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Summary

The growing number of cyclophane containing natural products and total
syntheses that employ cyclophane intermediates has stimulated renewed interest in their
asymmetric preparation and planar chirality. A synthetic approach is proposed towards
the total synthesis of longithorone C. This [12]paracyclophane quinone is a member of a
group of macrocyclic farnesylated quinones isolated from the tunicate Aplidium
longithorax. The development of an efficient preparative method will be discussed for
the macrocyclic ansa-bridge by ring-closing olefin metathesis (RCM) in racemic form.
The investigation of various fluorinated auxiliaries as novel gearing elements and their
effect on macrocyclization is presented. The mechanism by which these gearing
elements function has been studied by molecular modeling. Copper-catalyzed Grignard
reactions have been optimized in order to selectively couple prenylated side chains to
aromatic halides. Finally, a variety of olefin metathesis catalysts were studied for the

preparation of a [12]paracyclophane containing three stereodefined tri-substituted olefins.

Key Words: gearing elements, longithorone C, paracyclophanes, ring-closing olefin

metathesis (RCM).
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Résumé

Le nombre grandissant de produits naturels contenant des cyclophanes ou de
synthéses totales utilisant des cyclophanes comme intermédiaires a stimulé un nouvel
intérét pour la synthese asymétridue de ces molécules possédant une chiralité plane. Une
approche synthétique vers la synthese totale de la longithorone C a été proposée. Cette
quinone, possédant un [l2]paracyclophane, est membre d’un groupe de quinones
macrocycliques contenant une chaine ressemblant a farnesol dans leur squelette et a été
isolée a partir de Aplidium longithorax. Le développement d’une méthode efficace pour
la préparation de ce macrocycle contenant un pont-ansa par métathese d’oléfines par
fermeture de cycle dans sa forme racémique sera discuté. L’investigation d’une variété
d’auxiliaires fluorés comme nouveaux éléments directeurs et leur effet sur la
macrocyclisation seront présentés. Le mécanisme par lequel ces éléments directeurs
fonctionnent a été étudié par modélisation moléculaire. Une réaction de Grignard
catalysée par le cuivre a été optimisée dans le but d’installer les chaines latérales
allyliques a 1’halogénure aromatique. Finalement, uﬁe variété de catalyseurs de
métathese d’oléfines a été étudi€ pour la préparation d’un [12]paracyclophane contenant

trois oléfines trisubstitués stéréodéfinies.

Mots clés: éléments directeurs, longithorone C, paracyclophanes, métathese d’oléfine par

fermeture de cycle (RCM).
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Chapter I:

Introduction to the Longithorones: Paracyclophane Natural

Products

This chapter will focus on the longithorone family of natural products that contain

~ aparacyclophane core and the synthesis of these macrocyclic natural products.

I.1 — Ring Closing Olefin Metathesis as a Route to Strained Systems.

The olefin ring-closing metathesis (RCM) reaction has emerged as one of the
most powerful transforms in organic synthesis.' Indeed, the broad scope and reliability of
this reaction has greatly simplified the total synthesis of a wide variety of architecturally
complex natural and unnatural products.’ For example, Smith and co-workers developed
in 1999, the first total synthesis of cylindrocyclophane F, a unique natural product
possessing a 22-membered [7,7]paracyclophane ring.’

Recent advancements in metathesis catalyst design have allowed chemists to re-

examine olefin metathesis as a route to systems bearing strained olefins embedded in

! (a) Trka, T. M.; Grubbs, R. H. Acc. Chem. Res. 2001, 34, 18. (b) Fiirstner, A. Angew. Chem., Int. Ed.
2000, 39, 3012. (c) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew. Chem., Int. Ed. 2005, 44, 4490-4527.
(d) Grubbs, R. H. Handbook of Metathesis, Three Volume Set 2003.

? Fiirstner, A.; Langemann, K. J. Org. Chem, 1996, 6/, 8746-8749.

3 Smith, A. B. III; Kozmin, S. A.; Paone, D. V. J. Am. Chem. Soc. 1999, 121, 7423-7424.



their skeletons.” The variety of different catalysts that have been developed allows for
the possibility to select a catalyst having the necessary level of reactivity to access a
strained system but also to avoid catalysts which may be so reactive as to favor ring-
opening of the desired ring system.’

Ring closing metathesis (RCM) is now a standard method for the preparation of
both carbocyclic and heterocyclic ring systems in sizes ranging from five- and six-
membered cycles to macrocyclic compounds.6 Despite its popularity, the preparation of
certain molecules via olefin metathesis remains a challenge. In particular, strained ring
systems are problematic. In some cases, the ring opening process can be far more
thermodynamically favorable than ring closing while in other cases the system may be
too strained to permit cyclization.®

A fascinating challenge for olefin -metathesis could be the preparation of strained
macrocyclic structures such as the longithorone natural products. In 1997, Schmitz and
co-workers isolated a group of nine.famesylated quinones isolated from a tunicate
Aplidium longithorax that featured new macrocyclic skeletons. Their carbon skeletons

resemble a farnesyl unit bridging a quinone at either the meta- or para-positions (Figure

‘ (a) Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. H. Org. Lett. 1999, I, 953-956. (b) Ackermann, L.;
Fiirstner, A.; Weskamp, T.; Kohl, F. J.; Herrmann, W. A. Tetrahedron Lett. 1999, 40, 4787-4790. (c)
Huang, J. K.; Schanz, H.-J.; Stevens, E. D.; Nolan, S. P. Organometallics. 1999, 18, 5375-5380. (d)
Jafarpour, L.; Schanz, H.-J.; Stevens, E. D.; Nolan, S. P. Organometallics. 1999, 18, 5416-5419. (e)
Fiirstner, A.; Thiel,-O. R.; Ackermann, L.; Schanz, H.-J.; Nolan, S. P. J. Org. Chem. 2000, 65, 2204-2207.
(f) Collins, S. K. J. Organomet. Chem. 2006, 691, 5122-5128.

