°C, CeDg): 0 173.31 (s, 1P).
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[{x?,kC-(i-Pr)2PO-(5-C1-CsH3)} {x"-NH20Bn}Ni(Cl/Br)] (6a-Cl and 6a-Br). A 50 mL Schlenk
flask containing 10 mL of CH>Cl, was charged with O-benzylhydroxylamine hydrochloride (100
mg, 0.143 mmol, 1.0 equiv) and EtsN (58 mg, 0.572 mmol, 4 equiv). The resulting mixture was
stirred for 45 min under inert atmosphere at room temperature. To this mixture was added the
dimer [ {x”,x%-(i-Pr)2PO-(5-Cl-C¢H3)}Ni(u-Br)]2 (2, 91 mg, 0.119 mmol, 1 equiv) and was stirred
overnight under same condition. Removal of volatiles under vacuum left a sticky, yellow residue,
which was treated with ca. 1 mL of Et;0, filtered and the filtrate kept at -35 “C overnight. Needle
shaped yellow crystals were separated and washed with cold hexane. (Yield: 66 mg, 0.137 mmol,
49 %). 'H and '3C NMR data are provided for the bromo derivative only. 'H NMR (400 MHz, 20
°C, CsDe): 6 1.12 (dd, 6H, CHCH3, *Jun = 6.9, *Jup = 14.8), 1.43 (dd, 6H, CHCH3, *Jun = 7.1, *Jup
=17.8), 2.17 (sept, 2H, CH(CH3)(CH3), *Jun = 7.0), 4.94 (s, 2H, OCHa), 5.19 (s, 2H, NH>), 6.86
(d, 1H, C3-H, *Jun = 7.7), 6.9 (br s, 2H, Car-H), 7.07-7.02 (m, 3H, p- and m-CeHs), 7.12 (d, 1H,
0-CeHs, >Jun = 7.3). BC{'H} NMR (125.72 MHz, 20 °C, C¢Ds): 6 16.77 (s, CH3), 17.99 (s, CH3),
18.37 (s, CHa3), 28.22 (s, PCH), 28.47 (s, PCH), 78.38, 111.43 (d, Jcp = 13.4, Car), 121.30 28.23
(s, Car), 128.59 (s, Car), 128.86 (s, Car), 129.05 (s, Car), 129.44 (s, Car), 132.73(s, Car), 135.01(s,
Car), 137.45(s, Car), 137.78 (br s, Car). *'P{!H} NMR (202.4 MHz, 20 °C, C¢Ds): 195.59 (6a-Cl,
57%), 198.97 (6a-Br, 43%).

[{xF,kC-(i-Pr)2PO-(5-Cl-CsH3)} {x"-(CH3CH2-)(CH3CH=)N}Ni(Br)] (6b). A 50 mL Schlenk
flask containing 10 mL MeCN was charged with the dimer [ {x”,x®-(i-Pr),PO-(5-CI-C¢H3)} Ni(u-
Br)]> (2, 153 mg, 0.20 mmol, 1.00 equiv) and Et;NOH (36 mg, 0.40 mmol, 2.00 equiv). The
solution was stirred overnight at room temperature and under inert atmosphere. Removal of
volatiles under vacuum left a sticky, brown residue, which was treated with ca. 1 mL of Et;0,
filtered and the filtrate kept at -35 "C overnight. Brown crystals were separated and washed with
cold hexane. (Yield: 49 mg, 0.11 mmol, 27 %). "H NMR (400 MHz, 20 °C, C¢Ds): 6 1.12 (dd, 3H,
Jun=7.0, *Jup = 14, CHCH3), 1.19 (dd, 3H, *Jun =7.0, *Jup = 14, CHCH3), 1.40 (t, 3H, *Jun = 7.4,
NCH,CHs), 1.47 (dd, 3H, CHCH3, *J we= 7.2, 3J wp= 17.0), 1.51 (dd, 3H, CHCH3, *J un= 7.2, 3J
wp= 17.0), 2.19 (d, 3H, NCHCH3, *J un= 5.1), 2.28 (psoct, 2H, CHCH3, *Jun = 7.1), 3.14 (sext,
1H, NCHa, *Jun = 6.9), 3.75 (sextd, 1H, NCHa, *Jun =7.5, *Jup = 1.5), 6.18 (dd, 1H, C3-H, *Jun =
8.1, Jup = 0.7), 6.49-6.55 (m, 1H, NCH), 6.80 (ddd, 1H, C4-H, *Juu =8.2, *Jun = 2.0, *Jup=0.9),
6.92 (d, 1H, C6-H, *Jun =2.1). BC{'H} NMR (125.72 MHz, 20 °C, Ce¢Ds): § 15.72 (s, 1C,
NCH,CHj3), 16.80 (d, 1C, 2Jpc = 2.4, PCHCH3), 17.00 (d, 1C, 2Jpc = 1.8, PCHCH3), 18.56 (d, 1C,
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2Jec = 1.4, PCHCH3), 18.60 (d, 1C, 2Jpc = 1.5, PCHCH3) , 23.47 (s, 1C, NCHCH3), 28.62 (d, 1C,
Jpc = 12.4, PCH), 28.89 (d, 1C, 'Jpc = 11.7, PCH), 56.43 (s, 1C, NCH>), 111.45 (d, 1C, %Jpc =
13.2, C2), 121.00 (d, Joc = 2.2, Car), 127.55 (s, Car), 138.07 (d, 1C, Joc = 2.6, Car), 166.34 (s, 1C,
NCH) . *'P{'H} NMR (202.4 MHz, 20 °C, CsDs): § 195.50 (s, 1P).

[{x?,kC-(i-Pr)2PO-(5-C1-C6H3)} {xV-(PhCH2-)(PhCH=)N}Ni(Br)] (6¢). A 50 mL Schlenk flask
containing 10 mL MeCN was charged with dimer [ {x”,x“-(i-Pr),PO-(5-C1-C¢H3)} Ni(u-Br)]2 (153
mg, 0.20 mmol, 1.00 equiv) and BnoNOH (85 mg, 0.40 mmol, 2.00 equiv). The solution was stirred
overnight at room temperature and under inert atmosphere. Removal of volatiles under vacuum
left a sticky, yellow residue, which was treated with ca. 1 mL of Et20, filtered and the filtrate kept
at -35 °C overnight. Yellow crystals were separated and washed with cold hexane. (Yield: 133 mg,
0.27 mmol, 57 %). 'H NMR (400 MHz, 20 °C, C¢Ds¢): 6 1.20 (dd, 3H, *Juu = 7.0, *Jup = 14.4,
CHCH5), 1.24 (dd, 3H, *Juu = 7.0, *Jup = 15.2, CHCHs), 1.50 (dd, 3H, CHCHs, *Jun = 7.2, *Jup =
17.0), 1.62 (dd, 3H, CHCHs, *Juu = 7.2, *Jup = 17.5), 2.24 (psoct, 1H, CHCHs, *Jun = *Jup =7.0),
2.45 (psoct, 1H, CHCH3, *Jun = *Jup =7.0), 5.30 (dd, 1H, NCHa, 2Jun = 15.6, “Jup =1.5), 5.75 (d,
1H, NCH>, *Jun = 15.7), 6.37 (dd, 1H, C3-H, *Jun = 8.2, Jup = 0.8), 6.60 (ddd, 1H, C4-H, *Jun =
8.2, “un=2.1,Jup =0.9), 6.61 (d, 1H, C6-H, *Jun =2.1), 7.10-7.1 (m, 6H, ( p- and m-Ph),), 7.21-
7.24 (m, 2H, Ph), 7.80 (d, 1H, NCH, *Jup = 8.7), 8.82 (d, 2H, CH-ortho-Ph, *Jun = 7.1). *C{'H}
NMR (125.72 MHz, 20 °C, C¢D¢): 6 16.79 (d, 1C, 2Jcp= 2.5, PCHCH3), 17.12 (s, 1C, PCHCH3),
18.42 (d, 1C, 2Jcp= 3.3, PCHCH3), 18.94 (d, 1C, 2Jcp= 3.0, PCHCH3), 28.55 (d, 1C, Jcp= 20.6,
PCH), 28.82 (d, 1C, Jcp=23.2, PCH), 63.46 (s, 1C,NCH>), 111.42 (d, 1C, 2Jpc = 13.2, C2), 121.44
(d, 1C, Jpc = 2.0, Car), 128.43 (s, 2C, Ph), 128.69 (s, 1C, Ph), 129.18 (s, 2C, Ph), 131.27 (s, 2C,
Ph), 131.75 (s, 2C, Ph), 131.8 (s, 1C, Ph), 132.11 (s, 1C, Ph), 132.21 (s, 1C, Car or Ph), 133.81 (d,
1C, Jpc = 1.5, Car), 134.73 (s, 1C, Car or Ph), 137.75 (d, 1C, Jpc =2.5, Car), 166.52 (s, 1C, NCH),
168.03 (d, 2Jcp = 14.1, 1C, C1). *'P{'H} NMR (202.4 MHz, 20 °C, C¢Ds): 6 196.32 (s, 1P).

[{xP,kC-(i-Pr)2PO-(5-OMe-CsH3)} {x"-NH20Bn}Ni(Cl/Br)] (7a-Cl and 7a-Br): A 50 mL
Schlenk flask containing 10 mL CH>Cl» was charged with O-benzylhydroxylamine hydrochloride
(55 mg, 0.344 mmol, 2.5 equiv) and Et3N (35 mg, 0.344 mmol, 2.5 equiv). The resulting mixture
was stirred for 45 min under inert atmosphere at room temperature. To this mixture was added the
dimer [3, {x”,x%-(i-Pr)2PO-(5-OMe-C¢H3)}Ni(u-Br)]> (104 mg, 0.138 mmol, 1.0 equiv) and was

stirred overnight under same condition. Removal of volatiles under vacuum left a sticky, brown
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residue, which was treated with ca. 1 mL of Et,O, filtered and the filtrate kept at -35 "C overnight.
Very fine brown crystals were separated and washed with cold hexane. (Yield: 52 mg, 0.11 mmol,
40%). 'H and '3C NMR data are provided for the chloro derivative only. "H NMR (400 MHz, 20
°C, CsDs): 6 1.22 (dd, 6H, CHCH3, 3Jun = 7.0, *Jup = 14.5), 1.52 (dd, 6H, CHCH3, *Jun = 7.2, 3Jup
=17.6), 2.20-2.23 (m, 2H, CHCH3), 3.35 (s, 3H, OCH3), 5.16 (br s, 2H, OCH>), 5.46 (br s, 2H,
NH>), 6.56 (dd, 1H, C3-H, *Jun = 7.8, “Jup = 1.9), 6.62 (br s, 1H, C6-H), 7.01-7.09 (m, 4H, Car-
H), 7.22 (d, 2H, O-Car-H, *Jun = 7.8). *C{'H} NMR (125.72 MHz, 20 °C, C¢Ds): 6 16.89 (s,
CH3), 18.12 (d, 2Jpc = 2.7, CH3), 28.17 (s, P-CH), 28.43 (s, P-CH), 54.81 (s, OCH3), 78.38 (s,
CH>), 97.84 (d, *Jec =14.2, 1C, C6), 107.72 (d, Joc =2.05, 1C, C3), 128.59 (s, 1C, Car), 128.79 (s,
2C, Car), 128.88 (s, 1C, Car), 129.51 (s, 2C, Car), 135.40 (s, 1C, Car), 160.74 (s, 1C, Car). *'P{'H}
NMR (202.4 MHz, 20 °C, C¢Ds): 0 193. 59 (7a-Cl, 70%), 197.12 59 (7a-Br, 30%).

[{x?,kC-(i-Pr)2PO-(5-OMe-CeH3)} {x"-(CH3CH2-)(CH3CH=)N}Ni(Br)] (7b). A 50 mL Schlenk
flask containing 10 mL MeCN was charged with the dimer [{x’x®-(i-Pr),PO-(5-OMe-
CsH3)} Ni(u-Br)]2 (3, 204 mg, 0.269 mmol, 1.00 equiv) and EtotNOH (48 mg, 0.54 mmol, 2.00
equiv). The solution was stirred overnight at room temperature and under inert atmosphere.
Removal of volatiles under vacuum left a sticky, brown residue, which was treated with ca. 1 mL
of Et,0, filtered and the filtrate kept at -35 “C overnight. Brown crystals were separated and washed
with cold hexane. (Yield: 124 mg, 50 %). '"H NMR (400 MHz, 20 °C, C¢Ds):  1.23 (dd, 3H,
CHCH;, *Jun = 7.0, *Jun = 14.6), 1. 29 (dd, 3H, CHCHj, *Jun = 7.0, *Jun = 14.6), 1. 49 (t, 3H,
CH2CHs, *Jun=7.4), 1. 56 (dd, 3H, CHCH3, *Jun = 7.2, *Jun = 15.4), 1. 60 (dd, 3H, CHCHs, *Jun
=7.2,%Jun = 15.4), 2.31 (d, 3H, NCHCHj, *Jun = 4.9), 2.33-2.43 (m, 2H, PCHCH3), 3.23-3.30
(m, 1H, NCH>), 3.35 (s, 3H, OCHs), 3.80-3.90 (m, 1H, NCH>), 6.28 (dd, 1H, C3a-H, *Jun = 8.4,
“Jup = 0.8 ), 6.5 (ddd, 1H,C4ar-H, >Jun = 8.4, *Jun = 2.6, *Jun = 0.9), 6.61 (d, 1H, C6a-H, *Jup =
2.2 =%y =2.2), 6.63-6.67 (m, 1H, NCH). *C{'H} NMR (125.72 MHz, 20 °C, CsD¢): § 15.83 (s,
1C, NCH,CH3), 16.95 (d, 1C, 2Jpc = 1.8, PCHCH3), 17.14 (d, 1C, 2Jpc = 1.2, PCHCH3), 18.71 (d,
1C, 2Jpc = 1.5, PCHCH3), 18.74 (d, 1C, 2Jpc = 1.8, PCHCH3) , 23.61 (s, 1C, NCHCH3), 28.56 (d,
1C, 'Jpc=12.7,PCH), 28.83 (d, 1C, 'Jpc = 12.0, PCH), 54.80 (s, 1C, OCH3), 56.56 (s, 1C, NCH>),
97.55 (d, 1C, *Jpc = 13.9, C6), 107.68 (d, 1C, *Jpc = 2.0, C4), 122.79 (d, 1C, Jec = 33.6, Cay),
137.47 (d, 1C, *Jpc = 2.7, C3ar), 160.33 (s, 1C, Car), 165.95 (s, 1C, NCH), 168.55 (d, 1C, Jpc =
14.9, C1).3'P{'"H} NMR (202.4 MHz, 20 °C, C¢Ds): 6 193.84 (s, 1P).
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[{xF,kC-(i-Pr)2PO-(5-OMe-CsH3)} {x¥-(PhCH2-)(PhCH=)N}Ni(Br)] (7c¢). A 50 mL Schlenk
flask containing 10 mL MeCN was charged with the dimer [{x”x®-(i-Pr),PO-(5-OMe-
CsH3)} Ni(u-Br)]2 (3, 200 mg, 0.265 mmol, 1.00 equiv) and BnoNOH (113 mg, 0.529 mmol, 2.00
equiv). The solution was stirred overnight at room temperature and under inert atmosphere.
Removal of volatiles under vacuum left a sticky, yellow residue, which was treated with ca. 1 mL
of Et,0, filtered and the filtrate kept at -35 °C overnight. Yellow crystals were separated and
washed with cold hexane. (Yield: 144 mg, 0.25 mmol, 46 %). 'H NMR (400 MHz, 20 °C, C¢Ds):
6 1.30 (dd, 3H, CHCH3, *Jun = 7.0 ,>Jup = 14.3), 1.34 (dd, 3H, CHCH3, *Jun = 7.0 *Jup = 14.9)
1.58 (dd, 3H, CHCHs, *Jun = 7.2, *Jupr = 16.9), 1.71 (dd, 3H, CHCHs, *Jun = 7.2, *Jup = 17.3),
2.34 (psoct, 1H, PCH, *Jun = 7.2), 2.53 (oct, 1H, PCH, *Jun = 6.9), 3.27 (s, 3H, OCH3), 5.41 (d,
1H, NCHa, *Jun = 15.8), 5.93 (d, 1H, NCH>, *Jun = 15.8), 6.30 (dd, 1H, C3ar-H, *Jun = 8.4, “Jup
=2.0), 6.48 (d, 1H, C4ar-H, 3Jun = 8.4), 6.61 (d, 1H, Coar-H, *Jup = 2.5 =*Jun = 2.5), 7.10-7.13
(m, 6H, ( p- and m-Ph),), 7.28 (d, 2H, o-Ph, Juu = 8.0), 7.86 (d, 1H, NCH, *Jup = 8.6), 8.93 (d, 2H,
0-Ph, *Jun = 8.1). *C{'H} NMR (125.72 MHz, 20 °C, C¢Ds): 6 16.92 (d, 1C, 2Jcp= 2.5, PCHCH3),
17.24 (s, 1C, PCHCH3), 18.55 (d, 1C, 2Jcp= 3.5, PCHCH3), 19.07 (d, 1C, 2Jcp= 3.2, PCHCH3),
28.50 (d, 1C, Jcp=17.2, PCH), 28.77 (d, 1C, Jcp= 19.8, PCH), 54.72 (s, 1C, OCH3), 63.37 (s, 1C,
NCH>), 96.81 (d, 1C, 3Jpc = 13.8, C6), 107.87 (d, 1C, 3Jpc = 1.2, C3), 122.77 (d, 1C, Jec = 33.2,
Car), 128.39 (s, 2C, Ph), 128.59 (s, 1C, Ph), 129.17 (s, 2C, Ph), 131.36 (s, 2C, Ph), 131.88 (s, 2C,
Car), 131.93 (s, 1C, Car), 137.05 (d, 1C, Jpc =2.7, C4ar), 160.31 (s, 1C, Car), 166.12 (s, 1C, NCH),
168.38 (d, 1C, Joc = 14.4, Car). *'P{'H} NMR (202.4 MHz, 20 °C, C¢D¢): 6 194.94 (s, 1P).

[{xF, kC-(i-Pr)2PO-(5-OMe-CsHa} {x"-Et2NH}NiBr] (7d). A 50 mL Schlenk flask containing 10
mL toluene was charged with the dimer [{x” x®-(i-Pr)2PO-(OMe-C¢H3}Ni(u-Br)]> (1, 100 mg,
0.132 mmol, 1 equiv) and Et2NH (0.019 mg, 0.264 mmol, 2 equiv). The solution was stirred
overnight at room temperature and under inert atmosphere. Removal of volatiles under vacuum
left a sticky, brown residue, which was treated with ca. 1 mL of Et;0, filtered and the filtrate kept
at -35 "C overnight. Brown crystals were separated and washed with cold hexane. (Yield: 53 mg,
44 %). "H NMR (400 MHz, 20 °C, C¢Ds): 6 1.22 (dd, 6H, CHCH3, 3Jup = 14.5, 3Juu = 7.0), 1.43(t,
6H, CH2CHs, *Juu = 6.7), 1.54 (dd, 6H, CHCHs, *Jup = 17.0, >Jun = 7.2), 2.13 (br s, 3H, overlap
of NCH; and NH), 2.34 (psoct, 2H, PCH), 3.22 (br s, CH>), 3.36 (s, OCH3), 6.38 (d, 1H,C3a-H,
3Jan = 7.7), 6.55 (d, 1H, C4ar-H, *Jun = 8.0), 6.60 (d, 1H, C6a-H, *Jun = 2.5). *C{'H} NMR
(125.72 MHz, 20 °C, C¢Ds): 6 15.30 (s, 2C, NCH,CH3), 17.07 (d, 2C, 2Jpc = 1.7, PCHCH3), 18.78
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(d, 2C, %Jpc = 3.2, PCHCH3), 28.85 (s, 1C, PCH), 29.12 (s, 1C, PCH), 46.57 (d, 2C, %Jpc = 1.4,
NCH,), 54.75 (s, 1C, OCH3), 97.80 (d, 1C, *Joc = 13.6, C6), 107.52 (d, 1C, “Jpc = 2.1, C4), 122.21
(d, 1C, 2Jpec = 34.5, C2/1), 134.60 (d, 1C, 2Jpc = 3.1, C3), 160.26 (d, 1C, 2Jpc =1.0, Car), 168.55
(d, 1C, 2Jpc = 14.9, C1). *'P{'H} NMR (202.4 MHz, 20 °C, CsD¢): 192.64 (s, 1P).

[{x? kC-(i-Pr)2PO-(5-NMe2-CeH3)} («V-H2NOBn)Ni(Cl/Br)] (8a-Cl and 8a-Br). A 50 mL
Schlenk flask containing 25 mL MeCN was charged with a solution of the proligand 3-NMe»-
CsH4OP(i-Pr)2 (157 mg, 0.619 mmol, 1.00 equiv), {(i-PrCN)NiBr2}, (214 mg, 0.744 mmol, 1.2
equiv), and EtzsN (75 mg, 0.744 mmol, 2 equiv). The mixture was stirred at room temperature
overnight. In a separate 8 mL vial, O-benzylhydroxylamine hydrochloride (198 mg, 1.239 mmol,
2 equiv) and Et3N (125 mg, 1.239 mmol, 2 equiv) were dissolved in 5 ml of MeCN, stirred for 45
min and then added to the 50 mL flask. The resulting mixture was again stirred overnight at room
temperature. Removal of volatiles under vacuum left a sticky, brown residue, which was treated
with ca. 2 mL of Et,0, filtered and the filtrate kept at -35 ‘C overnight. Brown crystals were
separated and washed with cold hexane. (Yield: 164 mg, 0.349 mmol, 55 %). 'H and *C NMR
data are provided for the chloro derivative only. 'H NMR (400 MHz, 20 °C, C¢D¢): § 1.27 (dd,
6H, CHCHs, *Jun = 6.1, *Jup = 14.1), 1.56 (dd, 6H, CHCHs, *Jun = 6.5, *Jup = 17.2), 2.27 (br s,
2H, PCH), 2.55 (s, 6H, N(CHs3)2), 5.25 (br s, 2H, OCH>), 5.47 (br s, 2H, NH>), 6.35 (broad s, 1H,
C3ar-H), 6.45 (s, 1H, C4ar-H), 7.01-7.09 (m, 4H, p, m-Car-H), 7.28 (d, 2H, 0-Car-H). *C{'H}
NMR (125.72 MHz, 20 °C, C¢D¢): 6 15.96 (d, *Jcp = 1.2, CH3) 17.20 (d, 2Jep = 2.7, CH3), 27.17
(s, P-CH), 27.43 (s, P-CH), 39.40 (s, N-CH3), 77.38 (s, O-CH»), 95.81(s, 1C, C4), 106.09(s, 1C,
C3), 127.59 (s, 1C, Car), 127.74 (s, 2C, Car), 128.52 (s, 2C, Car), 134.74 (s, 1C, Car), 135.70 (s,
1C, Car), 135.74 (s, 1C, Car), 150.56 (s, 1C, Car). *'P{"H} NMR (202.4 MHz, 20 °C, CsD¢): 192.78
59 (8a-Cl, 77%), 196.11 59 (8a-Br, 23%).

[{xP,kC-(i-Pr)2PO-(5-NMe2-C6H3)} {x"-(CH3CH2-)(CH3;CH=)N}Ni(Br)] (8b). A 100 mL
Schlenk flask containing 25 mL MeCN was charged with the proligand 3-NMe;-C¢H4OP (375 mg,
1.48 mmol, 1.00 equiv), the nickel precursor {(i-PrCN)NiBr2}, (511 mg, 1.78 mmol, 1.20 equiv),
and Et;N (248.30 pL, 1.78 mmol, 1.20 equiv). The resulting mixture was stirred at room
temperature overnight followed by reduction of volume to 5 mL under vacuum. Next, excess Et20
was added to the mixture and placed in the fridge for 45 min to precipitate the impurities. After 45
min the solution was filtered through cotton. To the filtrate was added EtoNOH (149.0 uL, 1.48
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mmol, 1.00 equiv) and stirred overnight at room temperature maintaining inert atmosphere.
Removal of the volatiles under vacuum left a sticky, brown residue, which was treated with ca. 2
mL of Et,0, filtered and the filtrate kept at -35 “C overnight. Brown crystals were separated and
washed with cold hexane. (Yield: 128 mg, 0.10 mmol, 18 %). 'H NMR (400 MHz, 20 °C, C¢Ds):
6 1.27 (dd, 3H, CHCH3, *Jun = 6.9, Jup = 14.5), 1.33 (dd, 3H, CHCHs, *Jun = 6.9, *Jup = 14.7),
1.53 (t, 3H, NCH2CHs, *Jun = 7.3), 1.60 (dd, 3H, CHCH3, 3Jun = 7.3, *Jup = 15.8), 1.64 (dd, 3H,
CHCHs, *Jun=17.2, > Jup = 15.6), 2.38 (d, 3H, NCHCH;, 3Jun = 4.5), 2.41-2.49 (m, 2H, PCH), 2.55
(s, 6H, N(CHx),, 3.34 (pssext, 1H, NCH>, *Jun = 6.6), 3.91 (pssext, 1H, NCH>, *Jun = 7.0), 6.26
(d, 1H, C4ar-H, *Jun = 7.6 ), 6.33 (d, 1H, C3ar-H, *Jun = 8.3), 6.45 (d, 1H, Coa-H, *Jun = 2.5 =
“Jup = 2.5), 6.71 (br s, 1H, NCH). *C{!H} NMR (125.72 MHz, 20 °C, C¢D¢): § 15.90 (s, 1C,
NCH,CH3), 17.03 (d, 1C, 2Jpc = 2.0, PCHCH3), 17.22 (d, 1C, %Jpc = 1.1, PCHCH3), 18.81 (d, 1C,
2Jpc = 3.6, PCHCH3), 23.66 (s, 1C, PCHCH3) , 28.55 (d, 1C, 'Jpc = 12.5, PCH), 28.81 (d, 1C, 'Upc
=11.6, PCH), 40.53 (s, 2C, NCH3), 56.67 (s, 1C, NCHCH3), 65.91 (s, 1C, NCH»), 96.92 (d, 1C,
SJpc =14, Car), 106.82 (d, 1C, “Joc = 2.0, Car), 118.39 (d, 1C, Joc = 34.8, Car), 137.50 (d, 1C, Jpc
= 2.6, Car), 151.21 (s, 1C, Car), 165.66 (s, 1C, NCH), 169.16 (d, 1C, Jpc = 15.0, C1). *'P{'H}
NMR (202.4 MHz, 20 °C, C¢De): 6 192.89 (s, 1P).
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S2.3 NMR spectra of new compounds
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Figure S2. 1. Full 'H NMR spectrum of 3-NMe,-CsH4OP(i-Pr), in CeDs.
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Figure S2. 3. The aromatic region of the 'TH NMR spectrum of 3-NMe,-C¢H4OP(i-Pr)2 in CeDs.
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Figure S2. 4. Full 1*C {'H} NMR spectrum of 3-NMe>-CsH4OP(i-Pr); in CgDe.
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Figure S2. 5. The aliphatic region of the 1*C{'H} NMR spectrum of 3-NMe,-CsHsOP(i-Pr); in
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Figure S2. 6. The aromatic region of the '*C {'"H} NMR spectrum of 3-NMe>-CsH4OP(i-Pr), in
CeDs.
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Figure S2. 7. The aliphatic region of the COSY NMR spectrum of 3-NMe>-CsH4OP(i-Pr); in
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Figure S2. 8. The aromatic region of the COSY NMR spectrum of 3-NMe>-CsH4OP(i-Pr)> in
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NMR spectra of Complex 4:
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Figure S2. 11. The aliphatic region of the 'TH NMR spectrum of 4’ in CDCls.

114



| MY I Nl e e W Y
VAN _Nt WAVAN
LI N N I A S N
74 72 7.0 68 66 6.4 62 6.0 ppm]
Figure S2. 12. The aromatic region of the 'H NMR spectrum of 4’ in CDCls.
= cws - BoF S o,
HoOoEL OB B H B8 feateiuannt
Y Yol i SN Y

Figure S2. 13. Full *C{'H} NMR spectrum of 4’ in CDCl;.
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Figure S2. 15. The aromatic region of the '*C {'H} NMR spectrum of 4’ in CDCl5.

116



ge iG
83 22
il H
2(‘)0 ‘ ‘ ‘ ‘ 15IO ‘ ‘ ‘ ‘ 1(;0 ‘ I I ‘ 5I0 ‘ I I ‘ ‘; ‘ [ppm]

Figure S2. 16. Full *'P NMR spectrum of 4’ in CDCls.
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NMR spectra of complex 5a

hhhhhhhhhhhhhhhhhh

4059
3877
3916
3863
3782
3730
3652
2599
1180
0880
0368
0184
seee
7315
TIW
.Gﬁ!
— 60645

— 53495

25

O

BF/C| K

Ph

NNNNNN

20000
T

60863

60763

T T T T T T
5 4 3 2 [ppm]

Figure S2. 17. Full '"H NMR spectrum of 5a in CDCls.
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Figure S2. 18. The aliphatic region of the '"H NMR spectrum of 5a in CDCls.

118



bbb [ Y. 5 &6 BB <D

L RN ST

—— 60645
— 53495

I N

[ppm]

T
8.0

T T

Figure S2. 19. The aromatic region of the "H NMR spectrum of 5a in CDCls.

B TR s
BE g3 HA8L §§ gg 3 L1 ggr
Y N Y Y N

1éo I ‘ ‘ 1:%0 ‘ I ‘ 12‘0 ‘ ‘ ‘ u;o ‘ ‘ I s‘o slo ‘ ‘ ‘ a‘o ‘ I ‘ z‘n I[ppm]‘

Figure S2. 20. Full *C{'"H} NMR spectrum of 5a in CDCls.
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Figure S2. 21. The aliphatic region of the *C{'H} NMR spectrum of 5a in CDCl;.
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Figure S2. 22. The aromatic region of the '*C{'H} NMR spectrum of 5a in CDCls.

120



DZ-R53-54-23Aug 4 1 "D:University of Montreal\ProjectNMR-3" L E
-8
%
26 ‘ ' ' 2!4 ‘ ‘ ‘ 22 ‘ ‘ ' zfo ' ‘ ‘ 18 ‘ ‘ ‘ 1!6 ' ' ‘ 14 ‘ ‘ ‘ 1!2 le [pme]
Figure S2. 23. The aliphatic region of the COSY NMR spectrum of 5a in CDCl;.
DZ-R83-54-23Aug 4 1 "D:University of Montreal'ProjectiNMR-3" L g
< < .
< e a
O 60
= [
L=
@
J T T T T T T T T T T T T T T T T T T T T T —
75 7.0 65 6.0 55 F2 [ppm]

Figure S2. 24. The aromatic region of the COSY NMR spectrum of 5a in CDCls.
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NMR spectra of complex Sb
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Figure S2. 26. Full "H NMR spectrum of 5b in C¢De.
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Figure S2. 27. The aliphatic region of the 'H NMR spectrum of 5b in CeDs.
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Figure S2. 28. The aromatic region of the 'H NMR spectrum of 5b in CeDe.
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Figure S2. 29. Full '>*C NMR spectrum of 5b in C4De.
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Figure S2. 30. The aliphatic region of the *C NMR spectrum of 5b in C¢De.
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Figure S2. 31. The aromatic region of the >*C NMR spectrum of 5b in CeDs.
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Figure S2. 32. The aliphatic region of the COSY NMR spectrum of 5b in CeDe.
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Figure S2. 33. The aromatic region of the COSY NMR spectrum of Sb in CsDe.
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Figure S2. 34. Full *'P{'"H} NMR spectrum of 5b in CsDs.
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NMR spectra of complex 5S¢
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Figure S2. 35. Full '"H NMR spectrum of 5¢ in CeDe.
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Figure S2. 36. The aliphatic region of the 'H NMR spectrum of 5¢ in CDs.
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Figure S2. 37. The aromatic region of the 'H NMR spectrum of 5¢ in CeDe.
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Figure S2. 38. Full *C NMR spectrum of 5¢ in CeDs.
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Figure S2. 39. The aliphatic region of the *C NMR spectrum of 5S¢ in CeDs.
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Figure S2. 40. The aromatic region of the *C NMR spectrum of 5S¢ in CgDe.
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Figure S2. 41. The aliphatic region of the COSY NMR spectrum of 5¢ in CeDe.
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Figure S2. 42. The aromatic region of the COSY NMR spectrum of 5S¢ in CsDe.
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Figure S2. 43. Full *'P{'H} NMR spectrum of 5¢ in C¢Ds.
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NMR spectra of complex 6a

Cl

hhhhhhhhhhh

Sl \

BAIEGIENER '
‘ Nl e

. N . EO . N |

[ppm]

Figure S2. 44. Full '"H NMR spectrum of 6a in Ce¢Ds.
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Figure S2. 45. The aliphatic region of the 'H NMR spectrum of 6a in C¢D.
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Figure S2. 46. The aromatic region of the 'H NMR spectrum of 6a in CeDs.
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Figure S2. 47. Full 3C NMR spectrum of 6a in C¢De.
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Figure S2. 48. The aliphatic region of the *C NMR spectrum of 6a in C¢De.
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Figure S2. 49. The aromatic region of the *C NMR spectrum of 6a in CsDs.
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Figure S2. 50. The aliphatic region of the COSY NMR spectrum of 6a in CsDe.
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Figure S2. 51. The aromatic region of the COSY NMR spectrum of 6a in C¢De.
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Figure S2. 52. 3'P{'"H} NMR spectrum of 6a in C¢Ds.
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NMR spectra of complex 6b
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Figure S2. 54. The aliphatic region of the 'H NMR spectrum of 6b in C¢De.
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Figure S2. 55. The aromatic region of the 'TH NMR spectrum of 6b in C¢De.
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Figure S2. 56. Full '>*C NMR spectrum of 6b in CsDs.
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Figure S2. 57. The aliphatic region of the *C NMR spectrum of 6b in C¢De.
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Figure S2. 58. The aromatic region of the *C NMR spectrum of 6b in CeDs.
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Figure S2. 59. The aliphatic region of the COSY NMR spectrum of 6b in CsDe.
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Figure S2. 60. The aromatic region of the COSY NMR spectrum of 6b in Cs¢Ds.
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Figure S2. 61. Full *'P{'"H} NMR spectrum of 6b in CsDs.
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NMR spectra of complex 6¢
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Figure S2. 62. Full '"H NMR spectrum of 6¢ in CsDs.
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Figure S2. 63. The aliphatic region of the '"H NMR spectrum of 6c¢ in CeDs.
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Figure S2. 64. The olefinic region of the "TH NMR spectrum of 6¢ in C¢De.
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Figure S2. 65. The aromatic region of the 'H NMR spectrum of 6¢ in C¢De.
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Figure S2. 66. Full '>*C NMR spectrum of 6¢ in CsDe.
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Figure S2. 67. The aliphatic region of the *C NMR spectrum of 6¢ in C¢De.
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Figure S2. 68. The aromatic region of the '*C NMR spectrum of 6¢ in C¢De.
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Figure S2. 69. The aliphatic region of the COSY NMR spectrum of 6¢ in Cg¢De.
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Figure S2. 70. The aromatic region of the COSY NMR spectrum of 6¢ in C¢Ds.
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Figure S2. 71. *'P{'H} NMR spectrum of 6¢ in C¢De.

147



NMR spectra of complex 7a
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Figure S2. 73. The aliphatic region of the '"H NMR spectrum of 7a in C¢Ds.
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Figure S2. 74. The aromatic region of the 'H NMR spectrum of 7a in C¢De.
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Figure S2. 75. Full 3C NMR spectrum of 7a in C¢De.
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Figure S2. 76. The aliphatic region of the 1*C NMR spectrum of 7a in CeDs.
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Figure S2. 77. The aromatic region of the '>*C NMR spectrum of 7a in C¢Ds.
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Figure S2. 78. The aliphatic region of the COSY NMR spectrum of 7a in CsDe.
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Figure S2.79. The aromatic region of the COSY NMR spectrum of 7a in C¢De.
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Figure S2. 80. *'P{'H} NMR spectrum of 7a in CsDs.
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NMR spectra of complex 7b
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Figure S2. 81. Full "H NMR spectrum of 7b in C¢De.
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Figure S2. 82. The aliphatic region of the 'H NMR spectrum of 7b in CeDs.

153



i,
wwwwwwwwwwwwwwwwwwwwwwwwwwww

o SR

— 789
7024
6389
6953
6897
6850
6823
6770
6733
5538
6643
6507
6554
6516
5430
6425
5338
6352
5174
6109
5172
5147
5107
5082
4567
4537
4897
4872
4751
63048
=" 53024
_ - 628%
=_ 82814

L
ik

T T T T T T T T T T T
7.2 7.0 6.8

S

T
64 6.2 [ppm]

Figure S2. 83. The aromatic region of the 'H NMR spectrum of 7b in CeDe.
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Figure S2. 84. Full 3*C NMR spectrum of 7b in CeD.
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Figure S2. 85. The aliphatic region of the *C NMR spectrum of 7b in C¢De.

[ppm]

Figure S2. 86. The aromatic region of the >*C NMR spectrum of 7b in CeDs.
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Figure S2. 87. The aliphatic region of the COSY NMR spectrum of 7b in CsDe.
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Figure S2. 88. The aromatic region of the COSY NMR spectrum of 7b in CsDs.
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Figure S2. 89. The aliphatic region of the HSQC NMR spectrum of 7b in CsDe.
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Figure S2. 90. The aromatic region of the HSQC NMR spectrum of 7b in C¢De.
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Figure S2. 91. 3'P{'H} NMR spectrum of 7b in C¢Ds.
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NMR spectra of complex 7¢
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Figure S2. 93. The aliphatic region of the '"H NMR spectrum of 7¢ in CeDs.
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Figure S2. 94. The aromatic region of the 'H NMR spectrum of 7¢ in CeDe.
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Figure S2. 95. Full '>*C NMR spectrum of 7¢ in CgDe.
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Figure S2. 96. The aliphatic region of the *C NMR spectrum of 7¢ in C¢De.
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Figure S2. 97. The aromatic region of the 1*C NMR spectrum of 7¢ in C¢De.
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Figure S2. 98. The aliphatic region of the COSY NMR spectrum of 7¢ in CgDe.
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Figure S2. 99. The aromatic region of the COSY NMR spectrum of 7¢ in CgDs.
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Figure S2. 100. *'P{'H} NMR spectrum of 7¢ in C¢De.
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NMR spectra of complex 7d
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Figure S2. 101. Full '"H NMR spectrum of 7d in CeDs.
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Figure S2. 102. The aliphatic region of the '"H NMR spectrum of 7d in CeDs.
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Figure S2. 103. The aromatic region of the 'H NMR spectrum of 7d in C¢De.
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Figure S2. 104. Full 3C NMR spectrum of 7d in C¢Ds.

165



B 3 &g a8 i g

3 ge a8 g€ EE B

| Y i Yooy

L _JL ,JJ . JL«..,.JL.*._AW..M
‘ T w ‘ ‘ e ' ‘ T w ‘ ‘ T ' ‘ -

Figure S2. 105. The aliphatic region of the '*C NMR spectrum of 7d in C¢De.
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Figure S2. 106. The aromatic region of the '*C NMR spectrum of 7d in C¢De.
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Figure S2. 107. *'P{'H} NMR spectrum of 7d in CeDs.
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NMR spectra of complexes 8a
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Figure S2. 108. '"H NMR spectrum of 8a in C¢De.
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Figure S2. 109. The aliphatic region of the 'H NMR spectrum of 8a in C¢De.
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Figure S2. 110. The aromatic region of the 'TH NMR spectrum of 8a in C¢Ds.
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Figure S2. 111. Full *C NMR spectrum of 8a in C¢De.
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Figure S2. 112. The aliphatic region of the *C NMR spectrum of 8a in C¢De.
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Figure S2. 113. The aromatic region of the *C NMR spectrum of 8a in C¢Ds.
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Figure S2. 114. The aliphatic region of the COSY NMR spectrum of 8a in Ce¢De.
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Figure S2. 115. The aromatic region of the COSY NMR spectrum of 8a in C¢Des.
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Figure S2. 116. *'P{'H} NMR spectrum of 8a in C¢De.
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NMR spectra of complexes 8b
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Figure S2. 117. Full "H NMR spectrum of 8b in C¢De.
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Figure S2. 118. The aliphatic region of the '"H NMR spectrum of 8b in CsDs.
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Figure S2. 119. The aromatic region of the 'H NMR spectrum of 8b in CDs.
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Figure S2. 120. Full '*C NMR spectrum of 8b in C¢De.

174



g g BEZY B § i
8 g IR ] 8 E&o@
| | Rl | T

0 50 40 30 20 [epm]

Figure S2. 121. The aliphatic region of the *C NMR spectrum of 8b in C¢De.
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Figure S2. 122. The aromatic region of the *C NMR spectrum of 8b in C¢Ds.
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Figure S2. 123. The aliphatic region of the COSY NMR spectrum of 8b in CsDe.
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Figure S2. 124. The aromatic region of the COSY NMR spectrum of 8b in CsDe.
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Figure S2. 125. 3'P{'H} NMR spectrum of 8b in C¢De.
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S2.4 P NMR spectra of some crude reaction mixtures
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Figure S2. 126. *'P{'H} NMR spectrum of the crude mixture for the reaction 1 + BnONH; in

CH>CL.
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Figure S2. 127. 3'P{'"H} NMR spectrum of the crude mixture for the reaction 1 + Et;NOH in
CHClL.

178



—— 1967692
—— 1953554
—— 866916

WMMWWMWMWWMM

g

T T T T T T T T T T T T T
200 150 100 50 [ppm]

Figure S2. 128. *'P{'H} NMR spectrum of the crude mixture for the reaction 1-NCMe +
Et:NOH in acetonitrile.
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Figure S2. 129. *'P{'"H} NMR spectrum of the crude mixture for the reaction 1 + Bn,NOH in
CHxCls.
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Figure S2. 130. *'P{'H} NMR spectrum of the crude mixture for the reaction 1 + Bn,NOH in

acetonitrile.
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Figure S2. 131. *'P{'"H} NMR spectrum of the crude mixture for the reaction 2 + Et;NOH in

acetonitrile.
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Figure S2. 132. 3'P{'H} NMR spectrum of the crude mixture for the reaction 3 + Et,NOH in

acetonitrile.
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Figure S2. 133. *'P{'"H} NMR spectrum of the crude mixture for the reaction 3 + Etz,NOH in
CHxCls.
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Figure S2. 134. *'P{'H} NMR spectrum of the crude mixture for the reaction 3 + Et,NOH in
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Figure S2. 135. 3'P{'"H} NMR spectrum of the crude mixture for the reaction 3 + Et;NOH in
CeDe.
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Figure S2. 136. *'P{'H} NMR spectrum of the crude mixture for the reaction 3 + BnoNOH in

acetonitrile.
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Figure S2. 137. 3'P{'H} NMR spectrum of the crude mixture for the reaction 4-NCMe +
Et:NOH in acetonitrile.
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S2.5 Procedure and *'P NMR spectra of the time profile experiments.

A stock solution was prepared by dissolving 30 mg of dimer 3, [{x’,k“-(i-Pr)2PO-(5-OMe-
CsH3)} Ni(u-Br)]2, (0.040 mmol) and 7 mg of Et;2NOH (0.079 mmol) in 6 mL MeCN or C¢Dg. This
was stirred at room temperature and under inert atmosphere for about 1-2 min to ensure
homogeneity, and then a small portion of it (= 1mL) was withdrawn to prepare an NMR sample to
be used for recording the *'P NMR spectra of the reaction mixture over the reaction time interval
(20 h for the acetonitrile reaction, 48 h for the CsDs reaction). The concentrations of the major
products/intermediates detected in this reaction were estimated from the integration values for the
4 most intense signals appearing in the chemical shift region 210-170 ppm. These were plotted as

% of the combined integration values against elapsed time to generate the time profile for this

reaction.
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Figure S2. 138. >'P{'"H} NMR spectrum of the crude mixture for the reaction 3 + Et,NOH in

acetonitrile (t= 10 min).
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Figure S2. 139. 3'P{'H} NMR spectrum of the crude mixture for the reaction 3 + Et,NOH in

acetonitrile (t= 20 min).
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Figure S2. 140. *'P{'"H} NMR spectrum of the crude mixture for the reaction 3 + Et;NOH in

acetonitrile (t= 90 min).
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Figure S2. 141. *'P{'H} NMR spectrum of the crude mixture for the reaction 3 + Et;NOH in
acetonitrile (t= 7 h).
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Figure S2. 142. *'P{'"H} NMR spectrum of the crude mixture for the reaction 3 + Et,NOH in
acetonitrile (t= 20 h).
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Figure S2. 143. *'P{'H} NMR spectrum of the crude mixture for the reaction 3 + Et,NOH in
CsDs (t= 10 min).
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Figure S2. 144. *'P{'"H} NMR spectrum of the crude mixture for the reaction 3 + Et,NOH in
CsDs (t=24 h).
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Figure S2. 145. 3'P{'H} NMR spectrum of the crude mixture for the reaction 3 + Et;NOH in
CsDs (t=48 h).
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S2.6 PXRD diffractogram of selected complexes

Powder X-ray diffraction data were collected for 10 powder samples to establish bulk purity. The data
collection mode and instrumental details are given below, and the diffraction patterns and the Rietveld fits

are shown in the following pages.

Mode organic standard 10 min”
Instrument: Malvern PanAlytical Empyrean 3
Geometry: Bragg Brentano 6 -0
Radiation: CuKa, A = 1.54178 A (45 kV, 40 mA)
Detector: PIXcel*"
mode 1D continuous scan (255 channels)
Pulse height distribution (PHD): 25%-70%
Optics Incident side: iCore module:
Bragg-Brentano HD Cu X-ray mirror;
automatic divergence slit set to irradiated length of 10 mm;
0.03 rad Soller slit;
14 mm primary mask, 6 mm secondary mask.
Optics diffracted side: dCore module:
automatic anti-scatter slit set to irradiated length of 10 mm;
0.04 rad Soller slit.
Scan: 20 range: 4 to 40°;
Step size: 0.0131°;
Counting time 45.6 s;

Total time: 10 min.
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Figure S2. 146. PXRD pattern obtained experimentally for complex 5a (red trace) and the

I
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simulated pattern (blue trace) obtained by a Rietveld fit based on the unit cell parameters of

complex 5a.
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Figure S2. 147. PXRD pattern obtained experimentally for complex Sb (red trace) and the
simulated pattern (blue trace) obtained by a Rietveld fit based on the unit cell parameters of

complex 5b.
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Figure S2. 148. PXRD pattern obtained experimentally for complex 5¢ (red trace) and the

simulated pattern (blue trace) obtained by on a Rietveld fit based on the unit cell parameters of

complex Sc.
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Figure S2. 149. PXRD pattern obtained experimentally for complex 6b (red trace) and the
simulated pattern (blue trace) obtained by a Rietveld fit based on the unit cell parameters of

complex 6b.
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Figure S2. 150. PXRD pattern obtained experimentally for complex 6¢ (red trace) and the

simulated pattern (blue trace) obtained by a Rietveld fit based on the unit cell parameters of

complex 6c¢.
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Figure S2. 151. PXRD pattern obtained experimentally for complex 7b (red trace) and the
simulated pattern (blue trace) obtained by a Rietveld fit based on the unit cell parameters of

complex 7b.
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Figure S2. 152. PXRD pattern obtained experimentally for complex 7¢ (red trace) and the

simulated pattern (blue trace) obtained by a Rietveld fit based on the unit cell parameters of

complex 7c.
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Figure S2. 153. PXRD pattern obtained experimentally for complex 8b (red trace) and the
simulated pattern (blue trace) obtained by a Rietveld fit based on the unit cell parameters of

complex 8b.
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S2.7 Crystallographic data

Table S2. 1: Crystal description and refinement indicators for complex 4’

4°
chemical formula C23H47BrN>NiO P
crystal colour orange
crystal size (mm) 0.07 x 0.08 x 0.065
-11<h<11
index ranges -14<k<14
-21<1<21
Fw; F(000) 644.23; 676.0
T (K) 150
wavelength (A) 1.34139
space group P-1
a(A) 8.6766(3)
b (A) 10.8198(4)
c(A) 16.2208(6)
o (deg) 91.2360(10)
B (deg) 93.385(2)
v (deg) 90.311(2)
Z 2
V(A% 1519.75(10)
Pealed (g-em) 1.408
p (mm™) 5.295
0 range (deg); 4.748 - 121.456; 0.998
completeness

collected reflections; R,

36465; 0.0250

unique reflections; Rix

6953; 0.0363

R1%; wR2" [1 > 26(I)] 0.0255; 0.0695

R1; wR2 [all data] 0.0269; 0.0706
GOOF 1.046

largest diff peak and hole 0.75 and -0.47

* Ri=X(|[Fo|-[Fe|[)/Z[F,|
b WR={Z[W(F,-F2)*|/Z[w(F.?)*]}"
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Table S2. 2: Crystal description and refinement indicators for compounds 5a-Sc¢

5a 5b Sc
chemical formula C19H27BI‘0,3C10,7NNi02P C16H2<)BI‘NNi02P C26H33BI‘NNi02P
crystal colour yellow brown red
crystal size (mm) 0.1 x 0.224 x 0.065 0.101 x 0.129 x 0.130 0.075 % 0.145% 0.200
-10<h<11 -12<h<12 -39<h<39
index ranges -13<k<13 -13<k<12 -11 <k <11
-13<1<13 -20<1<20 -26<1<26
Fw; F(000) 438.33; 458.0 436.99; 904 561.12; 2320.0
T(K) 100 100 100
wavelength (&) 1.54178 1.54178 1.54178
space group P-1 P2:2:2; C2/c
a(A) 9.2167(3) 10.312(3) 32.2326(6)
b (A) 10.7893(3) 11.182(3) 9.4013(2)
c(A) 11.1469(3) 16.878(5) 21.8275(4)
a (deg) 108.3090(10) 90 90
B (deg) 99.2590(10) 90 128.5790(10)
v (deg) 99.2440(10) 90 90
VA 2 4 8
V(A% 1011.92(5) 1946.1(9) 5170.76(18)
Peatca (g-em™) 1.439 1.491 1.442
p (mm™) 3.728 4.661 3.648
0 range (deg); 4.977-72.028; 0.974 4744-72212;0.995 | 3.508—71.960; 1.000
completeness

collected reflections; R,

41853; 0.0089

40151;0.0143

34847; 0.0156

unique reflections; Rix¢

3861; 0.0217

3813; 0.0293

5060; 0.0275

R1%; wR2" [1 > 26(I)] 0.0237; 0.0640 0.0168; 0.0436 0.0267; 0.0711

R1; wR2 [all data] 0.0238; 0.0640 0.0168; 0.0436 0.0278; 0.0720
GOOF 1.063 1.094 1.047

largest diff peak and hole 0.39 and -0.20 0.57 and -0.26 0.86 and -0.55

3 Ri=2(||Fol-|Fe|[)/Z[F,|
b WR={Z[W(F,-F2)*|/Z[w(F.?)*]}"
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Table S2. 3: Crystal description and refinement indicators for compounds 6b and 6c.

6b 6¢c
chemical formula CisH26BrCINNiOP C26H30BrCINNiOP
crystal colour brown yellow
crystal size (mm) 0.09 x 0.09 x 0.14 0.07 x 0.07 x 0.17
-9<h<10 -15<h<15
index ranges -12<k<13 -19<k<19
-0<1<14 -16<1<15
Fw; F(000) 453.42, 464.0 577.55; 1184.0
T (K) 100 150
wavelength (A) 1.54178 1.34139
space group P-1 P2i/n
a(A) 8.1691(4) 12.9011(5)
b(A) 10.6197(5) 15.7816(6)
c(A) 11.5954(5) 13.2557(5)
a (deg) 85.083(2) 90
B (deg) 83.391(3) 107.169(2)
Y (deg) 89.300(3) 90
VA 2 4
V(A% 995.58(8) 2578.93(17)
Pealed (gcm) 1.513 1.488
p (mm™) 5.748 6.422
0 range (deg); 3.851-72.221;0.981 | 3.655— 55.022; 1.000
completeness

collected reflections; R,

26093; 0.0348

34837; 0.0410

unique reflections; Rixt

3767, 0.1273 4899; 0.0691
R1%; wR2 [1 > 26(I)] 0.0535; 0.1480 0.0374; 0.0868
R1; wR2 [all data] 0.0578; 0.1519 0.0518; 0.0935
GOOF 1.132 1.050

largest diff peak and hole 1.33 and -0.56 0.35 and -0.50

* Ri=X(||Fol-[Fe|[)/2[F|

b WR={Z[W(F,-F2)*|/Z[w(F.?)*]}"
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Table S2. 4: Crystal description and refinement indicators for compounds 7b-7d.