> Tang, H.; Yusuff, N.; Wood, J. L. Org. Lett..2001, 3, 1563-1566.

¢ (a) Paquette, L. A.; Basu, K.; Eppich, J. C.; Hofferberth, . E. Helv. Chim. Acta 2002, [0, 3033-3051. (b)
Deiters, A.; Martin, S F. Chem. Rev. 2004, 5, 2199 2238. (c) Nakamura, [.; Yamamoto, Y. Chem. Rev.
2004, 5,2127-2198. CN .



1).” To date, the only biological activity reported for these marine compounds pertains to

longithorone A.%

Lot
’ 4

longithorone |

longithorone J

longithorone B longithorone C longithorone A

Figure 1 — The Longithorone Family of Natural Products.

AU LIRS

I.2 — Synthesis of Longithorone A.

1.2.1 — Introduction and Synthetic Challenges.
In 2002, Shair and co-workers reported an elegant synthesis of the cytotoxic
marine natural product longithorone A, based on the original proposed biosynthesis by

10

Schmitz and co-workers.”'® The Shair group proposed the following retrosynthetic

N
analysis comprised of both intermolecular and transannular Diels-Alder reactions in the

7 Fu, X.; Hossain, B.; Schmitz, F. J.; van der.Helm, D. J. Org. Chem. 1997, 62, 3810-3819.

8 For. information on the biological activity of longithorone A, see: (a) Fu, X.; Ferreira, M. L. G.; Schmitz,
F..J.J. Nat. Prod. 1999,.62, 1306-1310. (b) Davidson, B. S. Chem. Rev. 1993, 93, 1771-1791. (c) Faulkner,
D.J. Nat. Prod. Rep.1998, 15, 113-158.

° Layton, M. E.; Morales, C. A.; Shair, M. D. J. Am. Chem. Soc. 2002, 124, 773-775.

' Fu, X.; Hossain, M. B.; van Der Helm, D.; Schmitz, F. J. J. Am. Chem. Soc. 1994, 116, 12125-12126.



presence of two macrocyclic ring systems which are strained and extremely rigidified

(Figure 2).

Diels-Alder
0 )

longithorone A 2

Figure 2 — Retrosynthetic Analysis of Longithorone A Involving Molecular and Transannular Diels-

Alder Reactions.

Both the macrocycles 1 and 2 are tied across quinone ring systems, where the
hindered rotation of the macrocycle results in atropisomerism. It was believed by the
Shair group that the absolute and relative stereochemistry of the stereocenters found in
the C, D, and E ring systems of longithorone A may be derived from the planar chirality
of both 1 and 2 (Figure 2). It was therefore necessary to prepare enantioenriched
paracyclophanes 1 and 2 possessing a 1,3-diene functionality embedded in the ansa-
bridge. Consequently, Shair and co-workers envisioned using a macrocyclic enyne

metathesis reaction to install the necessary diene functionality (Figure 3).



A(1,3) Strain

Y,

/O @ o Ene-Yne Metathesis /MeO

Figure 3 — Retrosynthetic Analysis of Longithorene A Invelving Enyne Metathesis.

Although dilution, templates and slow-addition techniques can improve some
macrocyclizations,'' typically chemists resort to the installation of conformational control
elements to favor cyclization.'> Most often, this takes the form of a large substituent on
the methylene group adjacent to the aromatic moiety. Consequently, in the Shair
synthesis, a ¢-butyldimethylsilyloxy (OTBS) group was strategically placed adjacent to
the aromatic ring of enynes 3 and 4 as a conformational control element. Minimization
of the A" strain was believed to be responsible for the gearing of the alkenyl and alkynyl

side chains (Figure 3).

"' Chuchuryukin, A. V.; Dijkstra, H. P_; Suijkerbuijk, R. J. M.; van Klink, G. P. M.; Mills, A. M.; Spek, A.
L.; van Koten, G. Angew. Chem., Int. Ed. 2003, 42, 228-230.
"2 Sello, J. K.; Andreana, P. R.; Lee, D.; Schreiber, S. L. Org. Lett. 2003, 22, 4125-4127.



1.2.2 — Preparing [12]Paracyclophanes by Enyne Metathesis.
Relatively little use has been reported in the literature on macrocyclization via
enyne metathesis.'> However, it is known that intramolecular enyne metathesis affords

1,2-disubstituted dienes (5) and intermolecular enyne metathesis reactions afford 1,3-

disubstiuted dienes (6) (Figure 4)."

Ph
L,Ru=" Z

] 0-4 ) 0-4

1,2-disubstituted diene 5

\?L/é

1,3-disubstituted diene 6

Figure 4 — Intramolecular and Intermolecular Enyne Metathesis Reactions.

The Shair group used model structures to determine the optimum enyne
metathesis conditions.”> It was found that under an ethylene atmosphere, ethylene-yne
cross metathesis of 7, 8, and 9 occurs first using catalyst 14, affording a terminal 1,3-
diene followed by terminal oleﬁn—oleﬁn metathesis macrocyclization, affording the
desired 1,3-disubstituted olefins 10, 11, and 12. No 1,2-disubstiuted olefin 13 was

observed (Scheme 1).