7b Te 7d
chemical formula C17H29BI‘NNi02P C27H33BI‘NNi02P C17H31BI‘NNiOzP
crystal colour yellow yellow yellow
crystal size (mm) 0.08 x 0.11 x 0.13 0.15x0.16 x 0.26 0.07 x 0.13 x 0.15
-11<h<11 -17<h<16 -14<h<14
index ranges -13<k<13 20<k <20 -15<k<15
-29<1<29 -17<1<17 -20<1<20
Fw; F(000) 449; 928.0 573.13; 1184.0 451.02; 936.0
T (K) 150 150 150
wavelength (A) 1.34139 1.34139 1.34139
space group P-1 P2i/n P2i/c
a(A) 8.7051(4) 13.1430(3) 11.3886(4)
b (A) 10.5840(5) 15.5918(4) 11.7955(4)
c(A) 22.8298(11) 13.1678(3) 15.5240(5)
o (deg) 87.918(2) 90 90
B (deg) 86.659(2) 103.5710(10) 92.048(2)
Y (deg) 74.060(2) 90 90
VA 4 4 4
V(A% 2018.65(17) 2623.05(11) 2084.07(12)
Peatca (g-em™) 1.477 1.451 1.437
p (mm™) 7.316 5.718 7.087
0 range (deg); 3375 60.836: 0.994 | 3.892—60.656;: 0977 | o0 00-641:0.993
completeness
collected reflections; R, 41903; 0.0593 38929; 0.0313 31567;0.0372
unique reflections; Rin 9162; 0.0701 5913; 0.0435 4759; 0.0533
R1%; wR2" [1 > 26(1)] 0.0733;0.2153 0.0272; 0.0706 0.0516; 0.1664
R1; wR2 |all data] 0.0835; 0.2304 0.0276; 0.0709 0.0526; 0.1684
GOOF 1.067 1.102 1.115
largest diff peak and hole 1.60 and -1.43 0.30 and -0.37 0.95 and -1.19

* Ri=Z(|[Fol-[Fc|[)/Z|F|
b wR={Z[W(F,>~F2)*|/Z[w(F,2)*]}*
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Table S2. 5: Crystal description and refinement indicators for compounds 8a and 8b

8a 8b
chemical formula C21H32Br0‘7§ osNNIO: Ci3H3:BrN>NiOP
crystal colour yellow brown
crystal size (mm) 0.065 x 0.081 x 0.143 0.08 x 0.10 x 0.13
0<h<25 -36<h<36
index ranges -12<k<0 -8<k<10
-13<1<13 -26<1<26
Fw; F(000) 500.74; 1042.0 462.04; 1920.0
T (K) 100 100
wavelength (A) 1.54178 1.54178
space group Pc C2/c
a(A) 20.5518(11) 29.6233(12)
b (A) 10.3023(5) 8.5715(4)
c(A) 10.8188(7) 21.7605(15)
a (deg) 90 90
B (deg) 97.918(3) 130.3570(10)
v (deg) 90 90
VA 4 8
V(A% 2268.8(2) 4210.4(4)
Peatea (grem™) 1.466 1.458
p (mm™) 3.814 4319
0 range (deg); 2.170-72.555; 0.983 | 3.916 — 70.098; 0.991
completeness
collected reflections; R, 14082; 0.0401 41086; 0.0232
unique reflections; Rixt 4343; 0.0746 3962; 0.0450
R1%; wR2" [1 > 26(I)] 0.0516; 0.1452 0.0299; 0.0841
R1; wR2 [all data] 0.0538; 0.1484 0.0301; 0.0843
GOOF 1.047 1.081
largest diff peak and hole 0.98 and -0.79 0.50 and -0.35

* Ri=X(||Fol-[Fe|[)/2[F|

* WRy= {Z[W(Fo*-F2)VZ[w(F:*)*]}*
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S2.8 Additional Thermal ellipsoid plots
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Figure S2. 154. Side view of the molecular diagram of compound 4°. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.
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Figure S2. 155. Side view of the molecular diagram of compound Sa. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.
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Figure S2. 156. Side view of the molecular diagram of compound 5b. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.
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Figure S2. 157. Side view of the molecular diagram of compound 5¢. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.

Figure S2. 158. Side view of the molecular diagram of compound 6a. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.
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Figure S2. 159. Side view of the molecular diagram of compound 6b. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.
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Figure S2. 160. Side view of the molecular diagram of compound 6c. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.

Figure S2. 161. Side view of the molecular diagram of compound 7b. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.
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Figure S2. 162. Side view of the molecular diagram of compound 7c¢. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.

Figure S2. 163. Side view of the molecular diagram of compound 7d. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.

Figure S2. 164. Side view of the molecular diagram of compound 8a. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.
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Figure S2. 165. Side view of the molecular diagram of compound 8b. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.

Table S2. 6: Selected bond distances (A) for all new complexes.

Ni-C2 Ni-P1 Ni-Cl/Br Ni-N/Ni-O  N-O N-Cqp N—Caps
4 1.9310(15)  2.1364(4) 2.3576(3)
2.250(8)/
Sa  1.9091(13)  2.1024(4) 1.9762(11)  1.4533(13)
2.320(9)
b 1.911(2) 2.1007(8) 2.3749(6) 1.9173(17)  1.405(3)
1.8956(13)/
5¢ 2.1568(5) 2.3055(3) 1.3768(17)
1.8378(11)
6b  1.909(4) 2.1058(11)  2.3506(8) 1.945(3) 1.289(6) 1.456(6)
6c  1.907(4) 2.1031(11)  2.3500(7) 1.934(3) 1.277(5) 1.505(5)
76 1.916(4) 2.1047(11)  2.3664(7) 1.942(3) 1265(18)  1.513(16)
7¢  1.911(3) 2.1054(7) 2.3581(5) 1.943(2) 1.273(3) 1.489(3)
74 1.918(2) 2.1041(7) 2.3699(4) 1.999(2) 1.492(4)
2.12(2)/
8a  1.911(14) 2.120(4) 1.973(11) 1.446(15)
2.350(4)
8b 191202 2.1047(7) 2.3711(4) 1.950(2) 1.295(4) 1.416(4)
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Table S2. 7: Selected bond angles (°) for all new complexes.

gl’gir’ N/O-Ni-PI C-Ni-Pl  C-Ni-N/O g};\rﬁ’ Igl//%’rNi* Ni-N-Cys
&£ 16620(4) 81.95(4) 88.605(12)

173.52)/ 9082)  90.02)
5a 177.933)  8328(4)  95.96(5)

169.7(2) 88.0(3) 93.03)
5b 173.12(7)  172.97(6)  83.26(8)  89.7909)  91.053)  95.96(5)
5c
6b  172.79(12) 17625(11) 8339(12)  96.57(16)  89.54(4)  90.58(10)  124.903)
6c  173.82(12) 17275(10) 83.67(12)  94.64(15)  9027(4)  9122(10)  128.8(3)
b 173.75(11) 177.53(11) 8324(12)  9433(15)  90.54(3)  9188(1l)  126.7(7)
7¢ 172588)  175.00(7)  83.41(8)  95.06(10)  9032(2)  90.85(7) )128'34(19
7d 169.71(7)  171.8438)  82.78(8)  952(1) 89.042)  93.75(7)

925(7)  88.4(3)

8a }Zf 33@93/ 178.5(4)  832(4)  95.9(5) 90'82()1 Y 90.18
8b  173.74(4) 17486(7)  8243(7)  9526(9)  91.52(2)  90.89(6) 124.4(2)
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S2.9 Regarding the unusually downfield signals in the "H NMR spectra
of 6¢ and 7c.
Recall that the 'H NMR spectra for 6¢ and 7¢ displayed unusually downfield signals at & 8.93 and

8.82, respectively, which were assigned to the ortho protons belonging to one of the Ph rings in
the imine moiety PhCH>NCHPh. In search of some rationale for these observations, we examined
the solid-state structures of these complexes to see if any unexpected H---element close contacts
might be present in the crystal lattice. Indeed, we found that one of the ortho protons in the
PhC(H)N moiety of these complexes does lie fairly close to the Ni atom (Ni---Hoitho = 2.44 in 6¢
and 2.49 A in 7¢). Assuming (a) that the orientation observed in the solid-state of these complexes
is maintained in solution, and (b) that there is free and rapid rotation around the Ph-C(H)N bond,
it seemed conceivable that the unusually downfield signals for the ortho protons in 6¢ and 7¢ might
be related to such close contacts.

The question arises whether the observed Ni---Hortho distances reflect orbital interactions,
or whether they are caused by the specific orientation of the Ph ring, which might, in turn, be
dictated by some other factor. To be sure, agostic Ni----(H-C) interactions should not be favored
in the 16-electron d® complexes under discussion here because they are perceived to be functionally
saturated. Nevertheless, we examined the solid-state parameters for 6¢ and 7c¢ in search of clues
that might rationalize the particular orientation of the Ph ring in question. We found that the vinylic
proton in the imine moiety NCHPh is orientated toward and fairly close to the Ph ring of the
NCH2Ph moiety (H---Cipso.= 2.35 and 2.34 A, respectively).

Therefore, it seemed plausible that the short Ni---Horho distances in 6¢ and 7¢ might be due
to secondary structural constraints such as this observed H---Cjps, close contact. If it were true that
the unusual Ni---H interactions are related to the particular orientation of Ph groups, then such
interactions must not be present in those structures that lack Ph moieties in the imine ligand. Yet,
when we inspected the solid-state structures of the analogous complexes 6b and 7b that feature a
NCH(CHj3) moiety but no Ph substituents, we found that both CH3 groups in these complexes were
pointing toward the Ni centre and the Ni---Hcns distances were almost as short as for the ortho
protons in 6¢ and 7c¢ (ca. 2.55-2.87 A vs 2.44 and 2.49 A). In other words, the absence of Ph
moieties in 6b and 7b does not appear to eliminate close Ni---H contacts. What is more, this

phenomenon appears to be quite general as both CHj3 groups in the amine and imine adducts 7d
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and 8b also point toward the Ni centre, and the Ni---Hcus contacts found in these complexes are
almost as short: 2.75-2.80 A in 7d and 2.70-2.86 A in 8b.

To conclude from the above findings, the close Ni---H contacts in question appear to be a
common feature of the imine and amine adducts discussed here, but the data at hand do not allow
us to pinpoint a specific phenomenon that might rationalize our observations. We hope to probe

this phenomenon in future investigations.

S2.10 DFT Computational studies.

Experimental

All DFT calculations were performed using Gaussian 16 revision C01 package on Graham
cluster, access to which was granted by CalculCanada/ComputeCanada . Geometry optimizations
were carried out in standard conditions (namely equimolar amounts of the MeCN adduct and
Et2NOH) using Pople’s 6-311+g** basis set>> > for all light atoms (C, H, O, P, N) and Karlsruhe
triple zeta def2TZVP basis set for Ni and Br.’” The M06 functional®® was exploited in implicit
acetonitrile solvent using the SMD model.>® Local minima were assessed by default convergence
criteria and the absence of imaginary frequencies in the frequency calculations. Transition states
were assessed by the existence of a single imaginary frequency along the expected reaction
coordinate and have been linked to intermediates by the intrinsic reaction coordinates (irc) routine
using the local quadratic approximation (lqa),*®®! followed by re-optimization. The energies
displayed on the schemes and figures are AGO and the values in parenthesis are AHO, and include
the solvation energies. For the transition state TS31, the thermal parameters induced a lower energy
than its closely related intermediate int21, and so the local barrier of 0.6 kcal/mol was determined
by their difference in electronic energies only (in other words, the same thermal correction was
applied for both geometries). The transition states TS81 and TS82 for the OH radical transfer were
found by a fragment guess (open shell singlet) followed by an SCF calculation and test of the
wavefunction’s stability. Further optimization of a transition state using the same guess generated
broken symmetry transition states, for which the wavefunction was shown to be stable under the
perturbations considered by Gaussian. Molecular diagrams of the relevant intermediates and
transition states were generated by CYLview20.%? The geometry of all presented stationary points
are available in the .xyz file provided with the ESI.

Discussion
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The DFT studies summarized here were undertaken to shed light on the mechanism of
hydroxylamines dehydration promoted by the cyclonickelated dimeric complexes «€,k"-{2-OP(i-
Pr),,4-X-CsHa4}2Niz(u-Br)2 (X = H, CI, OMe, NMe,). The reaction energy profile was calculated
at the M06/6-311+g**/def2TZVP(Ni,Br) level of theory in implicit MeCN solvent using the SMD

model.®

The energies discussed and displayed on the figures are Gibbs free energies, and are
referenced to the acetonitrile adduct int10-NCMe (Figure S2. 166). It should also be noted that
the monomeric acetonitrile adduct of the parent dimeric Ni complex (X = H) has been used as a
realistic model for the precursor complex, because such adducts are known to form readily in
MeCN solutions. Moreover, the i-Pr substituents of the phosphinite moiety in the title complexes

were replaced with Me groups for simplicity and to avoid making the
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Figure S2. 166. Proposed potential energy surface for the dehydration of hydroxylamines via a nucleophilic attack pathway
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computational work more cumbersome due to the various possible conformations of the i-Pr
groups. Thus, the model complex k¢, k’-{2-OPMe>-CsH4}Ni(Br)(NCMe) has served as the starting
point of our calculations.

As a first step, we studied the thermodynamics of substrate coordination to the nickel
center. It was found that the replacement of MeCN by the canonical form of the hydroxylamine
substrate, Et2NOH, was not favored. In contrast, the substitution reaction becomes nearly
thermoneutral (+0.3 kcal/mol) when the OH group in the substrate is allowed to form a hydrogen-
bond with the Br ligand (int12-Nadd), whereas using the zwitterionic form Et;N(H) O™ made the
substitution fully exergonic (by 2.7 kcal/mol). The latter reaction leads to intl1-Oadd. This
observation is in accordance with the following experimental observations: (1) the closely related
adduct 5b was isolated from the reaction of dimer 1 with E&ZNOH in CH2Cly, and (2) re-dissolving
crystals of 5b in MeCN led to partial reformation of the acetonitrile adduct, implying the viability
of the proposed equilibrium «€,k’-{2-OPMe,-C¢H4} Ni(Br)(NCMe) S int11-Oadd.

The second step on the postulated pathway for dehydration of hydroxylamine (i.e., a closed
shell nucleophilic addition by the hydroxylamine substrate on Ni-coordinated MeCN) is the attack
of the substrate on the nitrile carbon. The lower transition state for this step (Figure S2. 167) was
found to be the addition of the zwitterionic hydroxylamine, the process being aided by hydrogen
bonding between the NH moiety of the substrate and the N atom of the MeCN ligand. The barrier
for this process is 19.6 kcal/mol (TS21), and leads to an intermediate containing the zwitterionic

ligand EtoNT(H)-O-C(Me)(=N"), int21, with only a slightly lower energy of 18.0 kcal/mol.

TS21 19.6(4.2) | TS35 31.7(17.0) TS22 33.3(19.7) TS25 58.4 (44.0)

Figure S2. 167. Molecular diagrams of various transition states for the nucleophilic attach of the

zwitterionic hydroxylamine on MeCN
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It is worth emphasizing that the nucleophilic attack is significantly less favorable without
the assistance of a hydrogen bonding (TS22, 33.3 kcal/mol) or via a concerted O-H addition on
the nitrile involving the canonical form of the hydroxylamine (TS25, 58.4 kcal/mol). In addition,
the attack from the Ni-bound zwitterionic hydroxylamine adduct int11-Oadd to an external MeCN
molecule (TS35) also has a higher barrier of 31.7 kcal/mol; this approach leads to the more
energetic int35, which, although being stabilized by internal H-bonding, should quickly convert
to int31. Subsequent to the nucleophilic attack described above, the N—H proton is then
transferred in a somewhat barrierless manner to generate the much more stable tautomer int31 (by
-2.9 kcal/mol). We speculate that the course of this reaction can probably be observed. Indeed, the
31P monitoring of the reaction of dimer 3 with Et,NOH in acetonitrile revealed a number of

unidentified peaks that might well represent such intermediates.

The dehydration products must form from this key intermediate int31 through a cyclic
proton transfer whereby H' jumps from the o-carbon of the N(CH>CH3): moiety to the imine
nitrogen atom coordinated to Ni. This process, that leads to either a trans- or a cis-imine, can pass
through four possible transition states, all in a very narrow range of energies. In addition, the two
lower energy transition states leading to the cis imine (TS41-cis) or the trans-imine (TS41-trans)
showed very similar AG* values, 27.6 and 28.2 kcal/mol, respectively (Figure S2. 168). These
transition states lead to a free imine and a Ni-acetamide complex, which is first bound via the NH2
(int41-Nadd) but later converts to the O-bound isomer (int41-Oadd). With these two products
being as low as -44.7 and -52.1 kcal/mol, respectively, this is the most exergonic step of the
process, and the one that renders the overall transformation irreversible. The acetamide is then
exchanged by the free imine, where the trans-imine complex intS1-trans (-60.7 kcal/mol) is
significatively lower in energy than its cis counterpart intS1-cis (-56.3 kcal/mol). This implies that,
although there is little or no kinetic E/Z selectivity in the system, the Ni center must promote the
isomerization to the more stable trans-imine Ni-complex since this is the only isolated product (as
observed in the crystal structures). Further substitution of the Ni-bound imine by a MeCN ligand
is disfavored by 7.6 kcal/mol, consistent with the observed isolation of the imine adducts. It should
be noted that the (unobserved) re-formation of the acetonitrile adduct would increase the overall

barrier in the event of a Ni-catalyzed dehydration of hydroxylamines coupled to nitrile hydration.
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Figure S2. 168. Molecular diagrams of transition states for the cyclic intramolecular proton

transfer leading to breakage of the N-O bond.

Another pathway starts from int35, a coordination isomer of the more stable int31 wherein
the N a to the O is bound to the nickel center during the cyclic proton transfer, and leads directly
to free acetamide and int51-cis/trans. Again, the four possible transition states were found in a
very narrow range, with little to no cis/trans selectivity, but these transition sates (TSS51-cis and
TS51-trans) were found as high as 39.7 and 40.3 respectively. Finally, another pathway from the
zwitterionic intermediate int21, which was confirmed to be a local minimum, leads to a Ni-bound
deprotonated acetamide and cis/trans iminium (Figure S169). Although this step is also found to
be largely exergonic (-33.2 and -36.9 kcal/mol), the located barriers are much higher: TS45-cis
with AG* of 57.2 kcal/mol and TS45-trans, with 57.0 kcal/mol.

r cT~ ¢
\
>\ _Ni—P
/=N \
Q4 Br Et_@_H
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™~ NSy Ts45-cis e U ss2cas
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>\ NP o L -36.9 (-37.0)
int21 AT Me
18.0 (4.0) LoH int45
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Figure S2. 169. Proposed energy profile for the direct proton transfer from int21. Energies

presented are AG® (AH?) and are expressed in kcal/mol.

Finally, two additional pathways were probed: one going through Ni(IV) intermediates,
and one going through radical species (Figure S2. 170). The first one implies the N-O oxidative
addition from the canonical hydroxylamine bound to the metal center (either through the O atom,
int12-Oadd at 7.5 kcal/mol, or the N atom, int12-Nadd at 0.3 kcal/mol) and leading to 5-
coordinate Ni(IV) intermediates featuring apical positions occupied by the NEt> fragment (int71

at 29.5 kcal/mol) or the OH fragment (int72 at 32.3 kcal/mol). However, the transition states to
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access these intermediates, TS71 and TS72, are > 10 kcal/mol higher in energy than the more
favored Ni(Il) pathway, with AG* of 39.8 and 43.8 kcal/mol. In addition, coordination of MeCN,
which we believe is necessary to form acetamide, gives 6-coordinate intermediates as high as 37.5

and 36.5 kcal/mol for int71-NCMe and int72-NCMe, respectively, making this pathway

improbable.
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Figure S2. 170. Proposed potential energy surface for the Ni(IV) and radical pathways at the
MO06/6-311+g**/def2TZVP level of theory. Energies presented are AG® (AH?) and are expressed

in kcal/mol.

The second additional pathway involves a formal OH-radical transfer from the N-bound
canonical hydroxylamine to an external molecule of MeCN, leading to the acetamide radical,
primarily centered on the nitrogen (int81-N at 14.5 kcal/mol) which should tautomerize to its more
stable form with the radical centered on the carbon atom (int81-C at -0.9 kcal/mol, Figure S171).
This step also generates a radical Ni-NEt, complex, int81, which has been shown to be a Ni(II)
species bearing an aminyl ligand, with most of the spin density located on the nitrogen. Although
this step is nearly thermoneutral, the transition states located for this radical transfer, TS81 and
TS82, were found highly energetic with AG* of 56.0 and 63.9 kcal/mol, indicating that this
pathway is the least probable.
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TS81 56.0 (42.6) TS82 63.9 (49.7)
Figure S2. 171. Molecular diagrams for the transition states and the Ni-aminyl intermediate on

the radical transfer pathway. The numbers on the diagram represent Mulliken spin populations at

the M06/6-311+g**/def2TZVP level of theory.

The above results allow us to conclude that, overall, the most probable pathway involves
the attack of the zwitterionic hydroxylamine on the C=N bond of a Ni-coordinated acetonitrile
ligand, in an asynchronous manner, to give the stable ligand (Et2NO)(Me)C=NH bound to Ni. The
latter breaks apart into an imine and a molecule of acetamide through a concerted cyclic proton
transfer/O-N bond breaking, on a closed shell surface. Although at this level of theory the overall
barrier (from int11-Oadd) of 30.3 kcal/mol is too high to compare with the actual observed rate
of reaction, this seems to us the most probable pathway and is in accordance with the mechanistic
experiments described in the main manuscript. Adding a correction for the huge excess of MeCN
in the actual reaction conditions only lowers the overall barrier by 4.3 kcal/mol only. In addition,
the results of DFT calculations conducted on a Ni-free reaction show that the thermodynamics are
similar (-53.0 kcal/mol). However, the barriers on the potential energy surface are higher, and
indicate that the nickel complex facilitates the nucleophilic attack (this time in a synchronous

fashion) by 7.7 kcal/mol, and the formation of the products by 8.5 kcal/mol.
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3.2 Abstract:

Cyclometallated complexes can serve as models for studying mechanistic details of C—H
functionalization processes. In this context, we have shown that the cyclonickelated complexes
(1" kC-(i-Pr)2PO-Ar}Ni(Br)(NCMe) can be isolated from C—H nickelation of aryl phosphinites,
and they react with various substrates to furnish functionalized products. A recent investigation
showed that treating these complexes with hydroxylamines HO—-N(CH2R) results in the hoped-
for rupture of the N—O bond; unfortunately, however, this reactivity gave the imine adducts {x”,x¢-
(i-Pr),PO-Ar} Ni(Br)(x*-N(CH2R)CH=CHR) arising from net dehydration of the hydroxylamine
substrate instead of the desired C—N functionalization. In continuation of our previous studies, we
have explored the reactivities of the said cyclonickelated complexes with 4-Amino-4H-1,2.4-
triazole featuring a potentially labile N-N bond. Even though we have observed signs of a
decomposition pathway which might involve N-N bond rupture, this turned out to be a minor
component of the overall reactivity, the major pathway leading to the formation of simple triazole
adducts. Thus, we have isolated the mononuclear adducts {x”x“-(i-Pr),PO-Ar}Ni(Br)(x"-4-
amino-4H-1,2,4-triazole) 2a and 2e, as well as the triazole-bridged dinuclear adducts [ {x”,x“-(i-
Pr),PO-Ar}Ni(Br)} (", 1" -4-amino-4H-1,2,4-triazole) 3b, 3¢, and 3d. Variable temperature
NMR monitoring of the reactions between the Ni precursors and the triazole substrate indicated
that the new triazole adducts were involved in a dynamic exchange process. Analyses of the NMR
data pointed to the mono- and dinuclear adducts of triazole being involved in dynamic equilibria
with their corresponding acetonitrile adducts. Interestingly, in all cases the species that crystallizes
out of the solution is either the mononuclear or the dinuclear triazole adduct, never both. Moreover,
the choice of which adduct is favored for crystallization seems to depend on the specific precursor
used, 1a and 1e giving the mononuclear products exclusively, whereas 1b, 1¢ and 1d gave only

the dinuclear products.
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3.3 Introduction

Sustainable production of valuable fine chemicals will likely rely on a multitude of
versatile synthetic approaches, one of which is the so-called chelation-assisted C—H
functionalization using base-metal precursors.[1-5] In the most practical variant of this
methodology, the multi-step functionalization process is conducted in a “one-pot” manner, leading
directly to the end products. On the other hand, the development of evermore attractive versions
of this methodology can benefit from a different approach, one consisting of distinct studies
focused on the various steps of the C—H functionalization process. Indeed, such one-by-one
analysis of different stages of the process allows for the interception of key intermediates and
detailed examination of their reactivities with co-substrates, thus providing valuable mechanistic
insight that can help optimize the functionalization process. Recent examples of this approach have

been reported by the groups of Schaefer and Love,[6] and Sanford.[7]

In this context, our group has reported on the reactivities of pincer complexes prepared via
Csp2—H and Csp3—H nickellation of resorcinol and 1,3-propandiol derivatives, and investigated
the Cspo—H nickellation of phosphinites derived from phenol.[8—16] We have shown, for instance,
that in the case of substrates derived from phenol the nickellation step is often reversible, and have
identified some of the reaction conditions that favor the nickellation step.[17,18] Moreover,
isolation of thermally stable orthonickelated complexes arising from the Cspo—H nickellation of
phosphinites derived from phenol and naphthol has allowed us to examine their reactivities in the

context of C—C and C—P functionalization reactions (Scheme 3. 1).
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Scheme 3. 1. Previously reported C—H nickelation and functionalization of aryl- and naphthyl-

phosphinites
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As a follow-up to the reactivities of the nickellacyclic complexes illustrated in Scheme 3.
1, we have turned our attention to assessing the potential for C—N functionalization. Recently, we
probed the reactivities of these complexes with the hydroxylamines RoN-OH, anticipating that
their relatively labile N—O bond might facilitate C—N coupling. Unfortunately, this approach led
mostly to the formation of simple hydroxylamine adducts, one aminoxide derivative, and adducts

of imines arising from dehydration of the hydroxylamine substrates (Scheme 3. 2).[19]

Scheme 3. 2. Previously reported reactivities of orthonickelated complexes with hydroxylamines
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In continuation of these investigations, we have examined the C—N coupling potential of
reagents featuring N—N single bonds. The present report describes the reactivities of our
orthonickelated complexes with 4-amino-4H-1,2,4-triazole. Although this approach also failed to
induce the hoped-for C—N coupling (Scheme 3. 3, path A), we have isolated new mononuclear
and dinuclear adducts that display interesting solution exchange dynamics reported herein

(Scheme 3. 3, path B).

Scheme 3. 3. Proposed and observed reactivities of orthonickelated complexes with triazole
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3.4 Results and discussion

3.3.1 Reactivities of the parent dimeric precursor 1a with 4-amino-4H-1,2,4-triazole.

We began our reactivity studies by treating an acetonitrile solution of the dimeric precursor 1a
with two equivalents of the triazole substrate, thus ensuring a Ni : triazole ratio of 1:1. Before
discussing the outcome of this reaction, it is worth noting that our previous studies have established
that dissolving our dimeric precursors 1 in acetonitrile leads to the immediate formation of the
corresponding acetonitrile adducts 1-NCMe.[20] On the basis of the somewhat broad linewidths
of the 3!P signals detected for the acetonitrile mixtures of 1, we believe that the dimers and their
corresponding acetonitrile adducts are in equilibrium. Thus, we believe that in the present case it

1s adduct 1a that reacts with the added triazole, as shown in Scheme 3. 4.
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Scheme 3. 4. Synthesis of complex 2a
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The reaction of the in-situ generated acetonitrile adduct 1a-NCMe with triazole caused a color
change from green to brown and resulted in the precipitation of a white solid. The 3'P{'H} NMR
spectrum of this mixture (Figure S3. 2 in ESI) displayed a few low-intensity singlets in the 50-70
ppm region of the spectrum, which are normally associated with phosphine oxides, as well as a
more intense singlet appearing at around the same chemical shift as the signal for the precursor
(ca. 196 ppm).[21] Interestingly, the major signal in this spectrum is more than twice as broad as
the original resonance for 1a-NCMe, the corresponding values of full width at half maximum,
FWHM, being ca. 22 vs. 10 Hz. These observations suggested that the reaction of 1a-NCMe with
the triazole substrate gives a simple triazole adduct as the major product (Scheme 3. 4), in addition
to minor amounts of unidentified side-products likely arising from an oxidative decomposition

process.