'* Hensen, E. C.; Lee, D. J. Am. Chem. Soc. 2003, 125, 9582-9583.
e Mori, M.; Kitamura, T; Sato, Y. Synthesis 2001, 654-664.
' Morales, C. A.; Layton, M. E.; Shair, M. D. Proc. Natl. Acad. Sci. 2004, 10/, 12036-12041.
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1,3-disubstituted 1,2-disubstituted

Scheme 1 - Studies of Enyne Metathesis in Macrocyclization Reactions.

1.2.3 — Installation of the Atropisomeric Control Element.

The enantioselective synthesis of enyne 3 was achieved following a nine-step

reaction sequence (Scheme 2).'°



y had TIPS—= N TIPS—= N

TIPS |
16 Zn, Pd(PPhy)s MeO 1.n-Buli, E,0,-78°c  MeO
+ - >
Br THE, 23°C 2. DMF H
' Br OMe 9 OMe
MeO 9 94%
Ij\) 98% 17 O 18
Br OMe
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1. TBAF, THF
2.5% Pd/BaSO4
quinoline, H,
3. TBAF, THF

4. TBSCI, Imid., DMF
63% yleld over four steps

Scheme 2 - Preparation of Enyne Precursor 3.

Pd-mediated cross coupling of vinyl-iodide 16 and a benzylic zinc reagent derived
from 15 afforded aromatic bromide 17 in 98% yield. Formylation of the aromatic
bromide 17 with n-BuLi and DMF delivered aldehyde 18 in 94% yield. Selective
demethylation was achieved by treating aldehyde 18 with BBr; followed by silylation
with TBSOTT to afford silyl ether 19 in 88% yield over two steps. Enantioselective
alkylation of silyl ether 19 using a bromozinc reagent derived from 20 in combination

with the lithium alkoxide of (15,2R)-N-methylephedrine provided benzylic alcohol 21 in



91% yield and in 95% ee. Benzylic alcohol 21 was treated with TBAF where the
simultaneous deprotection of both'&i‘e&T_l\_/IS and TBS group was carried out. Subsequent
Liﬁdlzir'ﬁydrogenation of the term‘inal acetylene, TBAF promoted removal of the TIPS
group and silylation of the phenol and benzylic alcohol with TBSCI afforded enyne 3 in

63% yield over four steps.

1.2.4 — Enyne Metathesis Macrocycliégtion using an Atropisomeric Control Element.

Both enyne 3 and 4 were tak.en up in CH,Cl, and treated with Grubbs first
generation caialyst 22 under an ethylene atmosphere to afford the desired macrocycles 23
and 24. Higil dilution conditions and extended reaction times were necessary in order to
obtain the macrocyclic products. Despite optimizing the conditions, enyne 4 cyclized to
afford macrocycle 23 in only 31% yield. Furthermore the E:Z ratio was 3.9:1 and the
atropdiastereoselecti\./ity was modest at 2.8:1. It is important to note that the nature of the
substrate controlled the resulting E:Z ratios and atropdiastereoselectivity.'> For example,
wheﬁ eﬁyne 3 was subjécteci to. 1;.ea'rlly identical reaction conditions, the yield of
macrocycle 24 was 42%. However, both the E:Z ratio and atropdiastereoselectivity had

increased to greater than 25:1 in the formation of 24 (Scheme 3).
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2. TBAF, THF
42%
> 25: 1 atropdiastereoselectivity
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Scheme 3 - Enyne Metathesis using an Atropisomeric Control Element.

The removal of the atropisomeric control element was achieved by hydride
reduction of the benzylic silyloxy group using TFA and NaBH;CN, followed by

silylation of the phenol to afford paracyclophane 25 in 75% yield (Scheme 4).'5’16

1. TFA, NaBH;CN

& —0TBS > <& __>—0TBS
S 2. TBSCI, hmid.
75%
N\ N
24 25

Scheme 4 — Removal of the Atropisomeric Control Element.

Although Shair and co-workers demonstrated that the formation of macrocycles

such as [12]paracyclophanes was possible using RCM, these macrocyclization reactions

' Kursanov, D. N.; Pamnes, Z. N. Russ. Chem. Rev. 1969, 38, 812-821.
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proved to be difficult due to ring strain and no cyclization was observed in forming 27

without the pendant OTBS group in 26 (Scheme 5).

11, 22
g Grubbs | (30 mal %)
MeQ OMe
// . Q OMe
7/
\ J/ ethylena {1 atm), DCM, 45°C \
|| [M]=3*103 21h
26 27

Mixture of Products

Scheme 5 — Enyne Metathesis Lacking an Atropisomeric Control Element.

1.2.5 — Conclusion.

Shair and co-workers have demonstrated the first examples of enyne metathesis in
forming macrocyclic ring structures such as [12]paracyclophanes. These results
demonstrate the ability of substituted methylene groups to act as conformation
controlling groups, and to control the transfer of their chirality to atropisomeric centers.
Although the Shair group successfully applied this methodology towards the asymmetric
total synthesis of longithorone A, large amounts of catalyst were necessary as well as
extended reaction times, high dilution and the presence of an ethylene atmosphere in
order to accomplish macrocyclization. Although the control element was easily removed,
the installation process involved difficult reaction steps, and afforded paracyclophanes 23

and 24 in low yields, and variable diastereoselectivity.
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L.3 — Synthesis of Longithorone B.