To confirm the identity of the products Shown in Scheme 3. 4, we worked-up the reaction mixture
as follows: filtration of the reaction mixture separated the insoluble oft-white solids, and
evaporation of the red-brown filtrate gave a yellow solid, which was recrystallized from Et>O to
give a brown crystalline solid. XRD analysis of a single crystal selected from this batch revealed

the simple adduct 2a featuring a Ni<—N dative bond with one of the imine nitrogen atoms of the
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triazole. The molecular diagram for 2a is shown in Figure 3. 2, and the solid-state parameters will
be discussed later, along with the results of XRD analyses for all new products obtained during the

course of this study (vide infra).

The off-white solid obtained from the filtration of the reaction mixture dissolved in D>O to give a
pale greenish-blue solution. However, the *'P{'H} and 'H NMR spectra of this solution showed
no signals, presumably because of the paramagnetic character of the species formed in D>O.
Unfortunately, we did not succeed in growing single crystals from this solution to allow a reliable
identification of this product. Nevertheless, we can conclude that the reaction of 1a with 4-amino-
triazole follows two pathways, a major one that gives the simple adduct 2a, and a minor

decomposition pathway that gives a number of unidentified side-products.

The NMR characterization of 2a not only supported the molecular structure revealed by our solid-
state data, but also indicated that this compound was involved in a dynamic exchange process in
solution. The first hint of this exchange process was the observation of a very broad singlet
resonance in the room temperature >'P {'H} NMR spectrum of 2a (FWHM~ 49 Hz; Figure S3. 3).
This prompted us to examine the low-temperature spectrum, which showed that cooling a CD3CN
sample of 2a to -40 °C caused the replacement of the *'P singlet observed at 196 ppm in the ambient
temperature spectrum by two new singlets appearing at ca. 197 and 200 ppm (Figure S3. 4).

Integration of the new peaks gave a 1 : 0.28 ratio.

The dynamic exchange process implied by the above observations was also apparent from some
features of the 'H and '3C NMR spectra of 2a. For instance, the room temperature 'H NMR
spectrum of 2a (Figures S5-S7) displayed three broad resonances for the following signals: one
of the aryl protons (at ca. 6.4 ppm), the NH> protons (at ca. 5.5 ppm), and one set of P-CH3 protons
(at ca. 1.5 ppm). More significantly, whereas the solid-state structure of 2a would suggest that
there should be two distinct singlet resonances for the two symmetry-inequivalent triazole N=CH
protons, what we observed instead was only one broad signal at ca. 8.4 ppm, integrating for two
protons (Figure S3.7). The latter signal could be attributed to the imine carbon of the triazole
ligand based on the 3C{'H} NMR and HSQC spectra of 2a (Figure S3. 10), thus confirming that

the two N=CH nuclei that are symmetry-inequivalent in the solid-state structure of 2a become
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equivalent in solution. In other words, the observed solid-state structure of 2a is not maintained in

solution, presumably because of the dynamic exchange process alluded to above.

To gain more insight on this exchange process, we recorded variable temperature NMR spectra for
a CD3CN solution of 2a. The 'H NMR spectra showed that warming the sample above 25 °C led
to a sharpening of the broad signals seen in the ambient temperature spectrum, whereas cooling
the samples led to further broadening of most of these signals. For instance, the broad peaks
observed at ca. 6.4 and 5.5 ppm in the ambient temperature spectrum and attributed to the aryl CH
and NH> protons broadened and new peaks emerged at ca. 6.1 and 5.8 ppm (Figure S3.11). In
contrast, the broad resonance at ca. 1.5 ppm attributed to one set of PCH(CH3)2 protons sharpened
considerably upon cooling and split into two multiplets. Moreover, the broad singlet appearing at
ca. 8.4 ppm in the ambient temperature spectrum and attributed to the imine protons NCH shifted
more downfield upon cooling, and eventually (at -40 °C) gave rise to two new broad resonances,
one a singlet (ca. 8.6 ppm) and the other a doublet (8.2 ppm), with the integration ratio of ca. 1:0.3,
respectively (Figure S3.12).

The dynamic exchange process revealed by the above NMR data can be rationalized by the two
scenarios outlined in Scheme 3. 5, both of which would render the imine CH nuclei equivalent:
(a) equilibrium interconversion (2a23a) between the mononuclear adduct 2a and the symmetrical
dinuclear species 3a featuring a bridging triazole, or (b) conversion of 2a with a simple adduct

featuring Ni<—NH> coordination.
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Scheme 3. 5. The equilibrium formation of 2a and 3a
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We reasoned that the two scenarios shown in Scheme 3. 5 can be distinguished by studying the
impact of excess triazole on the equilibrium position, since addition of triazole should affect the
proposed 2a223a exchange, whereas the postulated equilibrium involving imine/amine modes of
bonding should not be impacted by the number of triazole present. Therefore, we added 2, 4, 6, 8,
and 10 additional equivalents of the triazole substrate to a CH3CN solution of adduct 2a and
monitored the reaction by NMR. While little or no spectral change was observed with 2 equiv of
triazole,[22] larger excess of this substrate resulted in the gradual replacement of the ambient
temperature *'P singlet at ca. 196 ppm by a singlet at ca. 200 ppm (Figure 3. 1). The latter was the

dominant resonance in the presence of 10 equiv of triazole, indicating that it represents 2a.
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Figure 3. 1. *'P{'"H} NMR spectra of 2a with various amounts of triazole (bottom to top): 2
equiv (blue trace); 4 equiv (red trace); 6 equiv (brown); 8 equiv (green trace); 10 equiv (blue-

green trace).

The above results support the idea that in acetonitrile solutions the mononuclear triazole adduct 2a
is in equilibrium with both 1a-NCMe and the dinuclear adduct 3a (Scheme 3. 5). Interestingly,
the data suggest that although the mononuclear species 2a is the sole species obtained from
crystallization, this species is in fact not the major species present in solution at ambient

temperature.

3.3.2 Reactivities of 4-amino-4H-1,2,4-triazole with the dimeric precursors 1b-1e.

Next, we studied the reactions of the dimeric precursors 1b-1e, which were obtained from the C—H
nickellation of the corresponding substituted phenol and naphthol-based phosphinites with 4-
amino-triazole.[20,23] The results of these studies hinted at a mononuclear-dinuclear equilibrium
phenomenon similar to what was observed with 2a/3a. However, the crystalline products obtained
from three of these reactions turned out to be the dinuclear species 3b-3d, whereas a mononuclear

adduct was obtained only with 2e (Scheme 3. 6).
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Scheme 3. 6. Equilibrium formation of 2b-2e and 3b-3e
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The 3'P{'H} NMR spectra of 3b-3e showed fairly broad singlet resonances at ca. 193-198 ppm,
FWHM values (in Hz) being ca. 24 (3b), 19 (3¢), 98 (3d), and 46 (2e). The broadness of these
signals hinted at an exchange process that results in averaged signals. The 'H NMR spectra were
also consistent with this possibility, displaying signals of various broadness at ca. & 8.5 (N=CH),
6.5 (aromatic H), 5.5 (NH>), and 1.45 (PCH?5). (See the relevant ESI sections for the individual
NMR spectra recorded for 3b-3e.)

As in the case of the triazole adducts 2a/3a discussed above, we noted that adding triazole to
samples of the adducts derived from 1b-1e showed signal broadening consistent with the dynamic
exchange equilibrium depicted in Scheme 3. 6. For instance, the *'P singlet for 1c-NCMe (the
acetonitrile adduct of the dimer 1¢) broadened significantly from FWHM = 5 Hz to 26 and 56 Hz
in the presence of 2 or 3 equiv of triazole, respectively (Figure S3.32).[24] Moreover, the original

signal split into two very broad resonances in the presence of 10 equiv of triazole.
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Finally, it is worth noting that we observed in mixtures of the precursors 1b-1e and triazole a minor
oxidative decomposition process similar to that observed in the analogous mixtures with 1a. To
estimate the extent of this decomposition, we examined the *'P{'H} NMR spectra of acetonitrile
mixtures containing 1b and precisely measured quantities of PPh3 and triazole. These experiments
allowed us to conclude that ca. 10% of the cyclonickelated complexes decompose when they come
in contact with triazole. For more details on how these calibration experiments were carried out

see ESI (section 4 and Figure S3.56.).

3.3.3 Structural characterization of the new complexes.

Single crystal diffraction analyses have been performed for the new triazole adducts 2a, 3b, 3c,
3d, and 2e. The molecular diagrams of these compounds are shown in Figure 3. 2, and the most
pertinent structural parameters for the solid-state structures are listed in Table 1. The crystal data

are presented in the ESI, and the structures are briefly described below.

The coordination geometry around the Ni centre in all five of the new complexes is slightly
distorted square planar, with minor angular deviations from ideal values observed for the cis and
trans angles (83-98°; 167-178°). In all cases, the Ni centre is positioned off its coordination plane
(defined by the ligating atoms C, P, Br, and N) by ca. 0.017-0.078 A. The angle formed between
the coordination planes in the mononuclear adducts and the plane of the terminal triazole is ca. 50°
(2a) and 65° (2e), whereas the corresponding angles in the dinuclear complexes 3b-3d are in the

59-63° range.

The Ni-Br, Ni-P, and Ni-C distances observed in the triazole complexes under discussion fall
within the range of values reported for analogous adducts {x”,x“-(i-Pr),PO-Ar}Ni(Br)L: 1.894-
1.932 A for Ni-C, 2.087-2.136 A for Ni-P, and 2.342-2.397 A for Ni-Br.[8,17,19,20,25-28] As for
the Ni-Nuiazole distances, it is interesting to note, first, that these are shorter by > 10 e.s.d. values in
the mononuclear complexes 2a and 2e relative to their dinuclear analogues 3b-3d wherein the
triazole bridges two Ni centers. On the other hand, comparison of the Ni-Nyiazole distances observed
in our complexes to analogous distances in previously reported complexes is less straight forward,

as explained below.

To begin with, we have noted that the Ni-Niazole distances in the mononuclear adducts 2a (1.944(3)

A) and 2e (1.930(3) A) are comparable to the Ni-Nimine distances reported for {x’,x“-(i-Pr),PO-

233



Ar}Ni(Br)(imine) (1.934-1.950 A).[19] However, direct comparisons to previously reported
Ni(Il)-triazole adducts is complicated because latter are exclusively coordination complexes
featuring hexacoordinated Ni(Il) centers ligated to heteroatoms (no Ni-C bond), a fact that would
be expected to result in significantly longer Ni-Nuaizole distances.[29-38] Thus, nearly all Ni-
Niriazole distances reported previously exceed 2.00 A, as exemplified by the following cases:
2.043(4)-2.016(5) A reported for [Nis(u-triazole)s(H20)s](NO3)6[39]; 2.053(3) and 2.059(3) A
reported for [Ni2Cla(p-triazole)2(OH2)4](Cl104)2[39]. 2.107(3) A reported for [Nia(u-
triazole)2(NCMe)s](BF4)2.[40] It should be emphasized that the latter Ni-Niazole distances are also
significantly longer than the corresponding distances 1.962(2)-1.976(3) A found in our dinuclear
complexes 3b-3d.

3.5 Conclusion

The present study has resulted in the synthesis of 5 new mono- and dinuclear adducts of Ni(II).
Although this outcome diverged from the initial objectives of this investigation, the results
obtained are potentially promising. Indeed, we have noted that complexes of 3d transition metals,
including Ni(Il), featuring multitopic and bridging triazole derivatives have attracted increasing
interest over the past 2-3 decades for their potential applications. For example, Ni(II) complexes
displaying bridging triazole moieties display variable ferromagnetic and anti-ferromagnetic
characteristics and magneto-structural correlations,[38,40,41] and have been used for formulating
new energetic materials[42] and MOF’s[29] Moreover, owing to the close similarities between the
electronics and coordination properties of triazole and imidazole derivatives, Ni-triazole
compounds are under investigation as bioinorganic models for studying the mechanisms of

enzymatic reactions and complex biological systems such as metalloenzymes.[35,40]

It is also worth noting that all previously reported Ni-triazole adducts are coordination complexes
featuring only Ni-heteroatom linkages (Ni-O, Ni-O, Ni-Cl, etc.), thus making the triazole
complexes isolated in the present study the first examples (to our knowledge) of organonickel
adducts of triazole featuring Ni-C bonds. Moreover, 2a and 2e are rare examples of mononuclear
complexes featuring terminal M-triazole moieties. Indeed, the impact of triazole: M molar ratio,
solvent, and concentration on crystallization of mono- vs. multinuclear adducts is the subject of

current research efforts, but remains poorly understood to date.[40] Future investigations will
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address this topic, as well as pursuing insights into the decomposition reactivity observed between

our Ni(II) precursors and 4-Amino-4H-1,2,4-triazole.

Table 3. 1. Selected bonds (A) and angles (°) for Complexes 2a, 2e, and 3b-3d.

Ni-C2 Ni-P1 Ni-Br Ni-N CNi-Br  PI-Ni-N
2a 1.910(4) 2.1012(10) 2.3656(7)  1.944(3)  170.41(11) 177.77(10)
2e  1.909(3) 2.1046(9)  2.3546(5)  1.930(3) 172.73(9)  175.91(9)
g 905 211025 238233)  1.966(1)  167.62(5)  176.01(4)
1.908(2)  2.1121(5)  2.3794(3)  1.963(1)  168.97(5)  177.62(4)
e 1907Q) 21094(5)  23779(4)  1.9622)  167.64(6)  176.49(5)
1.908(2)  2.1136(5)  2.3670(4)  1.967(2)  168.39(6)  176.88(5)
g IBO) 21099(10)  23688(6)  1.9763)  167.2309)  175.64(8)
1.914(3)  2.1129(10)  2.3843(6)  1.970(3)  168.06(9)  176.04(8)
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2a 2e 3b

Figure 3. 2. Molecular diagram of the triazole adducts isolated in this study. Thermal ellipsoids

are shown at the 50% probability level; hydrogen atoms are refined via riding model.

3.6 Associated content

Supporting Information. Electronic Supplementary Information (ESI) available: synthetic
procedures, NMR spectra, single crystal structure data and additional figures. CCDC 2279934
(complex 2a), 2279935 (complex 3b), 2279936 (complex 3c¢), 2279937 (complex 3d), and
2279939 (complex 2e). For ESI and crystallographic data in CIF or other electronic format see

DOI: xxxxxxxx
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Chapter —3— Supporting information

S3.1 General experimental considerations

All manipulations were carried out under a nitrogen atmosphere using standard Schlenk
techniques and an inert-atmosphere box. The transfer/addition of all liquid reagents/reactants was
performed with BRAND Transfer pette® micropipettes (20-200 pL and 100-1000uL). Reported
volumes should be considered to be within +7 pL (for > 200 pL transfers) and £3 pL (for < 200
pL transfers) of the measurements, with a >99% confidence level.[43] Solvents were dried by
passage over a column of activated alumina, collected under nitrogen, and stored over 3 A
molecular sieves inside transfer/storage flasks equipped with high vacuum valves (Straus flasks).
Et;N was dried over CaHa. The Ni'! precursor [(i-PrCN)NiBr2], used throughout this study was
prepared as reported previously.[26,27] Other reagents were purchased from Sigma-Aldrich or

FisherSci and used without further purification.

Single crystals of the structurally characterized complexes were all grown at -35 °C under inert
atmosphere using the following solutions: pure Et;O solutions for 2a and 3b; Et2O solution layered
with hexane for 3¢; Et2O solution layered with THF for 3d; THF solution layered with Et2O for
2e. The crystallographic data for all structures were collected on either a Bruker Microsource (Cu
radiation) or a Bruker Venture Metaljet (Ga radiation) via the Bruker APEX II or APEX I1I[44]
software packages. Cell refinement and data reduction were performed using SAINT.[45] An
empirical absorption correction, based on multiple measurements of equivalent reflections, was
applied using the program SADABS or TWINABS.[46] The space group was confirmed by the
XPREP[47] routine in APEX. The structures were solved in OLEX][48] using the SHELX[49] suite
and refined by full-matrix least squares with SHEXL.[50] All non-hydrogen atoms were refined
with anisotropic displacement parameters, whereas hydrogen atoms were set in calculated
positions and refined via the riding model, with thermal parameters being 1.5 times that of the

carbon bearing the H in question. All Thermal ellipsoid plots were drawn using OLEX.
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S3.2  Procedures for the synthesis of new complexes

[{x?,kC-(i-Pr)2PO-(CsH4)}Ni(Br)(4-amino-4H-1,2,4-triazole)], 2a. A 50 mL Schlenk flask
containing 5 mL of MeCN was charged with the parent dimer [ {x,7x-(i-Pr),PO-CsHa} Ni(u-Br)]2
(1a, 70 mg, 0.101 mmol) and 4-amino-4H-1,2,4-triazole (17 mg, 0.201 mmol, 1.00 equiv). The
solution was stirred overnight at room temperature and under inert atmosphere. Next, the reaction
mixture was filtered to remove white precipitate, followed by removal of volatiles under vacuum.
The resulting yellow residue was treated with ca. 1 mL of Et,O, filtered, and the filtrate kept
overnight at -35 °C. Brown crystals were separated and washed with cold hexane. (Yield: 100 mg,
0.232 mmol 80 %). '"H NMR (400 MHz, 20 °C, CD3CN): ¢ 1.33 (dd, 6H, CHCHj, *Jup = 14.9,
3Jan = 7.0), 1.47 (dd, 6H, CHCHs, *Jup = 17.2, *Jun = 6.4), 2.44 (pseudo-oct, 2H, PCH, 3Jun =
7.1), 5.50 (br s, 2H, NH>), 6.43 (br s, 1H, Car-H), 6.54 (t, IH,C4ar-H, *Jun = 7.1), 6.69 (d, 1H,
C6ar-H, *Jun=7.7), 6.93 (t, 1H, C5a-H, *Jun =7.5), 8.44 (br s, 2H, N=CH)."*C{'H} NMR (125.72
MHz, 20 °C, CDsCN): 6 17.25 (d, 2C, 2Jpc = 1.5, CH3), 18.86 (s, 2C, CH3), 29.23 (d, 2C, *Jpc =
28.0, PCH), 110.67 (d, 1C, Jpc = 13.0, Car), 121.50 (s, 1C, Car), 127.55 (s, C, Car), 139.40 (s, 1C,
Car), 146.15 (s, 2C, N=CH), 168.37 (d, 2Jpc =3.7, Clar). *'P{'"H} NMR (202.4 MHz, 20 °C, C¢Ds):
0 195.92 (s, 1P). Anal. calc. for C14sH22BrNsNiOP.Et,O: C, 42.72; H, 6.37; N, 11.07. Found: C,
42.99; H, 6.16; N, 12.38.

[{xP,kC-(i-Pr)2PO-(5-OMe-CeH3)}Ni(Br)}2(u,x"Y, k¥ -4-amino-4H-1,2,4-triazole)], 3b. A 50 mL
Schlenk flask containing10 mL of MeCN was charged with the dimer [ {x”,x¢-(i-Pr),PO-(5-OMe-
CsH3)} Ni(u-Br)]> (1b, 70 mg, 0.092 mmol, 1.00 equiv) and 4-amino-4H-1,2,4-triazole(8 mg,
0.092 mmol, 1.00 equiv). The solution was stirred overnight at room temperature and under inert
atmosphere. Next, the reaction mixture was filtered to remove white precipitate, followed by
removal of volatiles under vacuum. The resulting yellow residue was treated with ca. 1 mL of
Et20, filtered and the filtrate kept overnight at room temperature. Brown crystals were separated
and washed with cold hexane. (Yield: 54 mg, 0.064 mmol, 70 %). 'H NMR (400 MHz, 20 °C,
CD3CN): 6 1.32 (dd, 12H, CHCH3, *Jun = 7.0, *Jun = 14.8), 1. 47 (dd, 12H, CHCHs3, *Jun = 6.2,
3Jun = 17.0), 2.42 (ps oct, 4H, CH2CH;, *Jun = 7.4), 3.67 (s, 6H, OCH3), 5.49 (br s, 2H, NH>),
6.21 (dd, 2H, C3ar-H, *Jup = 8.9, *Jun = 1.9), 6.26 (d, 2H, C4ar-H, *Jun = 2.6), 6.47 (br s, 2H,
C5ar-H), 8.46 (br s, 2H, N=CH). 3C{'H} NMR (125.72 MHz, 20 °C, CDsCN): § 17.22 (s, 1C,
PCHCH3), 18.84 (s, C, PCHCH3), 29.20 (d, 4C, PCH, Jpc = 28.0), 55.76 (s, 1C, OCH3), 97.63 (d,
1C, Jec = 14.9, Car), 107.42 (s, Car), 139.32 (s, Car), 146.17 (s, Car), 160.75 (s, Car), 168.64 (d,
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1C, Jec = 15.2, C2).3'P{'H} NMR (202.4 MHz, 20 °C, CD3CN): 6 195.83 (s, 1P). Anal. calc. for
C2sHaaBraN4Ni,O4P2: C, 40.04; H, 5.28; Br, N, 6.67. Found: C, 39.67; H, 5.31; N, 6.55.

[{xP,kC-(i-Pr)2PO-(5-C1-CsH3)}Ni(Br)}2(,x",k"V -4-amino-4H-1,2,4-triazole)], 3¢c. A 50 mL
Schlenk flask containingl10 mL of MeCN was charged with the dimer [{x”,x-(i-Pr),PO-(5-Cl-
CsH3)} Ni(u-Br)]2(2, 100 mg, 0.131 mmol, 1.00 equiv) and 4-amino-4H-1,2,4-triazole (11 mg,
0.131 mmol, 1.00 equiv). The solution was stirred overnight at room temperature and under inert
atmosphere. Next, the reaction mixture was filtered to remove white precipitate, followed by
removal of volatiles under vacuum. The resulting yellow residue was treated with ca. I mL of EtoO
and ca. 2mL of hexane, filtered and the filtrate kept overnight at -35 "C. Brown crystals were
separated and washed with cold hexane. (Yield: 54 mg, 0.064 mmol, 48 %).'"H NMR (400 MHz,
20 °C, CD3CN): § 1.32 (dd, 12H, CHCHs, *Jun = 7.0, *Jup = 14.8), 1.47 (dd, 12H, CH(CH3), *Jun
=7.1,3Jup = 17.7), 2.45 (ps oct, 4H, CH(CH3)2, *Jun = 7.2), 5.46 (br s, 2H, NH>), 6.62 (ddd, 2H,
C3ar-H, 2Jun = 8.3, *Jup = 2.1,*Jun = 1.0), 6.67 (d, 1H, C6a-H, *Juu=2.2), 6.71 (d, 1H, C4ar-H,
3Jun=17.9), 8.48 (br s, 1H, N=CH). *C {!H} NMR (125.72 MHz, 20 °C, CD3CN): 6 17.17 (d, %Jpc
= 2.1, CH3), 18.78 (d, Jec = 2.8, CH3), 29.42 (d, Jec = 28.3, PCH), 111.08 (d, Jec = 13.4, Cay),
121.25 (d, Jec = 2.0, Car), 132.30 (s, Car), 140.17 (s, Car), 146.41 (s, Car), 168.35 (d, Jpc = 13.4,
Clar). *'P{'H} NMR (202.4 MHz, 20 °C, CDsCN): 6 197.94 (s, 1P). Anal. calc. for
Ca6H33BroClaN4Ni2O2P2: C, 36.80; H, 4.51; N, 6.60. Found: C, 36.41; H, 4.51; N, 6.37.

[{xP,kC-(i-Pr)2PO-(C10H6)}Ni(Br)}2(1, k", k" -4-amino-4H-1,2,4-triazole)], 3d. A 50 mL
Schlenk flask containing 10 mL MeCN was charged with the dimer [{x”x®-(i-Pr),PO-
(Ci10Hs) } Ni(u-Br)]2 (5, 100 mg, 0126 mmol, 1.00 equiv) and 4-amino-4H-1,2,4-triazole (11 mg,
0.126 mmol, 1.00 equiv). The solution was stirred overnight at room temperature and under inert
atmosphere. Next, the reaction mixture was filtered to remove white precipitate, followed by
removal of volatiles under vacuum. The resulting yellow residue was treated with ca. 1 mL of Et,O
and 1-3 drops of THF, filtered and the filtrate kept overnight at room temperature. Brown crystals
were separated and washed with cold hexane. (Yield: 27 mg, 0.030 mmol, 24 %).'H NMR (400
MHz, 20 °C, CD3CN): § 1.38 (dd, 3H,>Jun =7.0, *Jup =14.8, CHCH3), 1.49 (ps d, 3H, CHCHs),
2.52 (ps oct, 4H, *Juu = 7.1, CHCH3), 5.56 (s, 3H, NH>), 6.72 (s, 3H, Car-H), 7.0 (s, 2H, Car-H),
7.17 (td, 1H, Car-H, 3Jun = 7.4, *Jun = 1.1), 7.28 (td, 1H, Car-H, *Jun =7.5, *Jup = 1.2), 7.44 (d,
1H, Car-H, *Jun =8.1),7.59 (d, 1H, Car-H, *Jun = 8.2), 8.45 (s, 1H,N=CH). 3C{'H} NMR (125.72
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MHz, 20 °C, CD3CN): § 17.26 (s, 2C, PCHCH3), 18.80 (s, 2C, PCHCH3), 29.27 (d, 4C, 2Jpc= 27.5,
PCHCH3), 104.79 (d, 1C, 2Jpc= 12.2, Car), 124.00 (s, 1C, Car), 125.97 (s, 1C, Car), 126.98 (s, 1C,
Car), 127.63 (s, 1C, Car), 130.25 (d, 1C, 2Jpc =2.4, Car), 134.50 (s, Car), 139.07 (s, Car), 146.17
(s, 1C, Car), 167.29 (d, 1C, 2Jpc =12.8, C2) 3'P{'H} NMR (202.4 MHz, 20 °C, CD3CN): § 197.22
(s, 1P).

[{x?,kC-(i-Pr)2PO-(4-MeO-C10H5)}Ni(Br)(4-amino-4H-1,2,4-triazole)], 2e. A 50 mL Schlenk
flask containing 10 mL MeCN was charged with the dimer [{x” x®-(i-Pr),PO-(4-MeO-
CioHs)}Ni(u-Br)]> (1e, 100 mg, 0.117 mmol, 1.00 equiv) and 4-amino-4H-1,2,4-triazole ( 0.020
mg, 0.234 mmol, 2 equiv). The solution was stirred overnight at room temperature and under inert
atmosphere. Next, the reaction mixture was filtered to remove white precipitate, followed by
removal of volatiles under vacuum. The resulting yellow residue was treated with ca. 1 mL of THF,
filtered and layered with 0.3 mL of Et2O, and allowed to stand overnight at room temperature.
Brown crystals were separated and washed with cold hexane. (Yield: 58 mg, 0.113 mmol, 48 %).
"H NMR (400 MHz, 20 °C, CD3CN): 6 1.39 (dd, 3H, *Jun =7.0, *Jup = 14.7, CHCH3), 1.51 (dd,
3H, *Jun = 5.8, *Jup = 16.6, CHCH3), 2.52 (ps oct, 4H, *Juu = 7.1, CHCH3), 3.73 (s, 3H, OCHs),
5.51 (s, 2H, NH>), 6.05 (s, 1H, Car-H), 7.37 (m, 2H, Car-H), 7.82 (dd, 1H, Car-H,*Jun = 7.6, *Jun
=1.3),7.98 (td, 1H, Car-H,*Jun =7.9, “Jup = 1.0), 8.48 (br s, 1H, N=CH). 3C{'H} NMR (125.72
MHz, 20 °C, CD3CN): 6 17.33 (s, 2C, PCHCH3), 18.96 (s, 2C, PCHCH3), 29.40 (d, 2C, %Jpc= 27.5,
PCHCH3), 56.12 (s, 1C, OMe), 113.90 (d, 1C, %Jpc= 3.3, Car), 121.95 (s, 1C, Car), 122.07 (s, 1C,
Car), 122.54 (s, 1C, Car), 122.90 (s, 1C, Car), 125.25 (s, Car), 125.77 (s, Car), 126.57 (s, Car),
146.31 (s, Car), 148.70 (s, Car). 3'P{'H} NMR (202.4 MHz, 20 °C, CD3;CN): ¢ 193.26 (s, 1P).
Anal. calc. for C19H26BrN4NiO»P: C, 44.57; H, 5.12; N, 10.94. Found: C, 44.25; H, 5.11; N, 11.43.
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S3.3 Complete characterization of the new compounds

Complex 2a

Figure S3. 1. Side view of the molecular diagram of compound 2a. Thermal ellipsoids are

shown at the 50% probability level; hydrogen atoms are refined via riding model.
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Figure S3. 2. The room temperature 3'P{!H} NMR spectrum (CH;CN) of the crude reaction mixture

obtained upon treating the parent dimer 1a with 1 equiv of triazole.
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Figure $3. 3.3'P{'H} NMR spectrum (CD;CN) of 2a.
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Figure S3. 4. *'P{'H} NMR spectrum (CD3CN) of 2a at — 40 °C.
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Figure $3. 5. Full "H NMR spectrum of 2a in CDs;CN.
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Figure S3. 6. The expanded aliphatic region of the "H NMR spectrum of 2a in CD;CN.
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Figure S3. 7.The expanded aromatic region of the "H NMR spectrum of 2a in CDsCN.
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Figure S3. 8. Full 3*C NMR spectrum of 2a in CD;CN.
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Figure $3. 9. Full '"H-"H COSY NMR spectrum of 2a in CD;CN.
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Figure S3. 10. Full HSQC-Edited NMR spectrum of 2a in CD;CN.
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Figure S3. 11. Aromatic region of the VT "H NMR (CDs;CN) spectrum of 2a. (Bottom to top: - 40, - 25, 0,
25, 50, and 70 °C).
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Figure S3. 12. Aliphatic region of the VT "H NMR (CD3CN) spectrum of 2a. (Bottom to top: -40, -25, 0,

25, 50, and 70 °C).
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Figure $3. 13. *'P{'H} NMR spectra of 2a with various amounts of triazole (bottom to top): 2 equiv (blue

trace); 4 equiv (red trace); 6 equiv (brown); 8 equiv (green trace); 10 equiv (blue-green trace).
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Complex 3b

Figure S3. 14. Side view of the molecular diagram of compound 3b. Thermal ellipsoids are shown at the

50% probability level; hydrogen atoms are refined using a riding model.
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Figure S3. 15. Full '"H NMR spectrum of .3b. in CD;CN.
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Figure S3. 16. The expanded aliphatic region of the "H NMR spectrum of 3b in CD;CN.
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Figure S3. 17. The expanded aromatic region of the "H NMR spectrum of 3b in CD3;CN.
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Figure S3. 18. Full *C NMR spectrum of 3b in CD;CN.
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Figure $3. 19. Full 'H-'"H COSY NMR spectrum of 3b in CD;CN.
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Figure S3. 20. Full HSQC-Edited NMR spectrum of 3b in CD;CN.
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Figure S3. 21. *'P{'H} NMR spectrum of 3b in CD;CN.
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Complex 3¢

cn

Figure S3. 22. Side view of the molecular diagram of compound 3¢. Thermal ellipsoids are shown at the

50 % probability level; hydrogen atoms are refined using a riding model.
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Figure $3. 23. Full '"H NMR spectrum of 3¢ in CD;CN.
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The Me protons show only two signals (each in the form of an AX doublet), suggesting that there is an axis
of rotation along the N-NH» bond and bisecting the CH=N-N=CH bond. This axis renders the two Ni
moieties equivalent. The existence of an axis of rotation would also explain why we have one set of 'H
signals for the two Ni moieties, and also one N=C-H. There is also a mirror plane that makes the two i-Pr

groups (below and above the coordination plane) equivalent. The latter can only be the case if there is rapid,

free rotation about the N-Ni bond.
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Figure S3. 24. The expanded aliphatic region of the 'H NMR spectrum of 3¢ in CD;CN.
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Figure S3. 25. The expanded aromatic region of the '"H NMR spectrum of 3¢ in CDsCN.
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Figure S3. 26. Full >*C NMR spectrum of 3¢ in CD;CN.
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Figure S3. 27. The expanded aliphatic region of the *C NMR spectrum of 3¢ in CDsCN.
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Figure S3. 28. The expanded aromatic region of the *C NMR spectrum of 3¢ in CD;CN.
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Figure S3. 29. Full 'H-'"H COSY NMR spectrum of 3¢ in CDe.
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Figure S3. 30. Full HSQC - Edited NMR spectrum of 3¢ in C¢Des.
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Figure $3. 31. 3'P{'H} NMR spectrum of. 3¢. in CD;CN.
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Figure S3. 32. *'P{'H} NMR spectra recorded for an acetonitrile sample of 1¢ (0.15 M) to which were
added successive quantities of triazole to measure the broadness (FWMH) of the resonance at ca. 199
ppm as a function of triazole amount, as follows: blue trace (0 equiv, or A,"*" = 5 Hz); red trace (2 equiv,

A" = 26 Hz); brown trace (3 equiv, A,"*" = 56 Hz); green trace (10 equiv).
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Complex 3d:

Figure S3. 33. Side view of the molecular diagram of compound 3d. Thermal ellipsoids are shown at the

50% probability level; hydrogen atoms are refined via riding model.
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There appears to be a C, axis in this complex which is parallel with the N-NH bond and bisects the CHN-
NCH bond. The planes defined by Ni/P/O/C/C atoms and the naphthyl fragment are at 62° to each other.
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Figure S3. 34. Full '"H NMR spectrum of 3d in CD;CN.
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Figure S3. 35. The expanded aliphatic region of the 'H NMR spectrum of 3d in CD;CN.
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Figure S3. 36. The expanded aromatic region of the '"H NMR spectrum of 3d in CD;CN.
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Figure S3. 37. Full 3C NMR spectrum of 3d in CD;CN.
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Figure $3. 38. Full '"H-"H COSY NMR spectrum of 3d in CDs;CN.
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Figure S3. 39. Full HSQC-Edited NMR spectrum of 3d in CD;CN.
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Figure $3. 40. 3'P{'"H} NMR spectrum of 3d in CD;CN.
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Figure S3. 41. *'P{'H} NMR spectra recorded for an acetonitrile sample of 1d (0.15 M) to which were
added successive quantities of triazole to measure the broadness (FWMH) of the resonance at ca. 198
ppm as a function of triazole amount, as follows: blue trace (0 equiv, or A,"*" = 10 Hz); red trace (2 equiv,

AV = 200 Hz); brown trace (3 equiv, A,"*" = 228 Hz); green trace (10 equiv, A,"*" = 1000 Hz).
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Complex 2e

Figure S3. 42. Side view of the molecular diagram of compound 2e. Thermal ellipsoids are shown at the

50% probability level; hydrogen atoms are refined via riding model.
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Figure S3. 43. Full '"H NMR spectrum of 2e in CD;CN.
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Figure S3. 44. The expanded aliphatic region of the "H NMR spectrum of 2e in CD;CN.
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Figure S3. 45. The expanded aromatic region of the 'H NMR spectrum of 2e in CD;CN.
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Figure S3. 46. Full *C NMR spectrum of 2e in CD;CN.
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Figure S3. 47. Full COSY NMR spectrum of 2e in CD3;CN.
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Figure S3. 48. Full HSQC-Edited NMR spectrum of 2e in CD;CN.
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Figure S3. 49. *'P{'H} NMR spectrum of 2e in CD;CN.
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Figure S3. 50. *'P{'H} NMR spectrum of 2e with various amounts of triazole added as follows (bottom to
top): 0 equiv (blue trace); 0.25 equiv (red trace); 0.5 equiv (brown trace); 1.0 equiv (green trace); 1.5
equiv (equiv (blue-green trace); 3 equiv (purple trace), 2 eq, 1.5 eq, 0.5 eq,). The line-broadening values

(AV"™, in Hz) were measured to be ca. 20 (blue trace), 28 (red trace), and 100 (purple trace).
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S3.4 Other relevant spectra and calibration procedure
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Figure $3. 51. *'P NMR spectrum of the reaction mixture containing the dimer 1a and 0.5 equiv of triazole

(Ni : triazole ratio of 2:1).
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Figure $3. 52. 3'P NMR spectrum of the reaction mixture containing the dimer 1b and 0.5 equiv of

triazole (Ni : triazole ratio of 2:1).
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Figure S3. 53. *'P NMR spectrum of the reaction mixture containing the dimer 1c¢ and 0.5 equiv of triazole

(Ni : triazole ratio of 2:1).
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Figure S3. 54. *'P NMR spectrum of the reaction mixture containing the dimer 1d and 0.5 equiv of

triazole (Ni: triazole ratio of 2:1).
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Figure S3. 55. *'P NMR spectrum of the reaction mixture containing the dimer 1e and 0.5 equiv of triazole

(Ni: triazole ratio of 2:1).

Procedure for estimating extent of decomposition. To estimate the extent of decomposition taking

place when our cyclonickellated complexes are treated with 4-Amino-4H-1,2,4-triazole, we
conducted the following calibration experiments. Acetonitrile solutions of the dimeric precursors
1 were treated with 2-4 equiv of PPhs and the mixtures analyzed by *'P{'H} NMR spectroscopy.
The spectra displayed a very broad signal at ca. — 1.6 ppm, implying a dynamic exchange process.
Addition of two equivalents of the triazole substrate to these mixtures caused a color change and
resulted in the precipitation of a white solid. NMR analysis of this mixture showed the emergence
of two *'P singlets, one for the triazole adduct in question and the other for free PPh; (ca. -4 ppm).
Integration values for the two signals indicated ca. 10% signal loss, which we attribute to the

decomposition product.
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Figure $3. 56. *'P NMR spectrum of the reaction mixture containing the dimer 1b in MeCN (blue trace),

with 4 equiv of PPh; (red trace), and 1 equiv of triazole.
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S3.5 Crystallographic data tables

Table S3. 1: Crystal description and refinement indicators for compounds 2a, 3b, and 3¢

2a 2e
chemical formula CisH3,BrN4NiO,P Ci9H26BrN4sNiO,P
crystal colour brown brown
crystal size (mm) 0.07 x 0.09 x 0.11 0.101 x 0.147 x 0.157
-22<h<22 -10<h<11
index ranges -12<k<12 -9<k<9
-15<1<15 -33<1<34
Fw; F(000) 506.06; 1048.0 512.03; 1048.0
T (K) 100 150
wavelength (A) 1.54178 1.34139
space group P2i/c P2i/c
a(A) 18.1212(7) 9.5653(3)
b(A) 10.4717(4) 8.0558(3)
c(A) 12.7679(5) 28.0138(10)
o (deg) 90 90
B (deg) 109.572(2) 96.011(2)
v (deg) 90 90
VA 4 4
V(&%) 2282.84(16) 2146.77(13)
Peatea (g-em>) 1.472 1.584
p (mm™) 4.096 6.962
0 range (deg); completeness| 2.588—70.245; 0.985 5.519-54.901; 0.983
collected reflections; Re 42874; 0.0375 19434, 0.0310
unique reflections; Rint 4278, 0.0779 3986; 0.0378
R1%; wR2" [1 > 26(I)] 0.0519; 0.1296 0.0363; 0.0948
R1; wR2 [all data] 0.0619; 0.1375 0.0389; 0.0962
GOOF 1.031 1.104
largest diff peak and hole 0.84 and -1.17 0.70 and -0.59

* R=X(||Fol-[Fe|[)/2[F|

b WR={Z[W(F,-F2)*|/Z[w(F.?)*|}"
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Table S3. 2: Crystal description and refinement indicators for compounds 3d and 2e.

3b 3c 3d
chemical formula C23H44BraN4NixO4P; C26H33N4O,P>CINi,Br, C34H44BraN4Ni2O2P,. Et,0
crystal colour brown brown brown
crystal size (mm) 0.073% 0.110 x 0.141 0.10x 0.11 x 0.27 0.150 x 0.158 x 0.182
-13<h<13 -13<h<13 -12<h<12
index ranges -14<k<14 -14<k<14 -14<k<14
-18<1<18 -18<1<18 -21<1<21
Fw; F(000) 839.85; 856.0 848.68; 856.0 954.03; 980.0
T (K) 100 100 100
wavelength (A) 1.54178 1.54178 1.54178
space group P-1 P-1 P-1
a(A) 11.19470(10) 11.0941(2) 10.5964(2)
b (A) 12.2617(2) 11.5657(2) 11.9969(3
c(A) 15.0084(2) 15.4224(3) 17.6986(4)
o (deg) 107.6910(10) 107.5790(10) 76.0080(10)
B (deg) 94.8850(10) 93.8320(10) 73.1910(10)
v (deg) 116.4600(10) 113.3940(10) 80.5220(10)
VA 2 2 2
V(&%) 1697.35(4) 1691.48(6) 2078.98(8)
Pealed (grem™) 1.643 1.666 1.524
p (mm™) 5.342 6.742 4.419
0 range (deg); completeness 3.199-70.098; 0.979 3.077-70.3; 0.978 2.665-70.096; 0.978
collected reflections; Re 46865; 0.0140 46337;0.0170 57071; 0.0311
unique reflections; Rint 6291; 0.0268 6255;0.0323 7675; 0.0559
R1%; wR2P [1 > 26(D)] 0.0205; 0.0511 0.0229; 0.0565 0.0430; 0.1107
R1; wR2 [all data] 0.0215; 0.0517 0.0244; 0.0573 0.0519; 0.1177
GOOF 1.066 1.087 1.034
largest diff peak and hole 0.50 and -0.33 0.47 and -0.43 1.28 and -0.54

* Ri=ZE(|[Fo|-[Fe|)/Z|Fo|
b WR={Z[W(F,-F2)*|/Z[w(F.?)*|}"
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4. 1. Reactions of cyclonickelated complexes with hydroxylamines and
TEMPO': isolation of new TEMPOH adducts of Ni(II) and their
reactivities with nucleophiles and oxidants

Rajib K. Sarker and Davit Zargarian*

Département de chimie, Université de Montréal, Montréal (Québec), Canada H3C 3J7.

ABSTRACT: C-H functionalization processes are commonly believed to involve two main stages, the
initial C—H metallation step giving a cyclometallated intermediate and the subsequent reactivities of this
intermediate with various substrates to give the target functionalized product. Mechanistic studies focused
on these two stages of reactivity can improve our understanding of the overall process. In this context, we
have investigated the reactivities of a model system based on the precursors {i-ProP(OAr)}2NiBr2 with
the aim of identifying the conditions favoring the cyclonickelation and C—C/C-heteroatom coupling
reactions. This contribution describes a study on the reactivities of the model complexes [{xPxC-(i-
Pr),PO-Ar}Ni(u—Br)]2, 1a-d (Ar: Ce¢Ha, a; 3-C1-C¢H3, b; 3-OMe-CgH3, ¢; 4-OMe-napthalenyl, d), with
hydroxylamines in the presence of TEMPO’ (TEMPO’ = (2,2,6,6-tetramethylpiperidinyl-1-yl)oxyl). The
results of this study showed that treating 1a-d with a mixture of Et2NOH and TEMPO® did not afford the
desired oxidation-induced functionalization of the Ni-aryl moiety in 1la-d, giving instead the
corresponding k°-TEMPOH adducts {«xP,xC-(i-Pr),PO-Ar}Ni(Br)(x<°-TEMPOH), 3a-d (TEMPOH = N-
hydroxy-2,2,6,6-tetramethylpiperidine). The TEMPOH moiety in these zwitterionic compounds 3 can be
displaced by a large excess of acetonitrile, 10 equiv of morpholine, or 1-2 equivalents of imidazole.
Although these reactions have given the authenticated products {xP,xC-(i-Pr),PO-CsH4}Ni(Br)(NCMe),
4a, {kPkC-(1-Pr),PO-C¢Ha4} Ni(Br)(morpholine), 5a, and [{xP.xC-(i-Pr),PO-CsH4}Ni(imidazole);][Br],
6a, a few other products were also detected by NMR, indicating that the observed reactivities are far more
complex than simple substitution of the TEMPOH moiety. Similarly, treating 3a with AgOC(O)CF;
results in the isolation of {xPxC-(i-Pr)2PO-CsH4}Ni{OC(O)CF3}(x°-TEMPOH), 7a, arising from the
substitution of the bromo ligand, whereas spectroscopic evidence suggests further reactivity, possibly
including displacement of TEMPOH and oxidative decomposition. Complexes 3 undergo irreversible
electrochemical oxidation and failed to give tractable oxidation products when treated with oxidants such

as CuBr2, NBS, and ferrocenium salts known to induce single-electron oxidation of Ni(Il) species.
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4. 2. Introduction

Transition-metal mediated direct C—H functionalization of organic compounds to form C—C or C—
heteroatom has evolved into an attractive alternative to traditional cross-coupling reactions.' More
specifically, the use of various functional groups in the target substrates for directing the site of C—H
functionalization has proven to be a powerful methodology in this field.®’ The use of such directing groups
also helps facilitate the difficult initial C—H metalation step, presumably by reducing the barrier for C—H
binding and activation. A large number of C—H bond functionalization reactions exploiting this strategy
have been reported lately, including arylation,® alkylation,’ alkenylation,'” amination,'! borylation,'? and
halogenation.!® Another development that has increased the appeal and practicality of chelation-directed
C—H functionalization is the use of pre-catalysts based on earth-abundant 3d transition metals. Thus, many

14-16 Co 17-19
9

efficient C—H functionalization processes have been successfully implemented using Fe, and

Ni?*% complexes.

In contrast to the significant progress registered in developing practical protocols for 3d metal-
catalyzed functionalization of non-activated C—H bonds, our understanding of how these processes work
has not advanced as much. As a result, the intimate details of how catalytic cycles operate are largely
lacking. The main reason for this paucity of mechanistic knowledge is that to date bulk of research studies
have focused on the development of one-pot protocols that encompass the multiple steps of chelation,
metalation, and functionalization steps. Of course, such a one-pot approach is attractive from a practical
point of view, but it bypasses the detection and isolation of reaction intermediates and foregoes the chance
to improve our understanding of reaction mechanisms. In the absence of clearly identified reaction
intermediates, it is difficult to establish how they might promote the various functionalization steps as a
function of variables such as temperature, base, solvents, ligands, oxidants etc. Therefore, to expedite the
progress on the mechanism front requires greater efforts toward interception of the envisaged intermediates
and examination of their stabilities and reactivities. Indeed, such efforts have begun already and recent
reports by the groups of Schaefer and Love,?*?” and Sanford?® have provided valuable mechanistic insights

on Ni-based systems.

The above considerations and our group’s longstanding interest in organonickel chemistry in

| 29-33 34-36
2

genera and the synthesis of pincer complexes via C—H nickellation in particular, motivated us to
study the reactivities of simple Ni(II) precursors in C—H functionalization. Our approach in this endeavor
consists of preparing thermally stable orthonickellated complexes by C—H nickellation and using them as

model systems for probing the feasibility of C—C and C—heteroatom coupling. In previous reports, we
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presented an optimized synthetic strategy for the preparation of cyclonickelated complexes from phenol-

and arenol-derived ligands,>”®

studied the impact of reaction conditions on the C—H nickelation step,* and
provided proof of concept for C—C and C—P*° functionalization of the cyclonickelated complexes when
treated with various electrophiles (Scheme 4. 1).

Scheme 4. 1. C—H nickelation of aryl- and naphthyl-phosphinites and their C—C/C—P functionalization
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Subsequent studies tested the feasibility of C—-O/C—N functionalization of these cyclonickelated
complexes when treated with reagents featuring weak element-element bonds such as hydroxylamines®!
and 4-amino-4H-1,2,4-triazole.*” The latter reagents failed to induce the desired C-O/C-N
functionalization, giving instead novel zwitterionic and charge-neutral adducts of hydroxylamines (A and

B in Chart 1), aminoxide (C), imine (D), and triazole (E and F).

Chart 1. Reactivities of orthonickelated complexes with hydroxylamines and 1,2,4-triazole
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As a follow-up to the above studies, we have examined the reactivities of our cyclonickelated

complexes with hydroxylamines in the presence of oxidants such as TEMPO® (TEMPO" = 2,2,6,6-
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tetramethyl-1- piperidinyl-N-oxyl).**** As described herein, these reactions did not lead to the desired C—
heteroatom functionalization chemistry, generating instead a family of unusual Ni-TEMPOH complexes
(TEMPOH = 2,2,6,6-tetramethyl-1- piperidinyl-N-hydroxy) that have afforded us an opportunity to probe

the coordination chemistry and oxidation of these interesting compounds.

4. 3. Results and discussion

4.3. 1. Synthesis of a new Ni(II)-kO-TEMPOH complex

A previous study showed that treating a DCM (DCM= CH>Cl) solution of the parent dimer [{xP,xC-(i-
Pr)2PO-(CsH4) } Ni(u-Br)]2, 1a, with ENOH gives the zwitterionic adduct 2a (Scheme 4. 2). We wondered
if this compound might promote C—X functionalization of the Ni-aryl moiety via oxidation-induced
reductive elimination. To test this idea, 2a was treated with the aminoxyl radical TEMPO" in hopes of

directly oxidizing 2a or oxidatively displacing the E&2NOH ligand, as shown in Scheme 4. 2.

Scheme 4. 2. Synthesis of Ni(II)-xkO-TEMPOH complex 3a
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Monitoring the reaction progress by NMR spectroscopy showed a clean conversion of 2a in the
presence of TEMPQ", as reflected in the replacement of the 3!P signal for the starting material by a new
signal. The closeness of the *'P chemical shifts for the starting material and the product (201.5 vs 202.0
ppm) implied similar structures for the two species. Moreover, formation of a diamagnetic, NMR active
species also implied that the hoped-for oxidation had not taken place. Standard work-up of the 2a/TEMPO’
reaction mixture resulted in isolation of a dark brown solid that was identified by single crystal diffraction

studies as the Ni(II)-kO-TEMPOH complex 3a (Scheme 4. 2).
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A search of the literature has revealed that xO-TEMPOH (or 7'-TEMPOH) complexes such as 3a
are quite rare. Indeed, to our knowledge, the only precedents for such complexes are the Ni derivatives
reported by Captain’s group (A in Chart 2),*> the Fe- and AI-TEMPOH derivatives reported by Hayton’s
group (B* and C*®), and one Ir(III)-TEMPOH complex reported by Bas de Bruin’s group.*’ In contrast,

there are many more compounds featuring TEMPO moieties, ***° as opposed to TEMPOH.

Chart 2. Precedents for «°- or 7'-TEMPOH complexes
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In a second attempt to access the postulated TEMPO’-Ni complex shown in Scheme 4. 2, we treated
the dimeric precursor 1a directly with 2 equiv of TEMPO® (Ni:TEMPO® = 1:1), but this approach also
proved unsuccessful as we obtained only intractable black solids. Similarly, treating the TEMPOH complex
3a with 1 equiv of TEMPO® failed to induce the desired oxidation. We conclude that the target TEMPO"-
Ni complex is thermally unstable, presumably because of O—C reductive elimination or oxidation of the
fragile O—P moiety.

4.3. 2. Synthesis of the substituted Ni(II)-x°-TEMPOH complexes 3b-3d

The facile access to 3a prompted us to prepare analogous Ni(II)-x°-TEMPOH complexes to allow an
examination of the structures and reactivities of these compounds as a function of different aryl moieties.
Unfortunately, however, applying the procedure outlined in Scheme 4. 2 to the substituted derivatives of
the dimeric precursor 1a proved unsuccessful, giving instead the previously reported imine adducts shown

in Scheme 4. 3.
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Scheme 4. 3. Alternative synthesis of Ni(II)-x°-TEMPOH complexes 3b-3d
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We reasoned that formation of the imine adducts instead of the target Ni(Il)-xO-TEMPOH
derivatives must be related to the more facile dehydration of Et2NOH relative to the abstraction of a proton
by TEMPO". If this were the case, then circumventing this side reaction (for example, by using
hydroxylamines lacking an a-CH moiety) should favor the formation of the target TEMPOH complexes.
This hypothesis was tested by using Ph(H)NOH instead of EtaNOH, with the following observations.
Treating DCM solutions of 1b-d with Ph(H)NOH led to gradual disappearance of the *'P signals for the
precursors and the emergence of new broad signals. Unfortunately, we failed to grow single crystals of the
presumed zwitterionic products of these reactions, which are drawn inside the dashed rectangle in Scheme
4. 3. Nevertheless, the closeness of the *'P chemical shifts for the mixtures of 1 and Ph(H)NOH to the
corresponding signal for 2a (198 vs 201.5 ppm) supports our belief that the anticipated zwitterionic adducts
have formed. Therefore, we proceeded with the plan of treating 1b-d/Ph(H)NOH mixtures with 1 equiv of
TEMPO' to see if they would be converted to the target TEMPOH products. The crude reaction mixtures
showed sharp new 3!P singlets in the 200-203 ppm region, consistent with the conversion of the putative
zwitterionic intermediates to the target KO-TEMPOH derivatives 3b-3d (Scheme 4. 3). Fortunately, this
time we were able to grow single crystals of these new products, thus allowing us to confirm their identities.

The solid-state structures of the new TEMPOH complexes 3a-3d will be discussed later.
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The successful syntheses of the TEMPOH adducts from the 1b-1d/Ph(H)NOH mixtures validated
the importance of blocking the alternative pathway that leads to the corresponding imine adducts via
dehydration of the hydroxylamine moiety. It occurred to us that this undesired dehydration might also be
circumvented in another way, by ensuring that the H" transfer from the hydroxylamine to TEMPO® occurs
prior to formation of the zwitterionic adducts shown inside the dashed rectangle in Scheme 4. 3. If such an
approach were feasible, it would have the added advantage of working with all hydroxylamines, even those
such as Et;NOH that possess an o-CH moiety. Tests validated this hunch, thus allowing us to develop the

generalized, two-step protocol shown in Scheme 4. 4 for the synthesis of all four Ni-TEMPOH complexes.