Longithorone B is a [12]paracyclophane containing a macrocyclic structure based
on a farnesyl unit, bridging a benzoquinone at the para-position. The macrocycle is
composed of two frans, and one cis double bonds. The hindered rotation of its
macrocyclic structure about the quinone core affords this natural product an element of
planar chirality. The synthetic challenge in synthesizing longithorone B is directly linked
to the difficulty in forming the highly substituted, planar chiral macrocycle. These
synthetic challenges had inspired Tadahiro and co-workers to develop an efficient
synthesis of the macrocyclic ring structure of longithorone B, by way of intramolecular

Friedel-Crafts alkylation reaction forming the ansa-bridge (Figure 5)."

1. Hydrolysis
N — \
2, CAN Oxidation
(0] PivO
longithorone B Friedel-Crafts H
Reduction

HO.

OMe
(o —

PivO Y _.

[3,3]Claisen

Figure 5 — Retrosynthetic Analysis of Longithorone B.

"7 Tadahiro, K.; Kentaro, N.; Masahiro, H. Tetrahedron Lett. 1999, 40, 1941-1944.
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1.3.1 — [3,3]-Rearrangement in Forming Ortho-Allyl Phenol 31.

[3,3]-Sigmatropic rearrangements of allyl aryl ethers provide convenient access to
ortho-allyl phenols.'® However, one of the challenges encountered by the Tadahiro group
was in controlling the E:Z ratios of the products.'” They determined a strong dependence

of the rearrangement reaction on the reaction conditions (Scheme 6).

ou(
(o] .

OFEt

28
OMe

Al,O5
xylene, A, 36h
71% conversion

EtO
OEt %
= ] OCOCMe;,
MechCO ——— [ . 07\
—~ O
,"i‘ =}
MeO Al
OM

¢ 29-Z OEt
trans-product 30 cis-product 31

Scheme 6 — Additive Effect on the Transition States of the [3,3]-Sigmatropic Rearrangements.

The rearrangement of 28 afforded a 71% conversion with a low 1:4.3 E/Z product

ratio. The proposed mechanism involved the coordination of the Lewis acid with the

'* Krohn, K.; Bernhard, S. Synthesis 1996, 6,699-701.
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oxygen atom of phenyl ether 28 forming the two possible transition states 29-E and 29-Z.
In the absence of a Lewis acid, 29-E was the major intermediate leading to the formation
of the trans-olefin 30. In the presence of a Lewis acid such as Al,Os or SiO,, the Al or Si
atoms complex with the oxygen atom of the ether linkage, increasing the repulsion
between it and the side chain at the equatorial position of transition state 29-E, leading to

the formation of the desired cis-phenol 31 through transition state 29-Z.

1.3.2 — Intramolecular Coupling of the Farnesylated Side Chain by Friedel-Crafts
Alkylation.

The intramolecular coupling reaction was examined using three types of protected
alcohols (32, 33, and 34) derived from phenol 31 and the ester at the terminal position of
the farnesyl chain was reduced to the alcohol using DIBAL-H. The intramolecular
coupling reaction was achieved by way of the Friedel-Crafts alkylation at the C-1

position of the farnesyl moiety in the presence of the acids Hf(OTf); and LiClO4 in

CH,Cl, (Scheme 7).
OR
OMe
— HIOTH, O \ 0 \ O
LiCIO,4, DCM RO RG RO
OMe \
HO.
35 36 37
32: R =TBDMS > 8% 1:8 64% traces
33:R=Bn - 0%
34: R = COCMe; > 78% 6:1 13% traces

Scheme 7 — Preparation of [12]Paracyclophanes by Friedel —Crafts Alkylation.



15

When silyl ether 32 was treated. with Hf{(OTf), in the presence of LiClQ,, a
mixture of 35 and 36 was obtained, where HPLC purification afforded macrocycle 36 in
64% yield. The predominant mera-coupling with respect to the methyl ether of silyl ether
36 was believed to be caused by the.electron-withdrawing nature of the TBDMS group.
When benzyl ether 33 was treated under the same reaction conditions, a complex mixture
was detected without formation of any product. When pivilate 34 was subjected to the
coupling reaction under the same conditions, the desired macrocycle 35 was isolated in
78% yield. Steric hindrance as well as the electron-withdrawing nature of the pivaloyl
group of 34 was believed to control the reaction, leading to the desired para-substituted
(with respect to the macrocyclic ring structure) macrocycle 35 as the major product.
Hydrolysis of macrocycle 35 with KOH in MeOH followed by CAN oxidation lead to the

formation of longithorone B in 58% yield.over two steps.

I.3.3 — Conclusion.

Although the Tadahiro group demonstrated an efficient synthesis of the
[12]paracyclophane longithorone B, the [3,3]-rearrangement as well as the intramolecular
cyc’l.iia‘tion proved difficult. Compléte conversion was never achieved in the
rearrangement step and the Friedel-Crafts alkylation afforded a mixture of ortho- and
meta-substituted products.

~ In light of the work performed by both the Tadahiro and Shair groups, it is clear

that. there is a need for new and more efficient methods for forming highly hindered,

planar chiral macrocyclic ring structures.



16

I.4 — Longithorone C: A Representative. Compound.
1.4.1 — Synthetic Challenges and Goals. .