Scheme 4. 4. Generalized synthesis of Ni-TEMPOH complexes 3a-3d
O'—N7L
EttNOH ———> HO—N7V + EtZN—é
DCM

rt. l l
10 min . l
dispropor-

R tionative
" ! decomposition

The syntheses of 3a-d following the above protocol revealed two distinct color changes. In the first
step of the process, the orange-colored TEMPO’/DCM solutions turned colorless relatively fast upon pre-
mixing with Et2NOH. This discoloration must result from the exchange of H" between the starting materials
to generate TEMPOH and the N-oxyl radical Etz2NO". The latter is known to be thermally unstable®' and
undergo disproportionative decomposition to various side-products® (Scheme 4. 4). The second color
change occurred during the second step of the protocol when addition of the dimeric Ni(II) precursors 1a-
d to the colorless mixtures containing TEMPOH gave dark-brown mixtures from which the TEMPOH
adducts 3a-3d were obtained in 43-77% yields.

4.3. 3. Reactivities of Ni-TEMPOH complexes

Having developed a relatively facile access to rare 7'—=TEMPOH complexes of Ni motivated us to learn

more about the Ni-O bonding interaction in these species and to examine how easily the Ni-TEMPOH
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moiety can be displaced.>® We were also interested in establishing if the Ni center in these complexes could

be oxidized to induce C—O coupling. The following sections describe the results of these reactivity studies.

Substitution reactions. Some of the observations made during the attempted synthesis of Ni TEMPOH
complexes had indicated that acetonitrile is not an ideal solvent for the preparation of these species, hinting
that the TEMPOH moiety might be susceptible to nucleophilic displacement. This was confirmed when we
recorded the 3'P{'"H} NMR spectra of an acetonitrile solution of 1a containing 1 or two equiv of TEMPOH.
These spectra (Figure S4. 10) showed two main species, the major one identified as the known acetonitrile
adduct [ {xPxC-(i-Pr)>,PO-(Ce¢Ha4) } Ni(Br)(NCMe)]., 4a, represented by a broad resonance at ca. 195 ppm,
whereas the minor product represented by a sharp singlet at ca. 202 ppm was identified as the 7'-TEMPOH
complex 3a. The approximate integration ratios of the 3!P singlets representing 3a and 4a were 10:90 and
17:83 with Ni:TEMPOH ratios of 1:1 and 1:2, respectively. These observations indicate that 4a and 3a are

involved in the ligand exchange equilibrium shown in Scheme 4.5.

Scheme 4. 5. Nucleophilic displacement of the TEMPOH moiety in 3a
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The ligand exchange equilibrium alluded to above was further supported by our observations from
the following complementary NMR experiments. When excess MeCN was added to a DCM solution of 3a
featuring a Ni:TEMPOH:NCMe molar ratio of 1:1:300, the *'P{'H} NMR spectrum of the sample showed

the new broad resonance representing 4a (Figure S4. 11). The integration ratio for the *'P resonances
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representing 3a and 4a was initially 14:86, changing to 19:81 when one more equiv of TEMPOH was
added.

Additional insight into the MeCN/TEMPOH substitution reactions was obtained from other NMR
experiments using samples containing larger Ni: TEMPOH ratios. Thus, adding MeCN to a DCM solution
of 3a featuring a Ni: TEMPOH:NCMe molar ratio of 1:5:300 and recording the *'P{!H} NMR spectrum of
this sample showed not only the anticipated resonances for 3a and 4a, but also a minor new peak at ca. 201
ppm (Figure S4. 12). Interestingly, successive additions of 1 and 2 additional equiv of TEMPOH to this
sample (new Ni:TEMPOH:NCMe molar ratios of 1:6:300 and 1:8:300) resulted in incremental increases in
the integration values of the peaks representing 3a and the new peak at 201 ppm. Furthermore, another
minor peak appeared as a shoulder on the broad resonance representing the MeCN adduct 4a, as well as a
peak in the spectral region associated with oxidative decomposition of the phosphinite ligand (60-80 ppm).

The latter signal grew in intensity when the sample was allowed to stand over days.

To recap, the above observations point to an equilibrium exchange between the TEMPOH adduct
3a and the MeCN adduct 4a. We propose that 4a undergoes slow and irreversible reactions with excess
TEMPOH to give two new products, one of which is the postulated new Ni-imine product shown in Scheme
4. 5 that arises from a nucleophilic addition by TEMPOH to the activated nitrile moiety in 4a. This proposal
is inspired by a previous observation of closely related Ni-imine derivatives formed via nucleophilic
addition of hydroxylamines to 4a (see species D in Chart 1),*' as well as another literature precedent
involving the reaction shown in equation 1.} Although the bis(imino) Re(IV) species shown below is
thermally stable indefinitely, the putative Ni(Il)-imino species shown in Scheme 4. 5 appears to decompose

over time.

2 Ar,NOH )\
70

ReCl4(NCMe), CI4Re*€N\ | > (eq. 1)
r.t., 15 min H--NAr, /2

Next, we probed the displacement of TEMPOH in 3a with morpholine, which proved more facile

by comparison to the acetonitrile reaction discussed above. Nevertheless, 10 equiv of morpholine were
required for a complete conversion (Scheme 4. 5). Tests also showed that the morpholine adduct 5a can be
prepared directly (and more conveniently) by treating the bromo precursor 1a with 2 equiv of morpholine.>*

The spectroscopic and solid-state characterization of this new adduct will be presented later.

The reaction of 3a with imidazole also hinted at a dynamic ligand exchange equilibrium, but in this

case, we were surprised to find that addition of only one equiv of imidazole gave a >'P NMR spectrum
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displaying multiple new signals in the & 191-195, as well as minor signals in the up-field region
characteristic of oxidized phosphinites (Figure S4. 58). Addition of one more equiv of substrate led to
disappearance of the *'P signal for 3a, and most of the other sharp peaks merged into a broad signal
resonating at 6 192-194 (FWHM~ 10 and 50 Hz, respectively) that seemed to be composed of 2-3
overlapping signals; in addition, one of the upfield signals grew more intense, suggesting oxidative
decomposition. Probing the ligand exchange reaction starting with the mono(imidazole) adduct showed a
clearer picture (Figure S4. 59): when one equiv of TEMPOH was added to the mixture of dimer 1a and
imidazole to give a Ni:imidazole:TEMPOH ration of 1:1:1, we noted a 0.38:1.00 ratio for the integration
values of the TEMPOH adduct 3a and the compound we believe to be the charge-neutral (mono)imidazole

adduct.

The above observations indicate that imidazole displaces TEMPOH in 3a to give the corresponding
imidazole adduct, this system also shows evidence for one or more side reactions, possibly including the
displacement of Br as well, as illustrated in Scheme 4. 5. Work-up of this mixture containing 3a and excess
imidazole led to isolation of brown crystals that were identified as the cationic bis-imidazole adduct 6a. As
was noted for the morpholine adduct 5a, compound 6a was also accessible directly via the reaction of 1a

with 4 equiv of imidazole. The spectroscopic and solid-state characterization of 6a will be presented below.

Finally, it should be noted that substitution of TEMPOH was unsuccessful with norbornene and
DMSO, and even with one equiv of PPhs. The failure to displace TEMPOH by PPhswas particularly

surprising given the silver affinity of Ni(Il) precursors for this ligand.

Attempted oxidation of Ni(II)-TEMPOH complexes. Our long-standing interest in the synthesis and

reactivities of high valent Ni complexes™>*

prompted us to investigate the redox potential of the
cyclometallated complexes under discussion. Cyclic voltammetry (CV) measurements of the '-TEMPOH
adducts prepared in the course of the study indicated that none supported reversible electrochemical
oxidation: we observed in every case essentially irreversible redox phenomena, presumably because of the
decomposition of the oxidized/reduced intermediates. Next, we tested the chemical oxidation of some of
the TEMPOH complexes by treating them with the oxidants CuBr;, NBS, and ferrocenium salts that had
proven effective for the oxidation of closely related POCN- and NCN-type pincer complexes of Ni(II).>%¢

Unfortunately, all of these attempts proved unsuccessful as we observed the decomposition of the TEMPOH

adducts.

The above results prompted us to test the effectiveness of oxidants such as simple salts of Ag(I) that

are less likely to engender oxidative decompositions. We selected AgOC(O)CF3 for our tests based on a
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recent report’! that showed the effectiveness of this reagent for one-electron oxidation of
(POCOP)Ir''(H)(C1), a pincer compound featuring phosphinite donor moieties. Thus, we treated a DCM
solution of 3a (generated in-situ by adding the dimeric precursor 1a to the mixture of EttNOH and
TEMPOH) with one equiv of AgOC(O)CF3 and stirred for 2 h at ambient temperature. The *'P{'H} NMR
spectrum of an aliquot of this reaction mixture showed incomplete conversion of 3a to two new products
represented by prominent singlets at ca. 204 and 200 ppm. Evaporation of the reaction mixture, followed
by extraction of the solid residues with Et2O and cooling the filtrate to -30 °C gave a crystalline solid that
turned out to be the product represented by the *!P singlet appearing at ca. 200 ppm. XRD analysis of a
single crystal from this batch allowed us to identify this solid as the new derivative 7a formed by

substitution of the Br in 3a by trifluoroacetate (Scheme 4. 6).

Scheme 4. 6. Reaction of 3a with AgOC(O)CFs.
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That one of the two major products formed from the reaction of 3a with AgOC(O)CF3 arises from
displacement of the bromo ligand suggested that the other product might result from the substitution of
TEMPOH. To test this possibility and also to explore whether one-electron oxidation might come about in
the presence of excess Ag’, we probed the impact of excess quantities of AgOC(O)CF3 to samples of 3a.
Figure S4. 70 shows the *'P{!H} NMR spectra recorded for a DCM sample of 3a containing 1, 3, or 4
equiv of AgOC(O)CF3, as follows. The first sample was prepared by combining 3a and a stoichiometric
amount of the silver salt and filtering the off-white solid that precipitated immediately. The spectrum
recorded for this sample was very similar to what was described above for the mixture of
1a/TEMPOH/AgOC(O)CFs : it showed three main species, the unreacted precursor 3a (singlet at ca. 202
ppm), complex 7a (ca. 200.4 ppm), and an unidentified new product represented by a singlet at ca. 204
ppm; a less intense and broader signal was also observed at ca. 198 ppm. Integration ratios for these 4

signals indicated an approximately 87% conversion of 3a (Figures S4. 70 and S4. 71).

Next, we added 2 additional equiv of AgOC(O)CF; to the above sample to give a 1:3 ratio of
Ni:CF;COQ, and the resulting new sample was agitated periodically over one hour at ambient temperature
before recording its NMR spectrum, which showed that the species present in the previous sample had been

converted to a final product (or multiple species exchanging with one another) represented by one broad
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resonance at 198 ppm (Figure S4. 70b, FWHM ~ 24 Hz). The ""F{'H} NMR spectrum of this sample
showed a very broad new peak in the 160-200 ppm region in addition to a singlet at ca. -78 ppm (Figure
S4. 73). Although there was no indication of oxidation in this spectrum, when the sample was allowed to
stand for 24 h at ambient temperature and under nitrogen its spectrum showed the emergence of a new
broad signal at ca. 163 ppm, as well as a few less intense signals appearing in 60-80 ppm region associated
with oxidized phosphinites (Figure S4. 70c¢). It is interesting to note that a very similar spectrum was
obtained from a sample containing only the dimeric precursor 1a and 6 equiv of AgOC(O)CF3 (to give a
Ni:Ag ratio of 1:3), confirming that the species represented in these spectra do not contain any TEMPOH
ligand (see Figure S4. 74). Finally, adding a 4-th equiv of AgOC(O)CF3 to the sample increased the
intensity of the broad new peak at ca. 163 ppm (Figure S4. 70d, FWHM ~ 156 Hz) and more signals

appeared in the upfield region of the spectrum.

The above observations suggest that the trifluoroacetate anion can displace both the bromide and
TEMPOH ligands in 3a, as per the multi-step ligand substitution processes illustrated in Scheme 4. 7. It is
worth emphasizing that to date the only Ni-derivative isolated and authenticated is complex 7a. Therefore,
the reactivities proposed in Scheme 4. 7 must be treated as very tentative at this stage. The only other
authenticated side-product formed in these reactions was piperidinium trifluoroacetate, presumably formed

via deoxygenation of TEMPOH.%
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Scheme 4. 7. Proposed reactivity of 3a with AgOC(O)CFs.
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4.3. 4. Characterization of the X°-TEMPOH complexes 3a-3d

These complexes were isolated as brown single crystals by employing standard work-up protocols on the
reaction mixtures obtained during their syntheses. The compositional purity of the new products was
established by elemental analysis, whereas their solution and solid-state structures were confirmed by 'H,

3P, and '*C NMR spectroscopy and XRD studies, as described below.

The *'P{'H} NMR spectra recorded for C¢Ds samples of the 7'-TEMPOH complexes displayed
singlet resonances at 6201.5 (3a), 203.0 (3b), 200.8 (3¢), and 199.4 (3d), whereas the corresponding spectra
recorded for DCM samples showed singlets that appeared more downfield by 02.-0.7 ppm. The 'H and
BC{'H} NMR spectra (C¢Ds) of 3a-d were also distinctive and contained very informative features. For
example, the NH proton shows a broad signal in the 6 8.3-8.5 region, while complex 3d showed an
additional multiplet in the § 8.59-8.60 region characteristic of a naphthalenic proton. '*C signals of note

include doublets featuring fairly large coupling constants for the C—Ni moiety (136 ppm, 2Jp.c= 36 Hz) and
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C-O moiety (168 ppm, 2Jp.c = 14 Hz), whereas the other aromatic C nuclei showed smaller Jp.c values (2-

4 Hz).

Single crystal X-ray diffraction studies were carried out for all of the new Ni-TEMPOH complexes.
The crystal data, structure refinement details, and lists of the most important bond distances and angles are
presented in the electronic supporting information of this article (Tables S1 and S2). The molecular

diagrams for the new complexes are presented in Figure 1 and briefly described below.
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Figure 4. 1. Molecular diagrams of complexes 3a-3d. Thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms and the Me groups of the i-Pr substituents have been omitted for
clarity.

In their solid states, 3a-d display a slightly distorted square planar coordination geometry around
the central nickel atom, with trans and cis angles of 170-174" and 83-98°, respectively. In all four complexes,
the Ni atom sits less than 0.04 A above the mean coordination plane defined by the four ligating atoms. All
the Ni—P, Ni—C, and Ni—Br distances lie within the normal range of previously reported cyclonickellated
complexes.®*® Similarly, the Ni—O distances in these TEMPOH complexes are very similar to the
corresponding distances reported for previously reported Ni-TEMPOH complexes (1.89-1.92 vs 1.8927(7)
and 1.8890(8) A), but somewhat shorter than the corresponding distances in reported four-coordinate Ni(II)-
methoxide complexes (1.932 A).707!

297



Other important structural parameters for analyzing M-TEMPO complexes include the N-O bond
distance and sum of the C-N—X angles (X= O or C). Comparing the values of these parameters found in
the solid states of M-TEMPO complexes vs. free TEMPO® helps establish whether the TEMPO moiety is
in its reduced or open-shell state, [TEMPO] vs [TEMPOY’, respectively.’? In the case of complexes 3a-d,
we found that the N-O distances of 1.39-1.40 A and X(C-N-X) values of 339-344° are quite comparable
to the corresponding parameters found in previously reported complexes featuring a M—TEMPOH moiety,
viz. 1.384(1), 1.391(2), and 1.405(1) A, and 340° in Captain’s Ni complexes; 1.396(3) and 1.406(3) A, and
339° in Hayton’s Fe complexes; and 1.423 A and 336° in the Ir-TEMPOH complex reported by Bas de
Bruin. It is, therefore, reasonable to conclude that the TEMPOH moieties in 3a-d are anionic ligands

featuring pyramidal N moieties.

Another interesting feature of the solid-state structures of the Ni-TEMPOH complexes 3a-d is the
N---H---Br interactions. The observation of such H-bonding interactions in the solid state confirms the
assignment of the broad and downfield signals observed in the 'H NMR spectra of these complexes to the
N-H moiety. We found Br-N distances of 3.17-3.21 A that are somewhat shorter than the corresponding
distance of 3.31 A found in a broad survey of reported structures containing Br---H-N bonding interactions.
The Br---H---N angels of 140-144" are also comparable to the mean value of 154° from the reported

structures.

Characterization of the new adducts 5a, 6a, and 7a. The new adducts Sa-7a were obtained as brown or
yellow powders/crystals following work-up, and used them for full characterization of these diamagnetic
complexes. The '"H NMR spectrum of 5a displays the characteristic signals for the phosphinite protons:
four partially resolved multiplets for the inequivalent aromatic protons, a complex multiplet at ca. 2.3 ppm
for the P-CH proton, and two clearly resolved doublets of doublets for P-CHj3 protons. Also observed are
four broad signals in the 2.4-3.5 ppm range, which were attributed to the methylene moieties of morpholine;
we speculate that these broad signals originate from the conformational flipping of morpholine. The signal

anticipated for the NH proton is presumably obscured by the P-CH multiplet at ca. 2.3 ppm.

The above data implied that the 'H NMR spectrum of this compound was consistent with the
structure proposed for Sa. On the other hand, the *'P{'"H} NMR spectrum of 5a revealed a surprise: instead
of finding one singlet, we observed two resonances, a major singlet at ca. 196 ppm and a minor one at ca.
193 ppm; the integration ratio of these two singlets was 100:8 (Figure S4. 47). Several attempts aimed at
removing the extraneous signal by re-crystallization of the sample were unsuccessful. Indeed, repeated
synthesis of 5a gave new batches for which the *'P NMR spectra showed the same two peaks, but with

different integration ratios (Figure S4. 48). Based on similar observations made with closely related adducts
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of the the phosphinite-based cyclonickelated and pincer complexes {x”,x¢-(i-Pr)2PO-(C¢H4)}Ni(Br)L*! and
{1 k€ 1-2,6-(i-PraPO)2-(C6H3) } NiBr,>7>7¢ we believe that the presence of two singlets, as opposed to one,
in the *'P{'"H} NMR spectra of 5a signifies that our isolated products contain mixtures of the Ni-Br and
Ni—Cl analogues of this compound.’’” This hunch was confirmed when the said chloro derivative was found
to be the main component of the crystalline lattice of the single crystals isolated during the purification

process (vide infra).

In the case of complex 6a, the *'P{'"H} NMR spectrum was consistent with the solid-state structure,
showing a major singlet at ca. 195 ppm (Figure S4. 57). Some features of the 'H and '*C{'H} NMR spectra
pertaining to the cyclonickellated phosphinite ligand were also unsurprising and similar to the
corresponding signals observed for Sa. On the other hand, the signals observed for imidazole protons and
carbons did not correspond to our expectation based on the symmetry properties of 6a in the solid state
(vide infra). Indeed, given the inequivalence of the two imidazole moieties in 6a, in principle one would
expect to observe two sets of three Csp2H signals for each of the two inequivalent imidazole moieties,
whereas the 'H and '*C{'H} NMR spectra of 6a showed only one set of signals. For instance, the '*C signals
appeared at 8 139 (d,*Jcp= 2.7 Hz), 129 (s) and 116 (s), whereas there was only one NH signal in the 'H
NMR spectrum. These observations suggest the equivalence of both moieties, or an averaging of their

signals, which implies that the main species in solution is the charge-neutral mono-imidazole adduct.

To gain insight into this unexpected finding, we treated a C¢Ds solution of the dimeric precursor 1a
with 2 equiv of imidazole to directly generate 2 equiv of the charge neutral imidazole adduct shown in
Scheme 4. 5, without proceeding via the '-TEMPOH derivative 3a. The 'H and *'P{'H} NMR spectra of
the sample were nearly identical to those of authentic samples of 6a. Moreover, X-ray diffraction analysis
performed on single crystals obtained from this sample corroborated the identity of the product as 6a. These
results validate the curious transformation of 6a to its charge-neutral mono(imidazole) derivative in
solution, implying the lower thermal stability of the cationic derivative in solution. Indeed, even in the solid
state and inside the air-free atmosphere of a glovebox 6a shows visible signs of decomposition at ambient
temperature. This explains why, despite several attempts, we were unsuccessful in obtaining accurate

combustion analysis results for solid samples of 6a.

The NMR spectra of 7a were, for the most part, consistent with the solid-state structure of this
compound. Thus, the 'H NMR spectrum displayed the characteristic signals of the TEMPOH moiety,
including a broad singlet at ca. 7.8-7.9 ppm for the NH proton and two singlets at ca. 1.0 and 1.5 ppm
attributed to the two, pairwise equivalent C(CH3)2 groups. The more downfield signal overlaps with one of
the two sets of doublets of doublets (at ca. 1.5 ppm) attributed to the four pairwise equivalent Me groups
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present in the i-ProP moiety. The other set of doublets of doublets attributed to the PCHCH3 protons
resonates at ca. 1.2 ppm, whereas the two PCH protons give rise to a complex multiplet at ca. 2.5 ppm.
Finally, the four aromatic protons gave rise to an interesting pattern of signals arising from H-H and P-H
couplings: a doublet of doublets at ca. 6.78 ppm (*Jun = 7.6, “Jun= 1.5), two pseudo-triplets of pseudo-
triplets (or doublets of doublets of pseudo-triplets) at 6.97 and 7.03 ppm (*Jun ~ *Jun ~ 7.6, *Jun ~ Jpu =
1.5), and a doublet of pseudo-triplets a7 7.86 ppm (*Jur = 7.6, *Juri~Jpu = 1.6). The '°F{'H} NMR spectrum

of 7a showed a major singlet at -74.3 ppm, as well as two minor singlets at -74.7 and -75.0 ppm.

Single crystal XRD diffraction studies carried out on complexes 5a, 6a, and 7a confirm the assigned
structures. The pertinent bond distances and angles for these complexes are listed in Table S3, the molecular

diagrams are shown in Figure 2, and the main structural features are described below.
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Figure 4. 2. Molecular diagrams for complexes Sa, 6a, and 7a. Thermal ellipsoids are shown at the 50%
probability level. For clarity, we have omitted in all three diagrams the H atoms and the Me groups of the

1-Pr substituents, as well as the bromide anion in 7a.

As was the case for complexes 3a-d, the Ni atoms in complexes 6a-7a adopt distorted square planar
geometry featuring small angular distortions, as follows: cis angles of 93-96° (5a) to 83-95° (6a) and 82-
102° (7a); trans angles of 165-169° (5a) to 175-176° (6a) and 170-175° (7a). The largest distances from
the Ni center to the mean coordination plane defined by the four ligating atoms is seen in complex 5a (0.06
A). As mentioned above, the crystal lattice identified by X-ray analysis of the single crystals obtained for
5a showed that it contained both the Ni-Br and Ni—ClI analogues in a 24:76 ratio. It is also worth noting
that we found a molecule of imidazole co-crystallized with 6a. The Nimine moiety of this “free” imidazole
displays H-interactions with the N-H moiety of the Ni-bound imidazole ligand trans to the aryl ligand,
while additional nearly symmetrical H-bonds are also found between the bromide anion and N—H moieties

of both the “free” imidazole as well as the imidazole ligand trans from the phosphinite ligand.

Comparison of bond distances reveals that Nil-P1 bond distances are significantly longer in 5a-7a

compared to the TEMPOH complexes 3a-3d reported herein (2.103-2.114 A vs 2.091-2.099 A). Complexes
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5a and 7a show Ni—C distances that are comparable to the corresponding distances in 3a-d, whereas 6a
shows a longer distance (1.904 and 1.908 vs. 1.918 A). As expected, the Ni—Ngp3 distance in 5a is longer
than the corresponding Ni—Nj distance (trans from P) in 6a (1.992 vs 1.930 A), whereas the longest Ni—
Nyp2 distance is found for the imidazole moiety trans from C in 6a (1.947 A). The mean planes of the
morpholine and imidazole ligands in Sa and 6a are nearly perpendicular to the mean coordination planes

defined by the four ligating atoms in the respective complexes.

In the solid-state structure of in 7a, the Ni—O2rempon distance is in the same range as the
corresponding distances in 3a-d (1.902 vs 1.892-1.908 A), whereas the Ni-O3cr3coz distance is much
longer (1.945 A), presumably due to combined effect of the great trans influence of Cipso, the electron-
withdrawing properties of CF3 and the N...H...O hydrogen bonding. It should also be noted that the Ni—
O3cr3co2 distance found in 7a is intermediate between the corresponding distances of 1.9674(19) A 7® and
1.92-1.92 A" reported for related Ni-OC(O)CF3 compounds. Finally, the N1---O3 distance of 2.665(5) A
is also consistent with the presence of hydrogen-bonding interactions between the NH moiety of the
TEMPOH ligand and the Ni-bound oxygen atom of the trifluoroacetate ligand. For comparison, a distance
of 2.525 A has been reported for similar N-H---O interactions in the metal-free pentachlorophenol adducts

with substituted pyridines.®°

4. 4. Conclusion

The original idea that inspired this study was the possibility that TEMPO" might promote oxidation-
induced C—O/C—N bond coupling in our cyclonickelated complexes. While this hoped-for reactivity failed
to materialize, we ended up developing a simple route to a rare family of zwitterionic adducts featuring an
n'-TEMPOH-Ni(II) moiety. This was made possible by the surprisingly facile H-atom exchange between
TEMPO" and EtzNOH to give TEMPOH, which converts the dimeric precursors 1a-1d into the new
TEMPOH adducts 3a-3d. Solid state characterization of these compounds confirmed their zwitterionic
character (partial negative and positive charges on the O- and N-moieties, respectively), as well as showing
the presence of Br---H-N H-bonding. A number of tests also provided some insight into the lability of the
Ni—Otempon bond in 3a, showing that it can be displaced to varying degrees by N-based nucleophiles
acetonitrile, morpholine, and imidazole, whereas other nucleophiles such as PPh;, DMSO, and alkenes

proved ineffective in driving the substitution equilibrium.

We also found that a number of oxidants lead to decomposition of the TEMPOH complexes 3,
whereas the potentially a one-electron oxidant AgOC(O)CF3 simply displaced the bromide ligand in 3a to
give the new trifluoroacetate derivative 7a. There are some indications that excess quantities of this salt can

also displace TEMPOH from 7a, in addition to causing a gradual oxidative decomposition, but these
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reactivities have not been confirmed and remain poorly understood. Future efforts in our laboratory will be
directed at more fully investigating the ligand exchange reactivities of the TEMPOH complexes, as well as

reactivities with electrophiles such as alkyl and benzyl halides.