Longithorone C, a member of a family of nine farnesylated quinones, features a
macrocyclic skeleton derived from. a farnesyl unit bridging a quinone at the para-
position. Longithorone C also exhibits atropisomerism due to the hindered rotation of the
macrocyclic ring structure. Its structural features resemble those of longithorone B and

the two monomers that make up longithorone A (Figure 6).

longlthorone B longithorone A

¢

O

<

longithorone C

Figure 6 - Structural Similarities Between Longithorones A, B, and C.

The synthetic challenge associated with the synthesis of longithorone C was
linked to the difficulty in forming the highly strained, planar chiral macrocycle that

contains three stereodefined tri-substituted olefins. It has been reported that heating

longithorone C at reflux for 7 dayé in toluene resulted in no racemization of its



17

macrocyclic structure.” These synthetic challenges inspired our group to develop an
efficient synthesis towards longithorone C using ring closing olefin metathesis (RCM) in

forming the ansa-bridge (Figure 7).

/ RCM
OPG

metathesis/ Me
oxidation
O

OPG
Me

Longithorone C

Figure 7 — Initial Retrosynthetic Analysis of Longithorone C.

The ultimate goal would be to install the planar chirality in this molecule via an
enantioselective olefin metathesis reaction using a chiral catalyst. Since the formation of
[12]paracyclophanes had been achieved using enyne metathesis, it was therefore
necessary to determine whether RCM could be used in forming the macrocyclic ring
structure of longithorone C. Other synthetic variables to optimize included determining
the 1deal site for macrocyclization, and stereoselectively forming the tri-substituted

olefins within the macrocycle.

1.4.2 — Forming [12]Paracyclophanes: A Model Study.

[12]Paracyclophanes are relatively strained macrocyclic structures.  Chiral

gearing elements such as the benzylic silyl ether group used by Shair and co-workers
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have been employed in directing macrocyclization processes to form
[12]paracyclophanes. However, since the ultimate goal would entail using asymmetric
olefin metathesis, the substituted methylene gearing elements located on the side chains
would be undesirable (i.e. leading to diastereoselective cyclization in place of an
enantioselectively cyclization). Yassir El-Azizi, a member of the Collins group,
investigated whether RCM could be used to access strained macrocyclic systems in the

absence.of gearing elements on the side chains (Scheme 8).'°

W 4 4
PPhs, DIAD Grubbs | (10 mol %)
_— - -
PhMe, A, 1.5h DCM, A, 15h
MeO 50 - 90% MeO [M] = 0.4 * 103 MeO MeO
OH 9, (0] A Q
R 26% el
38 40 41

Scheme 8 - Initial Attempts in Forming [12|Paracyclophanes.

Unfortunately, numerous attempts to cyclize various  substituted
[12]paracyclophanes using Grubbs first generation catalyst 22 lead to the preferential
formation of the dimer 41, demonstrating the importance of controlling the orientation of
the side chains. It was believed that the use of a benzyl ester would allow the formation
of the “stacked” conformer 43-S in solution, which in turn would “gear” the two side

chains together through steric bias facilitating macrocyclization (Scheme 9).

' El-Azizi, Y.; Schmitzer, A.; Collins, S. K. Angew. Chem., Int. Ed. 2006, 6, 968-973.
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Despite varying the concentration and mode of addition, the use of the benzyl

ester did not form the desired macrocyclic product, and once again the dimer was

obtained as the major product. Consequently, a strategy employing pentafluorophenyl-

phenyl interactions as a novel gearing element to favor the desired intramolecular

macrocyclization was envisioned (Scheme 10).

4 el 4
\/(ALO 2 \/(«lo
Grubbs | (10 mol %)
CgFsH,CO DCM, a, 15 h o —
41% F
o O
S
\(“’)/4\ F, O OT"}/J\
45 £ VY E "open”
F 46-0

Scheme 10 — Pentafluorebenzylester as a Gearing Elements.

7O
O
R AN

"stacked"
46-S

O

When olefin 45 was treated with catalyst 22, cyclophane 47 was isolated in 41%

yield. Hence the formation of [12]paracyclophanes by RCM was made possible using

novel gearing elements such as the pentafluorobenzyl ester 45. The quadrupolar non-
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bonding interactions between pentafluoroarenes and arenes are the result of the
orthogonal densities of aromatics and pentaﬂuoroaromatics.20 These interactions have
spiked significant interest in medicinal chemistry and materials science due to the
predictable preference for the face-to-face stacking with the aromatics in the solid state.'
However, relatively little use of these non-bonding interactions has been reported in
catalysis.”> The pentafluorobenzyl ester 45 has been predicted through molecular
modeling to prefer the solution state conformation 46-S to a much greater degree than 46-

O (Scheme 11).%

\
4 " 4
- Bo S0 . A
F
R
Q
. F
0»—
0 Oy 4 00 R 00
o o o
“open* 43-0 “stacked" 43-S F ! F vopen" 46-0 “stacked” 46-S
AHgpey - AHopen =-3.9 kcal/mol AH 0 — AHgpon = -24.0 kcal/mol

Scheme 11 — Energy Minimization using AM1 and MP2 Methods.”

2 Brown, N. M. D.; Swinten, F. L. J. Chem., Soc., Chem. Comm. 1974, 19, 770-771.

2! Mann, E.; Mahia, J.; Maestro, M. A.; Herradon, B. J. Mol. Struct. 2002, 641, 101-107.

2 Pongzin, F Zagha, R ; Hardcastle, K Siegel, 1. S. Angew. Chem., Int. bd 2000, 39, 2323-2325.

B Fora complete list of methods and results used in the molecular modeling studies see: Collins, S.; El-
Azizi, Y.; Schmitzer, A. R. J. Org. Chem. 2007, 72, 6397-6408.
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1.4.3 — Determining the Optimal Site for Metathesis along the Ansa-Bridge and
Formation of Tri-substituted Olefins by RCM.

Previously it had been demonstratedl by Yassir El-Azizi that moving the site of
metathesis closer to the aromatic core resulted in a higher reaction yield when forming

[12]paracyclophanes via olefin metathesis (Scheme 12).#

P o 22
W Grubbs | (10 mol %) _ i . 0
DCM, A, 15h
h [M]=0.5* 102 |
07 41% J
0 o
R S AN 00
a5 ﬂ a7
5
N A
E F Grubbs | (10 mol %)
DCM, 4, 15 h
/F M]=0.5* 102
°lo o 48%
[
48 49

Scheme 12 - Determining the Ideal Site for Metathesis.

When olefin 45 was subjected to metathesis conditions using catalyst 22 under
dilute conditions, macrocycle 47 was obtained in 41% yield. When moving the site of
metathesis closer to the central arene in olefin 48, the reaction yield had increased from
41 to 48% yield under the same reaction conditions, indicating that the site of metathesis

for the formation macrocycles should be performed closer to the aromatic core.

2 Collins, S. K.; El-Azizi, Y. Pure Appl. Chem. 2006, 78, 783-789.
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Our group subsequently attempted to prepare even more strained macrocycles
incorporating a stereodefined tri-substituted olefin similar to those present in

longithorone C (Scheme 13)."°

=8

Not observed

Scheme 13 — Attempted Formation of a Tri-substituted Olefin by RCM.

Unfortunately, cyclization of olefin 50 led to the preferred formation of the dimer
51 and no macrocyclic product was isolated, even in the presence of the
pentafluorobenzyl ester. Recently, Hoye and co-workers had developed an efficient
method for forming highly substituted olefins by RCM called relay-ring closing

metathesis (RRCM) (Scheme 14).%

% Hoye, T. R.; Jeffrey, C. S.; Tennakoon, M. A.; Wang, J.; Zhao, H. J. Am. Chem. Soc. 2004, /26, 10210-
10211.
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Scheme 14 — Relay-Ring Closing Metathesis.

In an attempt to cyclize olefin 52 containing both an electron deficient and a
substituted olefin, the catalyst 22 was not reactive enough to perform the desired
cyclization. When the olefins of the electron deficient (53) or hindered olefin (54) were
appended with a five carbon chain containing a terminal olefin the cyclization was now
successful, affording lactam 55 in 59% yield. The catalyst 22 can now react selectively
at the primary olefin of this “relay chain”, producing a very fast intramolecular
cyclization kicking out a cyclopentene, thereby placing the catalyst onto the desired
olefin and allowing facile cyclization to the desired lactam 5S.

Exploiting a relay ring closing metathesis protocol in tandem with the gearing
effect of the pentafluorophenyl-phenyl interaction, the cyclophane 57 was isolated in
53% yield on treatment of olefin 56 with catalyst 14 in CH,Cl, at reflux (Scheme 15)."
Cyclophane 57 was isolated as a single isomer with the tertiary olefin in the Z

configuration.
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Scheme 15 — Model Study Incorporating Relay-Ring Closing Metathesis.

1.5 — Conclusion.

These studies suggest that pentafluorophenyl-phenyl interactions represent a
novel w-shielding elemeﬁt for application in face selective transformations,”* and with
potential for use as chiral auxiliaries. The following chapters will focus on the model
studies carried out in order to éptimize the use of this gearing element for

macrocyclizations with the goal of achieving the total synthesis of longithorone C.
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Chapter 11:

Model Studies Directed Towards the Total Synthesis of

Longithorone C via Macrocyclic Olefin Metathesis

The goal of the following model studies was to study the formation of a

[14]paracyclophane by ring-closing olefin metathesis (RCM).

I1.1 — Retrosynthetic Analysis and Model Studies.

The following retrosynthetic analysis was devised in order to prepare a
macrocycle that contained three stereodefined tri-substituted olefins that would resemble

the macrocyclic ring of longithorone C (Figure 8).
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Figure 8 — Retrosynthetic Analysis of a Model System using cis-Farnesol 62.

The target [l4]paracyclophane 58 contained a macrocycle with three
stereodefined tri-substituted olefins, coupled to a bis-phenol with the pentafluorobenzyl
ester as functional group. Metathesis of olefin 59 should allow for the successful
formation of paracyclophane 58. In this manner, the two side chains 61, and 62 could be
coupled to bis-phenol 60 via the Mitsunobu reaction (Figure 8).

Unfortunately, cis, trans-farmesol 62 required for the formation of 58 in the correct
configuration, was not commercially available. As a result trans,trans-farnesol 65 was
used in order to determine whether or not [14]paracyclophanes such as 63 could be

generated using the RRCM technique (Figure 9).

/ Mitsunobu

FEAF FEAF 5
5 — — 6
A% p Mitsunob
-~ sunobu o
O| AN
FOO F O O, -~ FO OH \/E\O
63 64 XN g N 60 61

Figure 9 —Retrosynthetic Analysis of Revised Model System using trans-Farnesol 65.
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I1.2 — Synthesis of Pentafluoro-2,5-dihydroxybenzoate 60.