4. 5. Associated content

Supporting Information. Supplementary Information (ESI) available: synthetic procedures, NMR spectra,
single crystal structure data and additional figures. CCDC 2287044(3a), 2287046 (3b), 2287047 (3¢),
2287048 (3d), 2287049 (5a), 2287050 (6a), 2287104 (7a), 2309506 (piperidinium trifluoroacetate). For

ESI and crystallographic data in CIF or other electronic formats see DOI: xxxxxxxx
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a. General experimental considerations

All manipulations were carried out under a nitrogen atmosphere using standard Schlenk
techniques and an inert-atmosphere box. The transfer/addition of all liquid reagents/reactants was
performed with BRAND Transferpette® micropipettes (20-200 pL and 100-1000uL). Reported
volumes should be considered to be within +7 pL (for > 200 pL transfers) and +3 pL (for <200
pL transfers) of the measurements, with a >99% confidence level.®! Solvents (CH2Cla, DCM,
tetrahydrofuran, THF, acetonitrile, MeCN, toluene, etc.) were dried by passage over a column of
activated alumina, collected under nitrogen, and stored over 3 A molecular sieves inside
transfer/storage flasks equipped with high vacuum valves (Straus flasks). EtsN was dried over
CaH,. The Ni'! precursor [(i-PrCN)NiBr:], used throughout this study was prepared as reported
previously.*>#? Other reagents were purchased from Sigma-Aldrich or FisherSci and used without
further purification.

The NMR spectra were recorded at 500 MHz ('H), 125.72 MHz ('3C), and 202.4 MHz (*'P).
Chemical shift values are reported in ppm (8) and referenced internally to the residual solvent

signals (‘H and *C: 1.94 and 118.26 ppm for CD3CN; 7.26 and 77.16 for CDCls; 7.16 and 128.06
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for C¢Ds) or externally (*'P: H3PO4 in D20, & = 0). The minimal precision of the NMR spectra was
found to be 0.3 Hz for 'H, 0.7 Hz for '3C and 2 Hz for *'P.

Single crystals of complexes 3a-3d and 7a were grown from Et>O solutions cooled to -35 °C.
Whereas complex Sa was grown from DCM-Hexane mixture and complex 6a was grown from
DCM-Et;,O mixture. The crystallographic data for all structures were collected on either a Bruker
Microsource (Cu radiation) or a Bruker Venture Metaljet (Ga radiation) via the Bruker APEX II
or APEX III® software packages. Cell refinement and data reduction were performed using
SAINT.3* An empirical absorption correction, based on multiple measurements of equivalent
reflections, was applied using the program SADABS or TWINABS.% The space group was
confirmed by the XPREP® routine in APEX. The structures were solved in OLEX®” using the
SHELX?®® suite and refined by full-matrix least squares with SHEXL. All non-hydrogen atoms
were refined with anisotropic displacement parameters, whereas hydrogen atoms were set in
calculated positions and refined via the riding model, with thermal parameters being 1.5 times that

of the carbon bearing the H in question. All Thermal ellipsoid plots were drawn using OLEX.

b. Procedures for the synthesis of Ni-TEMPOH complexes 3a-3d

[{x?,kC-(i-Pr)2PO-(CsH4)}Ni(Br)(TEMPOH)], 3a. A 25 mL Schlenk flask containing 10 mL of
DCM was charged with dimer [{x”,x-(i-Pr),PO-CsHa}Ni(u-Br)]> (95 mg, 0.137 mmol, 1.00
equiv) and Et:NOH (27.5 pL, 0.273 mmol, 2.00 equiv). The resulting mixture was stirred
overnight under inert atmosphere at room temperature. To this mixture was added TEMPO (43
mg, 0.273 mmol, 2 equiv) and the stirring was continued under the same conditions for 3 h. The
final reaction mixture was placed under vacuum to remove all volatiles, and the resulting sticky
yellow solid residue was treated with ca. 1 mL of Et,O, filtered and the filtrate kept at -35 "C
overnight. Brown crystals were separated and washed with cold hexane. Yield: 106 mg, 0.211
mmol, 77%. '"H NMR (400 MHz, 20 °C, C¢Ds): 6 1.10 (s, 6H, CCH3), 1.11 ( br s, 6H, CH>),
1.25(dd, 6H,>Jup =14.3, *Jun =7.0, CHCH3), 1.54 (dd, 6H,>Jup =17.1, >Jun =7.2, CHCH3), 1.75 (s,
6H, CCHs), 2.24 (sept, 2H, PCH, Juu = 7.1), 6.91 (dd, 1H, C3ar-H, *Jun = 7.7, *“Jun=1.1), 7.03 (t,
1H, *Jun = 7.4, C4ar-H), ), 7.09 (t, 1H,*Jun = 7.3, C5a-H),7.93 (d, 1H, C64-H, *Jun=7.6), 8.48
(brs, 1H, NH). *C{'H} NMR (125.72 MHz, 20 °C, C¢D¢): § 16.06 (s, 1C, CHCH3), 17.16 (d, 2C,
Jec=1.5, CHCH3), 18.71 (d, 1C, Jpc= 3.9, CHCH3), 20.69 (s, 2C, CCH3), 28.81 (d, 2C, Jpc = 26.5,
PCH), 30.14 (s, 2C, CCH3), 37.21 (s, 3C, CH2 ), 66.27 (s, 2C, CCH3), 110.05 (d, 1C, Jpc = 13.0,
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C3ar), 120.48 (d, 1C, Jpc =2.3, C4/5ar), 126.64 (s, 1C, C5/44r), 134.28 (d, 1C, Jpc = 35.8, C1/64:),
134.83 (d, 1C, Jec = 3.9, C6/14r), 167.64 (d, 1C, Joc = 13.4, C24r). *'P{'H} NMR (202.4 MHz, 20
°C, CeDg): 0 201.49 (s, 1P). Anal. calc. for C21H37BrNNiO2P: C, 49.94; H, 7.38, N, 2.77. Found:
C,49.72; H, 7.32; N, 2.72.

[{x?,kC-(i-Pr)2PO-(5-C1-CsH3)}Ni(Br)(TEMPOH)], 3b. A 25 mL Schlenk flask containing 10
mL of DCM was charged with TEMPO (36 mg, 0.230 mmol, 2.00 equiv) and EttNOH (23.1 pL,
0.230 mmol, 2.00 equiv). The resulting mixture was stirred for 20 min under inert atmosphere at
room temperature, followed by addition of the dimeric precursor [{x’ x®-(i-Pr),PO-(5-Cl-
CeH3)}Ni(u-Br)]2 (88 mg, 0.115 mmol, 1 equiv) and continued stirring for 2 h under the same
conditions. The final reaction mixture was placed under vacuum to remove all volatiles, and the
resulting sticky dark brown solid residue was treated with ca. 1 mL of Et20, filtered and the filtrate
kept at -35 "C overnight. Brown crystals were separated and washed with cold hexane. Yield: 57
mg, 0.106 mmol, 46%. "H NMR (400 MHz, 20 °C, C¢Ds): 6 1.03 (s, 6H, CCH3), 1.08 (br s, 6H,
CH>), 1.18 (dd, 6H, *Jup =14.5, 3Jun =6.9, CHCH>), 1.48 (dd, 6H,>Jup =17.2, *Jun =7.3, CHCH3),
1.70 (s, 6H,CCH3), 2.16 (ps oct, 2H, PCH, *Jun = 7.0), 6.95 (d, 1H, C6r-H, *Jun = 2.0), 7.05 (d,
1H, Jun = 8.3, C3ar-H), ), 7.74 (dd, 1H,*Jun = 8.3, “Jun = 1.6, C4ar-H), 8.35 (br s, 1H, N-H).
BC{TH} NMR (125.72 MHz, 20 °C, C¢Ds): 616.00 (s, 1C, CHCH3), 17.02 (d, 1C, *Jpc= 1.7,
CHCH3), 18.55 (d, 2C, 2Jpc= 3.7, CHCH3), 20.59 (s, 2C, CCH3), 28.79 (d, 1C, 2Jpc=26.4, PCH) ,
30.10 (s, 2C, CCH3), 37.17 (s, 1C, CHz), 66.32 (s, 2C, CCH3), 110.65 (d, 2Jpc= 26.4, 1C, C6a;),
120.45 (d, 1C, 2Jec =2.1, 1C, C3ar), 131.90 (s, 1C, C54r), 132.69 (d, Jec = 36.1, 1C, Clar), 135.41
(d, 1C, Joc =4.07, 1C, C4ar), 167.56 (d, Joc = 14.4, 1C, C24r) . *'P{'H} NMR (202.4 MHz, 20 °C,
CsDs): 0203.02 (s, 1P). Anal. calc. for C21H3sBrCINNiO2P: C, 46.75; H, 6.73; N, 2.60. Found: C,
46.57; H, 6.81; N, 2.53.

[{xP,kC-(i-Pr)2PO-(5-OMe-CeH3)}Ni(Br)(TEMPOH)], 3c. A 25 mL Schlenk flask containing 10
mL of DCM was charged with TEMPO (29 mg, 0.186 mmol, 2.00 equiv) and E&tNOH (18.7 pL,
0.186 mmol, 2.00 equiv). The resulting mixture was stirred for 20 min under inert atmosphere at
room temperature, followed by addition of the dimeric precursor [{x’,x"-(i-Pr),PO-(5-OMe-
CsH3)} Ni(u-Br)]> (70 mg, 0.093 mmol, 1 equiv) and continued stirring for 2 h under the same
conditions. The final reaction mixture was placed under vacuum to remove all volatiles, and the

resulting sticky dark brown solid residue was treated with ca. 1 mL of Et;0, filtered and the filtrate
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kept at -35 °C overnight. Brown crystals were separated and washed with cold hexane. Yield: 44
mg, 0.082 mmol, 43%. 'H NMR (400 MHz, 20 °C, C¢Ds): 6 1.10 (s, 6H, CCH3), 1.12 (br s, 6H,
CHa), 1.27 (dd, 6H, *Jup =14.4, *Jun = 7.0, CHCH3), 1.57 (dd, 6H, *Jup = 17.0, 3Jun =7.2, CHCH),
1.77 (s, 6H, CCH3), 2.25 (ps oct, 2H, *Juu = 7.1, PCH), 3.39 (s, 3H, OCH3), 6.65 (d, 1H, C3-H,
“Jan = 2.6), 6.73 (dd, 1H, *Jun = 8.5, “Jup = 2.0, C6ar-H), 7.78 (dd, 1H, *Jun = 8.6, *Juu = 1.7,
Céar-H), 8.48 (s, 1H, N-H). BC{'H} NMR (125.72 MHz, 20 °C, C¢Ds): 6 16.07 (s, 1C, CHCH3),
17.17 (d, 1C, 2Jec= 1.5, CHCH3), 18.71 (d, 2C, %Jpc = 3.9, CHCH3), 20.66 (s, 2C, CCH3), 28.75
(d, 1C, 2Jpc=26.3, PCH) , 30.17 (s, 2C, CCH3), 37.21 (s, 3C, CH>), 54.86 (s, 1C, OCH3), 66.25 (s,
2C, CCH3), 97.06 (d, 2Jpc=13.9, 1C, C34y), 106.77 (s, 1C, C6ar), 123.30 (d, 1C, %Jpc = 37.7, 1C,
C5ar), 134.67 (d, Joc = 4.3, C4ar), 160.42 (s, 1C, Clar), 167.69 (d, Joc = 14.9, 1C, C24,) . *'P{'H}
NMR (202.4 MHz, 20 °C, C¢Ds): 0 200.80 (s, 1P). Anal. calc. for C22H39BrNNiO3P.Et,O: C, 51.26;
H, 8.11, N, 2.30. Found: C, 51.06; H, 7.61; N, 2.62.

[{x?,kC-(i-Pr)2PO-(4-MeO-C10Hs)}Ni(Br)(TEMPOH)], 3d. A 25 mL Schlenk flask containing
10 mL of DCM was charged with TEMPO (26 mg, 0.167 mmol, 2.00 equiv) and Et2NOH (16.8
pL, 0.167 mmol, 2.00 equiv). The resulting mixture was stirred for 20 min under inert atmosphere
at room temperature, followed by addition of the dimeric precursor [{x”,x¢-(i-Pr),PO-(OMe-1-
Nap)} Ni(u-Br)]2 (71 mg, 0.083 mmol, 1 equiv) and continued stirring for 2 h under the same
conditions. The final reaction mixture was placed under vacuum to remove all volatiles, and the
resulting sticky dark brown solid residue was treated with ca. 1 mL of Et20, filtered and the filtrate
kept at -35 “C overnight. Brown crystals were separated and washed with cold hexane. (Yield: 50
mg, 0.086 mmol, 51%). '"H NMR (400 MHz, 20 °C, C¢Ds): J 1.12 (s, 6H, CCHs), 1.14 (br s, 6H,
CH>), 1.28 (dd, 6H, *Jup =14.3, *Jun =7.0, CHCHs), 1.58 (dd, 6H, *Jup = 17.2, *Jun = 7.2, CHCH>),
1.79 (s, 6H, CCH3), 2.29 (ps oct, 2H, PCH, *Jun = 7.1), 3.86 (s, 3H, OCH3), 7.33 - 7.38 (m, 2H,
Car-H), 7.46 (d, 1H, *Jun = 1.5, Car-H), ), 8.15 - 8.19 (m, 1H, Car-H), 8.54 (br s, 1H, N-H), 8.59 -
8.64 (m, 1H, Car-H). PC{'H} NMR (125.72 MHz, 20 °C, C¢Ds): 6 16.09 (s, 1C, CCH3), 17.20 (d,
1C, %Jpc= 1.7, CHCH3), 18.74 (d, 2C, 2Jpc= 3.9, CHCH3), 20.53 (s, 2C, CCH3), 28.94 (d, 1C, 2Jpc=
26.3,PCH), 30.24 (s, 2C, CH2), 37.22 (s, 1C, CCH3), 55.32 (s, 1C, OCH3), 66.36 (s, 2C, C), 109.47
(d, 2Jec= 4.3, 1C, C6a), 122.07 (d, 1C, 2Jpc = 12.4, 1C, Car), 122.41 (s, Car), 122.73 (s, Car),
124.08 (s, Car), 125.52 (s, Car), 126.16 (s, Car), 148.20 (d, Jpc = 3.0, Car), 156.03 (d, 1C, Jpc =
13.8, C2ar). *'P{'H} NMR (202.4 MHz, 20 °C, C¢D¢): 6 199.38 (s, 1P). Anal. calc. for

C26H41BrNNiOsP: C, 53.36; H, 7.06; N, 2.39. Found: C, 53.26; H, 7.10; N, 2.38.3.
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¢. Procedures for the synthesis of complexes Sa, 6a, & 7a.

[{x?,kC-(i-Pr)2PO-(CsH4)}Ni(Br)(CsHoNO)], 5a. Method A: A 25 mL Schlenk flask containing
10 mL of DCM was charged with TEMPO (43 mg, 0.274 mmol, 2 equiv) and Et2NOH (27.6 pL,
0.274 mmol, 2 equiv). The resulting mixture was stirred for 20 min under inert atmosphere at room
temperature, followed by addition of the dimeric precursor [ {x”, x-(i-Pr),PO-C¢Ha}Ni(u-Br)]2 (95
mg, 0.137 mmol, 1 equiv), continued stirring for 20 min under the same conditions before adding
morpholine (236 pL, 2.74 mmol, 20 equiv) and continued stirring for 2 h as before. The final
reaction mixture was placed under vacuum to remove all volatiles, and the resulting sticky solid
residue was treated with ca. 1 mL of DCM and filtered. The filtrate was layered with hexane and
finally the filtrate was kept at -35 "C overnight. Brown crystals were separated and washed with
cold hexane. Method B: A 25 mL Schlenk flask containing 10 mL of DCM was charged with the
dimeric precursor [{x’,x-(i-Pr)PO-CeHas}Ni(u-Br)]> (95 mg, 0.137 mmol, 1 equiv) and
morpholine (236 pL, 2.74 mmol, 20 equiv). This mixture was stirred for 2 h and then placed under
vacuum to remove all volatiles. The resulting sticky solid residue was treated with ca. 1 mL of
DCM and filtered. The filtrate was layered with hexane and finally the filtrate was kept at -35 "C
overnight. Brown crystals were separated and washed with cold hexane. Yield: 58 mg, 0.132

mmol, 48%.

'"H NMR (400 MHz, 20 °C, C¢Ds): 6 1.21 (dd, 6H, *Jup = 14.6, *Jun = 7.0, CHCH3), 1.53 (dd,
6H,>Jup = 17.1, *Jun = 7.2, CHCHs), 2.19 - 2.36 (m, 3H, overlap of N-H and PCH), 2.45 (br s, 2H,
CHa), 2.76 (br s, 2H, CH>), 3.28 (br s, 2H, CHa), 3.50 (br s, 2H, CH>) 6.68 (d, 1H, *Juu = 7.6,
C3ar-H), 6.87 (tt, 1H, *Jun = 6.2, *Juu = 1.2, C4/5a-H), 6.91 (dd, 1H, *Jun=7.9, *Juu= 1.3, C6a:-
H,), 7.05 (tt, 1H, 3Jun = 7.5, *Jun = 1.4, C5/4a-H). PC{'H} NMR (125.72 MHz, 20 °C, C¢Dg):
617.10 (d, 2C, Jpc= 1.8, CHCH3), 18.81 (d, 2C, Jrc= 3.3, CHCH3), 28.9 (d, 1C, Jpc=27.1, PCH),
47.37 (s, 2C, CHa), 68.01 (s, 2C, CHa) , 111.24 (d, 1C, Jpc = 12.6, C4/5a:), 121.46 (d, 1C, Jpc =
2.3, C5/4ar), 127.29 (s, 1C, Cbar), 133.43 (d, 1C, Joc = 3.2, C3ar), 135.05 (d, 1C, Jpc = 32.1, Clay),
168.29 (d, 1C, Joc = 12.9, C24,). 3'P{'H} NMR (202.4 MHz, 20 °C, CDs): § 196.03 (s, 1P), 193.06
(s, 1P); integration ratio 100:8. Anal. calc. for Ci6H27B10.93Clo.o7NNiO2P: C, 44.49; H, 6.25; N,
3.22. Found: C, 44.29; H, 6.19; N, 3.28.

NB: We believe that the minor 3'P singlet at 193.06 ppm is due to the presence of the Ni-Cl

analogue of 5a that originates from the presence of the corresponding Ni-Cl analogue in the
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specific batch of dimeric precursor 1a used for this synthesis. Previous experience with this family
of complexes has shown that the dimeric precursors 1 obtained from the C-H nickelation of the
aryl phosphinite ligands R;OPAr often contain variable amounts of its Ni-Cl analogues if R,OPAr
are contaminated with HCl*NEt3 generated during their preparation from ArOH, CIPR», and NEt;.

[{x?,kC-(i-Pr)2PO-(CsH4)}Ni(imidazole)2][Br], 6a. Method A: A 25 mL Schlenk flask
containing 10 mL of DCM was charged with TEMPO (34 mg, 0.219 mmol, 2 equiv) and EttNOH
(22.0 pL, 0.219 mmol, 2 equiv). The resulting mixture was stirred for 20 min under inert
atmosphere at room temperature, followed by addition of the dimeric precursor [ {x’,x¢-(i-Pr).PO-
CesHa}Ni(u-Br)]2 (76 mg, 0.110 mmol, 1 equiv), continued stirring for 20 min under the same
conditions before adding imidazole (30 mg, 0.439 mmol, 4 equiv) and continued stirring for 1 h
as before. The final reaction mixture was placed under vacuum to remove all volatiles, and the
resulting sticky yellow solid residue was treated with ca. 1 mL of DCM and Et,O mixture, filtered
and the filtrate kept at -35 "C overnight. Brown crystals were separated and washed with cold
hexane. Method B: A 25 mL Schlenk flask containing 10 mL of DCM was charged with the
dimeric precursor [ {x”, k%-(i-Pr),PO-C¢Ha} Ni(u-Br)]> (76 mg, 0.110 mmol, 1 equiv) and imidazole
(30 mg, 0.439 mmol, 4 equiv). This mixture was stirred for 2 h and then placed under vacuum to
remove all volatiles. The resulting sticky yellow solid residue was treated with ca. 1 mL of DCM
and Et;O mixture, filtered, and the filtrate kept at -35 ‘C overnight. Brown crystals were separated
and washed with cold hexane. Yield: 66 mg, 0.137 mmol, 62%.

'"H NMR (400 MHz, 20 °C, C¢Ds): ¢ 1.30 (dd, 6H,*Jup = 14.5, *Jun = 7.0, CHCHs), 1.63 (dd,
6H,>Jup = 17.2, 3Jun = 7.2, CHCHs), 2.40 (ps oct, 2H, PCH, *Jun = 7.1), 5.96 (br s, Car-H), 6.30
(td, 1H, C3ar-H, *Jun = 7.7, *Jun=1.3), 6.68 (tt, 1H,*Jun=7.3, Jun = 1.1, C4/5a-H), 6.92 (dd, 1H,
3Jan = 7.9, “Uun = 1.3, C6ar-H), 7.00 (tt, 1H, >Juu = 7.8, “Juu = 1.4, C5/4ar-H), 7.13 (br s, Car-H),
7.20 (br s, Car-H), 8.56 (br s, 1H, N-H). 3C{'H} NMR (125.72 MHz, 20 °C, C¢Ds): 617.16 (d,
2C, Jpc = 1.8, CHCH3), 18.87 (d, 2C, Jrc = 3.4, CHCH3), 28.82 (d, 2C, Jpc = 27.1, PCH), 110.48
(d, C, Jec=12.9, C6a;) , 115.80 (s, C, Car), 121.11 (d, C, Jec= 2.3, C4/54r), 126.88 (s, C, C5/4r
), 128.84 (s, C, Car), 135.72 (d, C, Jec = 33.9, Cla,), 136.87 (s, C, Car), 138.95 (d, C, Joc = 2.6,
C3ar), 168.38 (d, 1C, Joc = 13.3, C2as). *'P{'H} NMR (202.4 MHz, 20 °C, C¢Ds): 0 194.93 (s,
1P).
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[{xP,kC-(i-Pr)2PO-(CeH4)}Ni(OCOCF3)(TEMPOH)], 7a: A 50 mL Schlenk flask containing 10
mL of DCM was charged with TEMPO (42.8 mg, 0.274 mmol, 2 equiv) and Et2NOH (27.6 pL,
0.274 mmol, 2 equiv). The resulting mixture was stirred for 20 min under inert atmosphere at room
temperature, followed by addition of the dimeric precursor [ {x”,xC-(i-Pr),PO-C¢H4} Ni(u-Br)]2 (95
mg, 0.137 mmol, 1 equiv), ), continued stirring for 20 min under the same conditions before adding
AgOCOCF3 (60.5 mg, 0.274 mmol, 2 equiv) and continued stirring for 2 h as before. The final
reaction mixture was placed under vacuum to remove all volatiles, and the resulting sticky yellow
solid residue was treated with ca. 1 mL of Et,0, filtered and the filtrate kept at -35 “C overnight.
Yellow crystals were separated and washed with cold hexane. Yield: 57.5 mg, 0.107 mmol, 39%)
"H NMR (400 MHz, 20 °C, C¢D¢): 6 1.05 (s, 6H, CCH3), 1.15 (br m, 6H, CH>), 1.19 (dd, 6H,>Jup
=13.2, *Jun =7.0, CHCH3), 1.49 (dd, 6H,>Jup =18.5, *Jun =7.3, CHCH3), 1.52 (s, 6H, CCH3), 2.48
(dm, 2H, PCH, *Jun = 7.1, Jun = 2.3), 6.78 (dd, 1H, C3ar-H, *Jau = 7.6, *Jun= 1.5), 6.97 (pstpst,
1H,>Juu ~ *Jun ~ 7.4, “Jun ~ Jou = 1.1, C4/5a-H), 7.03 (pstpst, 1H,>Jun ~ *Juu ~ 7.3, *Jun ~ Jeu =
1.6, C5/4ar-H), 7.74 (pstd, 1H, *Juu ~ *Juu ~ 7.6, Jou=1.6, C6a-H), 7.86 (br s, 1H, NH). *C{'H}
NMR (125.72 MHz, 20 °C, C¢Ds): 615.91 (s, 1C, CHCH3), 16.95 (d, 2C, Jpc= 3.5, CHCH3), 19.00
(d, 1C, Jpc= 5.7, CHCHj3), 19.74 (s, 2C, CCH3), 29.16 (d, 2C, Jpc = 24.4, PCH) , 29.59 (s, 2C,
CCH;3), 37.46 (s, 3C, CH2 ), 65.60 (s, 2C, CCH3), 110.08 (d, 1C, Jpc = 12.0, C34r), 120.41 (d, 1C,
Jrc = 2.2, C4/54r), 127.03 (s, 1C, C5/44r), 134.90 (d, 1C, Jpc = 3.3, C6ar), 160.59 (d, 1C, Jpc =
35.8, Clay), 168.47 (d, 1C, Jpc = 12.0, C2ar). F{'H} NMR spectrum of 7a (C¢Ds): -74.3 (s).
3IP{'H} NMR (202.4 MHz, 20 °C, C¢Ds): 6 199.84 (s, 1P). Anal. calc. for C23H37F3NNiO4P: C,
51.33; H, 6.93; N, 2.60. Found: C, 50.46; H, 7.45; N, 2.56.
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d. NMR spectra of characterized compounds

Complex 3a
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Figure S4. 2. The expanded aliphatic region of the "TH NMR spectrum of 3a in CeDs.

[ppm]

310



LG60°L —
g9l —

3T —
LeeT’l —
8LST L —
LT L —

9zls'l —
90£5'L —
0855°L —
0eLS’'L —

0LsL L —

SSELZ —
leizz—
80£3°2—
S8YTT —
299 —
62837 —

.

& 8 B

_

SLIS1L

__

0000

]

Figure S4. 3. The expanded aromatic region of the "H NMR spectrum of 3a in CsDs.
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Figure S4. 4. Full *C{'H} NMR spectrum of 3a in C¢Ds.
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Figure S4. 6. The expanded aromatic region of the '*C{'H} NMR spectrum of 3a in C¢De.
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Figure S4. 8. Full HSQC-edited NMR spectrum of 3a in CsDe.
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Figure S4.9.3'P{'H} NMR spectrum of 3a in C¢Ds.
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Figure S4. 10. 3'P{'H} NMR spectra of an acetonitrile solution of 1a containing (from bottom to
top) 0, 2, and 3 equiv of added TEMPOH (Ni:TEMPOH= 1:0, 1:1, 1:2).