Installation of the pentafluorobenzyl ester gearing element was initially achieved
via an esterification procedure. Pentaﬂuorobepzyl ester 60 was formed via the
Mitsunobu reaction using pentafluorobenzyl alcohol 67 and 2,5-dihydroxybenzoic acid
66 with a slight excess of PPh; and DIAD in anhydrous THF. Diphenol 60 was obtained

in 46% yield as a white solid (Scheme 16).

OH F
FAF
__PPhy, DIAD
HO * Ho E THF, 23°C, 10h
0,
O OH ! 46%

FO OH

Scheme 16 — Synthesis of Pentafluoro-2,5-dihydroxybenzoate 60 via Mitsunobu Chemistry.

The low reaction yield was a result of the formation of an undesired byproduct,
dialkyl 68. In addition, purification of pentafluorobenzylester 60 was very difficult; the
excess DIAD would always co-elute along with diphenol 60.

In contrast to the Mitsunobu alkylation mentioned above (Scheme 16), alkylation
of 2,5-dihydroxybenzoic acid 66 with pentafluorobenzyl bromide 69 proved to be much
more selective. Diphenol 60 was obtained following a simple column purification in

80% yield (Scheme 17).
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OH F OH
FAF
EtN
HO * DMF, 23°C, 10h F
. 80% Oi
O OH FO OH

- 66 69 60

Scheme 17 — Synthesis of Pentafluoro-2,5-dihydroxybenzoate 60 via an Alkylation Procedure.

IL3 - Synthesis of the Allylic Alcohol 61.

Our group had previously demonstrated that relay ring closing metathesis
(RRCM) was crucial in forming tri-substituted olefins in macrocyclization> A
retrosynthetic analysis for the preparation of 61 was devised following the precedent by
Eisenreich and co-workers.® The :;;6§edure was slightly modified using a silyl ether
protecting group rather than ‘a tetrahydropyranyl protecting group. The volatility of the

products incorporating the latter protecting group was frequently problematic. The

overall reaction yields in either case were identical (Scheme 18).

% Amslinger, S.; Kis, K.; Hecht, S.; Adam, P.; Rohdich, F.; Arigoni, D.; Bacher, A.; Eisenreich, W. J.
Org. Chem. 2002, 67, 4590-4594.
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Scheme 18 — Synthesis of Allylic Side Chain 61.

The hydroxyl“'gréup of ‘a-hydrdxyketone 70 was protected through etherification
with TBDMSCI affc')rdi'flg the silyl ether 71 in quantitative yield. The silyl ether 71 was
used crude in the following Homer-Wadsworth-Emmons reaction (HWE) using tris-
triethylphosphonoacetate and NaH in' anhydrous THF, affording ester 72 as an 87/13
mixture of E/Z isomers. Due to the difficult separation of the two isomers, the crude
mixture was simply carried over to the next reaction step. Reduction of the E/Z isomers
of ester 72 by DIBAL-H in CH,Cl, afforded the allylic alcohol 73 with no
chromatographic purification necessary. Allylic alcohol 73 was alkylated using NaH and
allyl bromide in anhydrous THF affording silyl ether 75 that was immediately carried
over to the next reaction step. The TBAF deprotection of crude silyl ether 75 followed
by chromatographic purification afforded the desired allylic alcohol 61 in a 30% yield

over five steps as a single trans-isomer according to the 'H-NMR spectrum.
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I1.4 — Macrocyclic Olefin Metathesis of Model System using trans,trans-Farnesol 65.

Olefin 76 was formed as the major product by Mitsunobu coupling of 0.5
equivalent of trans,trans-farnesol 65 to pentafluorobenzylester 60 using PPh; and DIAD

in anhydrous THF at reflux (Scheme 19).

F oH / =
RAS HO™ ™ /
65
F PPhs3, DIAD, THF, A, 10 h
(o)]
FO OH F O OH
60 C A~

| o F
} \ A HO
o 61
PPh3, DIAD, THF, A, 10 h
30% over two steps

F 0
FRAF
F
01
FO O

Scheme 19 - Alkyl.ation using trans,trans-Farnesol 65 and Allylic Alcohol 61.

Unfortunately, due to the présence of the two hydroxyl groups in ester 60, some
diaikyl/ated product was isolated along with phenol 76. Both products were very difficult
to separate by silica gel column purification. As a result, crude olefin 76 was carried over
to the next reaction sequence. Anotl;er‘Mitsunobu reaction was performed to alkylate
phenol 76 with relay side chain 61. However, this time the desiréd pentafluorobenzyl

ester 64 was separated from the crude mixture by flash chromatography and obtained in
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30% yield over two steps. With both side chains in place, olefin 64 was subjected to
metathesis conditions using 2™ generation Grubbs catalyst 14 as well as 2™ generation

Grubbs-Hoveyda catalyst 77 in attempts to obtain macrocycle 63 (Scheme 20).

= L = ___
F O £ O Grubbs Il (10 mol %)
FAF F
Catalyst (10 mol %) /A
............................ - MesN_ _NMes
. DCM, A, 12h F \ T <l
o)g] Grubbs 11 (10 mol %) 14 07 /Ru‘\:\Ph
FO O Grubbs-Hoveyda Il (10 mol %) 77 F © © o |
— PC)’3
63 14

/ > Grubbs-Hoveyda Il (10 mol %)
MesN._ _NMes
T .o
35-37% cn’R,u_

F (O3] O
/z\//Ha 77

78 Hb

Scheme 20 — RRCM of Macrocycle 63.