314



Figure S4. 11. *'P{'H} NMR spectra of a DCM solution of 1a to which were added,
successively, 2 equiv of added TEMPOH (blue trace, Ni:TEMPOH:NCMe= 1:1:0), 600 equiv of
MeCN (red trace, Ni:TEMPOH:NCMe= 1:1:300) and 2 more equiv of TEMPOH (brown trace,
overall Ni:TEMPOH:NCMe= 1:2:300).
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Figure S4. 12. *'P{'H} NMR spectra of a DCM solution of 1a to which were added,
successively, 10 equiv of TEMPOH (blue trace, Ni: TEMPOH:NCMe = 1:5:0), 600 equiv of
MeCN (red trace, Ni:NCMe = 1:5:300), 2 more equiv of TEMPOH (brown trace,
Ni:TEMPOH:NCMe = 1: 6:300), and 4 more equiv of TEMPOH (green trace,

Ni: TEMPOH:NCMe= 1:8:300). The sample was then allowed to stand for 3 days before a final
spectrum was recorded (gray-blue trace).
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Complex 3b
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Figure S4. 13. Full "H NMR spectrum of 3b in C¢De.
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Figure S4. 14. The expanded aliphatic region of the 'H NMR spectrum of 3b in CsDs.
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Figure S4. 15. The expanded aromatic region of the 'H NMR spectrum of 3b in C¢De.
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Figure S4. 16. Full *C{'H} NMR spectrum of 3b in C¢Ds.
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Figure S4. 17. The expanded aliphatic region of the 3 C{'H} NMR spectrum of 3b in C¢Ds.
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Figure S4. 18. The expanded aromatic region of the *C{'H} NMR spectrum of 3b in C¢De.
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Figure S4. 19. Full '"H-'H COSY NMR spectrum of 3b in C¢De.
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Figure S4. 20. Full HSQC-Edited NMR spectrum of 3b in C¢Dg.
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Figure S4. 22. Full '"H NMR spectrum of 3¢ in CeDe.
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Figure S4. 23. The expanded aliphatic region of the 'H NMR spectrum of 3¢ in C¢Ds.
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Figure S4. 24. The expanded aromatic region of the 'H NMR spectrum of 3¢ in C¢De.
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Figure S4. 25. Full *C{'H} NMR spectrum of 3¢ in C¢Ds.
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Figure S4. 26. The expanded aliphatic region of the!*C {!H} NMR spectrum of 3¢ in CsDe.
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Figure S4. 27. The expanded aromatic region of the ''>*C{!H} NMR spectrum of 3¢ in C¢De.
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Figure S4. 29. 3'P{'H} NMR spectrum of 3¢ in CeDs.
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Figure S4. 30. Full "H NMR spectrum of 3d in C¢De.
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Figure S4. 31. The expanded aliphatic region of the 'H NMR spectrum of 3d in C¢Ds.
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Figure S4. 32. The expanded aromatic region of the 'H NMR spectrum of 3d in C¢De.

[ppm]

8.0

168091
1861°LL W
001z L1

sizrgl—~

009L°1
b

6808'8C Y
£0L0'6T
6LeT08

sLIzLE —

291e'8s —

LE9E'99 —

LZ5t'601
Lreveol—

LPLOTTL
9.£1°221

690Y°ZT 1 —7—
LeeLzz) %
€80T 1~

J

o
12

6ealozl ~

018187}
i

EL96'S51
6L60°951 -

His

L L L
¥ el ol
T T T T T

Figure S4. 33. Full *C{'H} NMR spectrum of 3d in C¢Ds.

tppm]

T
100

T
120

T
140

T
160

327



~ o «© o 00 o oW O I~
© o ~ ~ o © O= OMm O
2 2 = 528 & 85288
© © a & Sa o N~ a< S
w0 wn - o O =] 0o ~r~ w0
8 B8 5 8 &8 & marcce
ol RTTI el " o P PRI WP R i PP
w J e a b il o hulbie bt W sy o e
- r - - - - - - - r - r r r r - r - - - - - - - - - - r I
70 80 50 40 30 20 ppm]

Figure S4. 34. The expanded aliphatic region of the *C{'H} NMR spectrum of 3d in C¢Ds.
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Figure S4. 35. The expanded aromatic region of the 3C{'H} NMR spectrum of 3d in C¢Ds.
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Figure S4. 36. Full "H-'"H COSY NMR spectrum of 3d in C¢De.
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Figure S4. 37. Full HSQC-Edited NMR spectrum of 3d in C¢De.
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Figure S4. 38. *'P{'"H} NMR spectrum of 3d in CeDs.
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Figure S4. 39. Full '"H NMR spectrum of 5a in CeDs.
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Figure S4. 40. The expanded aliphatic region of the 'H NMR spectrum of 5a in CsDs.

6FE6T

[

B6596°C

[ppm]

2.0

25

3.0

35

331



roLee —

6899 —

bapEe—_
zZI589 —=
oveg's—
6989 —
0s8s's

Gi889 =

Yoo L —_

LSPOL—_
Lo L~

7590 L——
9890°L—

ZI660

8LED')

89680

-

_

0000}

-

—

—

—

Figure S4. 41. The expanded aromatic region of the 'H NMR spectrum of 5a in CsDs.
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Figure S4. 42. Full >C{'"H} NMR spectrum of 5a in C¢De.
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Figure S4. 43. The expanded aliphatic region of the 3C{'H} NMR spectrum of 5a in C¢Ds.
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Figure S4. 44. The expanded aromatic region of the *C{'"H} NMR spectrum of 5a in C¢Ds.
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Figure S4. 45. Full '"H-'H COSY NMR of complex 5a in C¢De.
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Figure S4. 47. Full *'P{'"H} NMR spectrum of 5a in C¢De.
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Figure S4. 48. Full *'P{'"H} NMR spectrum of 5a in C¢Ds from a different batch.

335



Complex 6a

15121
o«mu._w
e =7
98Z¢'}
z105'}
mms._w
sers'L =/
8199'1

rIPE'T
185€'C
69LE'T ~=

LY6E'T —F
9TLF'T
S0EF'T
£8hr'e
099+’

G6S6'S —

00629
££62'9
5962'9
1609
PZLE'9
951E'9
¥159'9
£099'9
1£99'9
9819'9
£v69°9
21699
6669'9
8706'9 |
1806'9
77269 )
81269 ]
9086'9 ]
1786'9
9.86'9 ]
0200L ]
08102
S120L
05202
LseL L
996L°L

ey

ST

L955'8 —

Br

/7 ~NH
—

P—Ni+—N
)\ ’\ll
LY
NH

.
152€'9
=== |

—

[ 2554

]

—
vsil'z

L

—

[ppm]

b0l |

—
6L90°1

=

—
[EZAN}

SSL0°L

856071 |

svrey
il gy

0000" L

]

Figure S4. 49. Full '"H NMR spectrum of 6a in CeDs.
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Figure S4. 50. The expanded aliphatic region of the 'H NMR spectrum of 6a in C¢De.
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Figure S4. 51. The expanded aromatic region of the "TH NMR spectrum of 6a in CsDs.
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Figure S4. 52. Full *C{'H} NMR spectrum of 6a in C¢Ds.
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Figure S4. 53. The expanded aliphatic region of the 1*C {'H} NMR spectrum of 6a in CeDs.
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Figure S4. 54. The expanded aromatic region of the *C {'H} NMR spectrum of 6a in C¢Ds.
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Figure S4. 55. Full 'H-'"H COSY NMR spectrum of 6a in CgDe.
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Figure S4. 56. Full HSQC-edited NMR spectrum of 6a in Cs¢Ds.
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Figure S4. 57. 3'P{'"H} NMR spectrum of 6a in C¢Ds.

Figure S4. 58. *'P{'H} NMR spectra of 3a with 1 equiv (blue trace) and 2 equiv (red trace) of

imidazole in CH»Cl».
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Figure S4.59. *'P{'H} NMR spectra of 1a with 2 equiv (blue trace) of imidazole and 2 equiv
(red trace) of TEMPOH (Ni:imidazole: TEMPOH= 1:1:1) in CH2Cl,.
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Figure S4. 61. The expanded aliphatic region of the 'H NMR spectrum of 7a in CsDs.
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Figure S4. 62. The expanded aromatic region of the 'H NMR spectrum of 7a in CgDe.
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Figure S4. 63. Full *C{'H} NMR spectrum of 7a in C¢Ds.
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Figure S4.

64. The expanded aliphatic region of the *C {'H} NMR spectrum of 7a in C¢Ds.
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Figure S4. 65. The expanded aromatic region of the *C {'H} NMR spectrum of 7a in C¢Ds.
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Figure S4. 66. Full '"H-'H COSY NMR spectrum of 7a in C¢De.
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Figure S4. 67. Full HSQC-Edited NMR spectrum of 7a in C¢De.
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Figure S4. 68. Full >'P{'H} NMR spectrum of 7a in C¢Ds.
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Figure S4. 69. Full ’F{'H} NMR spectrum of 7a in CeDe.
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Figure S4. 70. 3'P{'H} NMR (CH:Cl,) spectra of 3a with various amounts of AgOCOCFs3 : blue
trace, a (1 equiv), red trace, b (3 equiv), brown trace, ¢ (3 equiv, after 24h), green trace, d (4
equiv).
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Figure S4. 71. *'P{'H} NMR spectra of 3a with 1 equivalent of AgOCOCF; in CH2Cl..
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Figure S4. 72. 3'P{'H} NMR spectra recorded for a DCM sample of 1a to which were added
successive quantities of AgOCOCFs3, as follows: blue trace, 0 equiv (199 ppm, FWHM = 100
Hz); red trace, 2 equiv (196 ppm, FWHM = 4 Hz); brown trace, 4 equiv (196 ppm, FWHM = 9

Hz); green trace, 6 equiv (198 ppm, FWHM = 21 Hz).
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Figure S4. 73. ’F{'H} NMR spectrum of crude mixture of 3a with 3eq of AgOC(O)CF3 in
CHCls.
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Figure S4. 74. *'P{'H} NMR spectra recorded for a DCM sample containing a mixture of 1a
and 2 equiv of AgOCOCFs3 (to generate a 1:1 ratio of Ni : CF3COO) to which were added
successive quantities of TEMPOH, as follows (bottom to top): blue trace, 0 equiv; red trace, 1
equiv; brown trace, 2 equiv; green trace, 4 equiv.
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Figure S4. 75. Reaction scheme for formation of piperidinium trifluoroacetate and its molecular
diagram. Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms have been
omitted for clarity.

351



e. Crystallographic data tables

Table S4. 1. Crystal description and refinement indicators for compounds 3a-3c

3a 3b 3c
chemical formula C»1H37BrNNiO,P C21H36BrCINNiO,P C2H39Bro.25Clo.7sNNiOsP
crystal colour brown brown brown
crystal size (mm) 0.122 x 0.175 x 0.197 0.226 x 0.331 x 0.472 0.118 x 0.149 x 0.178
-18<h<18 -19<h<19 -14<h<14
index ranges -14<k <13 -14<k<14 -17<k<17
-18<1<18 -18<1<18 -36<1<36
Fw; F(000) 505.10; 1056 539.55; 1120.0 501.78; 2132.0
T (K) 150 150 150
wavelength (A) 1.34139 1.34139 1.34139
space group P2i/c P2i/c P2i/c
a(A) 15.1559(3) 15.8263(4) 11.9270(5)
b (A) 11.6422(3) 11.6352(3) 14.1466(6)
c(A) 15.0239(3) 14.8354(4) 29.5812(12
o (deg) 90 90) 90
B (deg) 117.4860(10) 114.5960(10) 98.950(2)
v (deg) 90 90 90
Z 4 4 8
V (A3 2351.71(9) 2483.95(11) 4930.4(4)
Peatea (grem™>) 1.427 1.443 1.352
pu (mm™) 6.320 6.654 5.623
20 range (deg);
completencss 5.718 = 113.912; 0.992 5.342 —109.842; 0.993 5.262 —109.846; 0.988

collected reflections; Re

24417; 0.0290

30401; 0.0483

45605; 0.0268

unique reflections; Rint

4716; 0.0404

4668; 0.0640

9244, 0.0315

R1%; wR2P [1 > 26(I)]

0.0266; 0.0705

0.0424; 0.1060

0.0284; 0.0721

R1; wR2 [all data]

0.0278; 0.0711

0.0469; 0.1078

0.0308; 0.0734

GOOF

1.087

1.095

1.029

largest diff peak and hole

0.33 and -0.79

0.91 and -0.96

0.67 and -0.46

3 Ri=X(||Fo|-|Fe|[)/Z[Fo|
b WR={Z[W(Fo-F2)2/Z[w(Fo2)?|} %
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Table S4. 2. Crystal description and refinement indicators for compounds 3d, Sa & 6a.

3d Sa 6a
chemical formula C26H41BrNNiO;P C16H27Br0.24Clo.76NNiO2P C21H30BrNgNiOP
crystal colour brown brown brown
crystal size (mm) 0.236 x 0.354 x 0.388 0.083 x 0.101 x 0.168 0.088 x 0.099 x 0.117
-15<h<15 -9<h<9 -11<h<10
index ranges -19<k<19 -30<k <30 -0<k<33
-17<1<18 -11<1<11 -0<1<12
Fw; F(000) 585.19; 1220.0 401.18; 841.0 552.10; 1136.0
T (K) 150 150 150
wavelength (A) 1.34139 1.34139 1.34139
space group P2i/n P2i/n P2i/n
a(A) 12.4164(6) 7.7771(3) 9.1454(4)
b (A) 16.3578(8) 24.7633(8) 27.5501(11)
c(A) 14.9046(7) 9.4301(3) 9.8982(4)
o (deg) 90 90 90
B (deg) 112.769(2) 97.0120(10) 102.159(2)
Y (deg) 90 90 90
Y/ 4 4 4
V (A% 2791.3(2) 1802.53(11) 2437.97(18)
Pealed (grem™) 1.390 1.478 1.504
p (mm™) 5.394 7.580 6.154

0 range (deg); completeness

7.31 —109.844; 0.978

6.21 —109.74; 0.969

9.048 — 109.8; 0.986

collected reflections; Re

20919; 0.0446

15394; 0.0252

42525;0.0436

unique reflections; Rint

5133;0.0493

3317;0.0280

9390; 0.0664

R1%; wR2P [I > 26(D)]

0.0678; 0.1716

0.0275; 0.0697

0.0429; 0.1126

R1; wR2 [all data]

0.0687; 0.1735

0.0281; 0.0700

0.0445; 0.1149

GOOF

1.044

1.136

1.065

largest diff peak and hole

2.01 and -1.10

0.39 and -0.38

0.52 and -0.62

2 R1=X(|[Fo|-|Fe|[)/Z|Fo|
b WR={Z[W(Fo-F2)2/Z[w(Fo2)*]} %
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Table S4. 3. Crystal description and refinement indicators for compounds 7a.

7a Piperidinium trifluoroacetate
chemical formula Cy3H37F3NNiO4P C11H20F3NO2
crystal colour yellow yellow
crystal size (mm) 0.097 x 0.112 x 0.148 0.099 x 0.24 x 0.25
-18<h<19 -27<h <25
index ranges -15<k<15 -11<k<9
-17<1<17 -21<1<21
Fw; F(000) 538.21; 1136.0 255.28; 1088.0
T (K) 150 150
wavelength (A) 1.34139 1.34139
space group P2i/c C2/c
a(A) 15.7583(5) 19.9649(14)
b (A) 12.7241(4) 8.3817(6)
c(A) 14.1830(5) 15.8150(11)
o (deg) 90 90
B (deg) 115.546(2) 91.234(4)
v (deg) 90 90
Z 4 8
V (A3 2565.82(15) 2645.9(3)
Peatea (grem™>) 1.393 1.282
p (mm™) 4.797 0.632
20 range; completeness 5.408 —110.106; 0.993 7.706 -131.816; 0.985
collected reflections; Re 24214, 0.0735 29827; 0.0318
unique reflections; Rint 4845; 0.0835 3447; 0.0468

R1%; wR2P [1 > 26(I)]

0.0568; 0.1171

0.0565; 0.1566

R1; wR2 [all data]

0.0942; 0.1291

0.0673;0.1674

GOOF

1.050

1.058

largest diff peak and hole

0.39 and -0.42

0.45 and -0.28

8 Ri=X(||Fo|-|Fe|[)/Z[Fo|

b WR={Z[W(Fo-F2)2/Z[w(Fo2)?|} %
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Table S4. 4. Pertinent bond angles and distances for complexes 3a-3d and 5a-7a

Nil-C2 Nil-P1 Nil-Brl or | Nil-02/03 | Nil-N N-02 C2-Nil-Brl/ | P1-Ni1-N/O
Nil-Cll CI1/N2/03
3a | 1.9017(18) | 2.0905(5) | 2.3897(3) 1.9045(12) 1.3973(18) | 170.76(5) 171.64(4)
3b | 1.9026(16) | 2.0927(5) | 2.373(8) 1.9132(11) 1.400(2) 174.02) 171.90(4)
3¢ [ 1.9072) | 2.0924(6) | 2.3872(4) 1.8918(16) 1.3902(19) | 172.14(8) 169.73(5)
3d | 1.896(3) | 2.0995(8) | 2.3775(5) 1.908(2) 1.399(3) 173.99(9) 171.23(7)
5a | 1.9076(18) | 2.1026(5) | 2.380(11) 1.9921(17) 168.6(3) 164.72(5)
6a | 1.918(2) 2.1210(7) 1.944(2) 175.45(9) 176.01(6)
1.930(2)
7a | 1.904(4) | 2.1138(12) 1.945(3) 1.390(4) 174.86(16) 169.95(9)
1.902(3)

Table S4. 5. Pertinent bond angles and distances for complexes 3a-3d and 7a

Br-N/ NI1-H1-Brl/
O3-N N1-H1-O3
3a 3.167 144.462
3b 3.167 144.121
3c 3.136 144.097
3d 3.190 139,480
7a 2.665 140.149
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5.1. Chapter-5-Summary and proposals for future studies

5. 1.Summary
This thesis encompasses the reactivities of a family of phosphinite-based nickelacyclic complexes

with the following substrates: 4-Amino-4H-1,2,4-triazole; the hydroxylamines Et;NOH,
(PhCH2)NOH, and HoNOCH:Ph; and the hydroxylamines Et;NOH and Ph(H)NOH in the
presence of TEMPO. Thes investigations meant to test the idea of inducing C—N functionalization
of the aryl moieties in the nickelacyclic complexes, an idea inspired by the previously observed
reactivity of our nickelacyclic complexes with halophosphines. Thus, we had anticipated that
homolysis of the relatively labile N—O bond in hydroxylamines would generate reactive Ni-amido
or aminyl intermediates which might then lead to C—N coupling. Instead, we observed a range of
reactivities depending on (a) whether or not the hydroxylamine substrate was protected at its OH
moiety, (b) whether the aryl moiety of the cyclonickellated complex had a non-H substituent, and
also (c) the type of N-substituent.

The most consistent reactivity observed for all four cyclonickellated precursors was formation of
the (BnO)H,N—Ni adducts. In contrast to the uniform reactivity seen with BnONH;, the
reactivities with unprotected hydroxylamines depended strongly on the Ni precursor as well as on
the reaction solvent. In CH>Cl, the unsubstituted precursor 1a (Scheme 5.1) formed O-bound
adducts initially that reacted further to give two different products depending on the N-substituent
of the substrate, the zwitterionic hydroxylamine oxide [{x’,x-(i-Pr),PO-CsHa} {x"-Et;NOH}NiBr]
with R” = Et, and the °,x"- aminoxide 3a with R” = CH>Ph. A third type of reactivity observed
in our study was the formation of the imine adducts 2a-2d (Scheme 5.1) from the acetonitrile
reaction of hydroxylamines with the Ni precursors possessing a non-H substituent on their aryl
moieties. These findings established that hydroxylamines are stronger ligands than MeCN toward
Ni(II). In addition, the N lone pair of (BnO)NH2 is a better nucleophile than the O lone pair. Also,
a number of literature precedents and experimental observations have allowed us to rationalize the
transformation of hydroxylamines into imines via a nucleophilic attack on the in-situ generated

acetonitrile adduct. A DFT analysis of a model reaction has also provided support for this scenario.
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This mechanistic study proves that there is a net dehydration of hydroxylamine leading the
formation of imine complex. It should be noted, however, that an alternative radical pathway
cannot be ruled out for the formation of the imine adduct 2b as a minor side-product (2-20%) when
dimer 1¢ was treated with Et2NOH in CH2Cly, toluene, or C¢Ds. Overall this study develop an

effective method of generating Ni(Il)-imine complex through dehydration of hydroxyl amine.

Scheme 5. 1. Reactivities of nickelacyclic precursor with nucleophiles: formation of imine

complexes
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Scheme 5. 2. Reactivities of nickelacyclic precursor with nucleophiles: formation of aminoxide
and zwiterioninc complexes
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Scheme 5. 3. Reactivities of nickelacyclic precursor with nucleophiles: formation of
Ni—NH>—OBn adducts
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The investigations involving 4-Amino-4H-1,2,4-triazole has yielded five new mono- and
dinuclear Ni(Il) adducts. While this outcome diverges from our initial objectives, the obtained
results hold significant promise. Initially, we aimed to cleave the N—N bond within triazole,
analogous to the O—N bond cleavage observed with hydroxylamine nickelacycles. This was
expected to lead to a reductive elimination process, generating an aminated product. Contrary to
this anticipation, triazole replaces acetonitrile MeCN and coordinates with nickel via its aromatic

N lone pair, resulting in the formation of a triazole adduct.

Scheme 5. 4. Formation of Ni(II)-triazole adducts
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The successive addition of triazole to a MeCN solution of dimeric precursor 1a indicates
an equilibrium among the acetonitrile adduct (1a-NCMe), mononuclear and the dinuclear triazole
adducts. Remarkably, the data indicates that while the mononuclear species is the exclusive
product obtained through crystallization, it does not represent the predominant species in solution
at ambient temperature. In contrast, when a substituted dimeric precursor (1b-1d) was subjected
to treatment with triazole, crystallographic analysis showed the formation of a dinuclear Ni-
Triazole-Ni adduct. The reasons for this variation between dimeric precursors 1a and le forming
mononuclear adducts and dimer 1b-1d forming dinuclear species remain to be elucidated (Scheme
5.4).

It is noteworthy that all previously reported Ni-triazole adducts are coordination complexes
featuring only Ni-heteroatom linkages (Ni—O, Ni—O, Ni—Cl, etc.). Thus, the triazole complexes
isolated in this study represent the first known examples of organonickel adducts with triazole,
characterized by Ni—C bonds. Additionally, compounds 5a and Se are rare instances of
mononuclear complexes featuring terminal M-triazole moieties (Scheme 5.4). The influence of
the triazole-to-Metal molar ratio, solvent selection, and concentration on the crystallization of
mono- versus multinuclear adducts remains a subject of ongoing research efforts, with limited
understanding to date. Future investigations will address this topic, along with insights into the

observed decomposition reactivity between our Ni(Il) precursors and 4-Amino-4H-1,2,4-triazole.

The primary objective of the study that explored the reactivities of our nickellacyclic
complexes with hydroxylamines in the presence of TEMPO was to see if the oxidizing capabilities
of the latter might induce the functionalization chemistry that was not observed in the absence of
TEMPO. Contrary to our initial hypothesis, which postulated that TEMPO might facilitate
oxidation-induced C—O bond functionalization in our cyclonickelated complexes, the results
obtained did not support this proposition. Instead, the reaction with TEMPO resulted in the
formation of zwitterionic TEMPOH derivatives, originating from the hydrogen abstraction
between TEMPO and hydroxylamines. The structural analysis of these adducts in the solid state
corroborated the anticipated properties of the O- and N-functional groups, revealing the presence

of hydrogen bonding interactions involving the Br—H—N moieties.
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Subsequent experiments elucidated the stability of the Ni—Otempon bond in complex 6a,
demonstrating its vulnerability to displacement by relatively weak nucleophiles such as acetonitrile
but not by others like PPh3, DMSO, or alkenes. Moreover, various oxidants were found to induce
decomposition of the TEMPOH complexes. Notably, the use of AgOC(O)CF3, a potential one-
electron oxidant, led to the formation of a novel trifluoroacetate derivative 7c¢ by displacing the
bromide ligand in 6a. It is important to highlight that there are indications that excessive amounts
of this salt may not only displace TEMPOH from 6a but also trigger gradual oxidative
decomposition, although these reactions have not been fully substantiated and remain poorly
understood. Our forthcoming research in the laboratory will focus on exploring other reactivity
patterns of the TEMPOH complexes, including their reactions with electrophiles such as alkyl and
benzyl halides.

Scheme 5. 5. Synthetic route to form Ni(I[)-TEMPOH complexes and their reactivity
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5. 2.Proposal for future studies
In our previous chapters, we detailed an optimized synthetic strategy for the preparation of

cyclonickelated complexes derived from phenol- and arenol-derived ligands. Our investigations
delved into the influence of reaction conditions on the crucial C—H nickelation step. Additionally,
we demonstrated the feasibility of C—C and C-P functionalization when treating the
cyclonickelated complexes with various electrophiles. However, we encountered a notable
limitation: the cyclonickelated complexes failed to undergo reductive elimination, hindering our
primary objective of functionalization through this pathway. This impediment appears to stem
from the remarkable stability of the C—Ni bond within the nickelacyclic intermediate, which seems
disinclined to engage in reductive elimination. To surmount this challenge, one plausible approach
involves the introduction of oxidative conditions. Nevertheless, this route proves problematic as
our system contains an O—P bond, susceptible to oxidation and resulting in system decomposition.
Therefore, substituting the O—P bond with a C—P bond, by transitioning from a phosphinite system
to a phosphine or amine system, may confer the requisite resilience to oxidation and subsequently

enable reductive elimination to yield the functionalized product.

Scheme 5. 7. Future scope: changing the binding group
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An alternative avenue to facilitate reductive elimination involves modifying the size of the
nickelacyclic ring. The nickelacyclic intermediate under scrutiny currently exhibits a five-
membered metallacycle, characterized by substantial energetic stability. Consequently,
augmenting the chain length of the phosphinite arm can be anticipated to enlarge the nickelacyclic

ring, rendering the C—Ni bond more reactive and, in turn, promoting reductive elimination.
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Scheme 5. 8. Future scope: changing the nickelacyclic ring size
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It is worth noting that the activation of aromatic Csp>—H bonds is generally more facile
compared to their aliphatic Csp>—H counterparts. The activation of aromatic C—H bonds results in
the formation of a highly stable C—M bond. Conversely, the activation of aliphatic C—H bonds
necessitates elevated temperatures, yielding a considerably more reactive C—M bond. In the scope
of this project, we focused exclusively on the activation of C—H bonds in aromatic phosphinites.
Notably, the activation of phenolic substrates yields a stable C—M bond, but substituting these with
alcoholic substrates may lead to the generation of a more reactive C—M bond, potentially resulting
in distinct reactivity with coupling partners.

Scheme 5. 9. Future scope: exploring the reactivity of an aliphatic substrate
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Previously, we observed the formation of a dimethylamine adduct when dimethylamine was
treated with the nickelacyclic precursor through coordination of the N atom to the nickel center.
Similarly, O-benzylhydroxylamine coordinated through its N lone pair to the nickel center,
resulting in the formation of an adduct. Notably, both of these adducts contain a labile hydrogen
atom attached to the N atom. Given that TEMPO has the capability to abstract a proton from a
zwitterionic complex, it presents an intriguing avenue to investigate whether TEMPO can also
abstract a proton or a hydrogen radical from these two adducts. This investigation opens an exciting

pathway to explore the reactivity of these adducts with TEMPO and the potential formation of

novel Ni(IIT) species or decomposition products.
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Scheme 5. 10. Future scope: exploring the reactivity of dimethylamine adduct and benzyl
protected hydroxylamine adduct with TEMPO
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