Unfortunately, no signs of the desired macrocycle were obtained. Only traces of
olefin 78, commonly referred to as a half-metathesis product (HM) was observed by 'H-
NMR. The failed macrocyclization could be due to the configuration of the olefins or the
substitution pattern in the prenylated side chain. In either case, the configuration about
the allylic double bond on the prenylated side chain should in fact be cis in order for

macrocycle 58 to resemble that of longithorone C (Figure 10).
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s = =

F 0O F o7 =
FEAF
RRCM RAS 0
.................... - — \
F | O/\/ F \
FO O FO O
58

59
longithorone C

Figure 10 - Revised Model System,

As such, the next target was to prepare cis-farnesol and incorporate ‘it into our model

system.
I1.5 - Synthesis of cis-Farnesol 62,

I1.5.1 — First Generation Synthesis of c/s-Farnesol 62.

(2Z,6E)-Famesol 62 has been synthesized by a 5 step synthesis developed by

Gibbs and co-workers (Scheme 21).7

77 Gibbs, R. A.; Eummer, J. T.; Shao, Y. Org. Letr. 1999, [, 627-630.
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HO/\/I\MK Amberlyst 15 I/\/I\/\/k NaH, n-BuLi

Nal, ACN, 23°C, 0.5h Ethyl Acetoacetate 2 |

0 THF, 0°C, 10min;
79 62% 80 33°C.'10h 81

43%

KHMDS
5'Cl-2-N(SOZCF3)2Py
DMF, 0°C, 10min;
23°C, 10h
45%

AsPhg, PA(PhCN),Cl, oTf
DIBAL-H Cul, SnMe, = |
- ~t-
PhMe, -78°C, 1h o7 ~ogt NMP, 100°C, 18h 7 Ot
.1 74% . 95%
83

82 |

Scheme 21 — Gibbs’ Synthesis of cis,frans-Farnesol 62.

Geranyl iodide 80 was synthesized from geraniol 79 using the acidic resin
Amberlyst 15 and Nal, affording the iodide 80 in 62% yield. Iodide 80 was then
alkylated using the Weiler dianion fovrmed from ethylacetoacetate using NaH and n-BuLi
which afforded the f-ketoester 81 in 43% yield. Ester 81 was then converted to triflate
82 with high stereoselectivity in 45% yield using DMF as solvent. The polar aprotic
solvent disrupts the potassium enolate from coordinating to the carbonyl of the ester,

leading to the cis-isomer (Figure 11).
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Figure 11 — Stereocontrol During Triflation of 5-Ketoester 81 using DMF as Solvent.

Triflate 82 was then coupled with tetramethyltin under catalytic amounts of
Pd(AsPh3), and Cul as co-catalyst to afford ester 83 in 95% yield. Ester 83 was then
reduced with DIBAL-H to afford the desired (2Z,6F)-farnesol 62 in 74% yield. Due to
the overall length of the reaction sequeiice, low yield, high cost of reagents, and health

hazard, the above procedure was abandoned.

Vo e

11.5.2 — Second Generation Synthesis of cis-Farnesol 62.

In order to obtain a fair amount of cis-olefin 62, Wiemer et al. reported the

following procedure using a modified Wittig reaction (Scheme 22).%8

. _ 1. (Ph)3PCHyBr
< ~ n-Buli, THF, -78°C

o - Z 7 &
2. s-Buli
86 62
3.CH,O thenr.t. HO

Scheme 22 — Synthesis of cis-Farnesol 62 using Geranylacetone 86.

2% yu,J.S.; Kleckley, T. S.; Wiemer, D. F. Org. Lett. 2005, 7, 4803-4806.
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Although geranylacetone 86 was fairly expensive, it could easily be synthesized

starting from commercially available geraniol (Scheme 23).%

/K/\/K/\ PPhs, CBrq - )\/\)\/\
OH = = Br

DCM, 0°IC, 1.5h, Dark
. [P P Y
79 99% 87

Aliquot 336, PhH, A, 8h
80%

. °© MeOH, A, 48h °
99% MeO™ ~O
86 T 88

\ NaH, Methyl Acetoacetate

Scheme 23 — Synthesis of Geranylacetone 86.

Geraniol 79 was converted to geranyl bromide 87 using PPh; and CBr; dissolved
in anhydrous CH,Cl, The bromide was used immediately following the removal of
triphenylphosphine oxide. The .v:ﬂ:kétoester 88 was prepared by alkylating
methylacetoacetate with bromide 87 using NaH in anhydrous benzene. The phase-
transfer catalyst Aiiquot 336 was esserilt(i:zil in order for the reaction to progress. Ester 88
was obtained in 80% vyield following column purification and removal of excess
methylacetoacetate. Geranylacetdﬁ‘egri,'§6 was formed from ester 88 following
saponification and decarboxylation of thé ester using KOH and MeOH at reflux for 48 h.
Geranylacetone 86 was obtained in 99% yield.

Geranylacetone 86 was then converted to cis-farnesol 62 in a modified Wittig

procedure which involved deprotonation of the oxaphosphatane 89, generated from

» Durst, H. D.; Liebeskind, L. J. Org. Chem. 1974; 39, 3271-3273.
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geranylacetone 86 in the presence of methyl triphenylphosphonium bromide and »-BulLi,
with s-BuLi and then quenching intermediate 90 with dry paraformaldehyde, affording

cis-farnesol 62 in 26% yield (Scheme 24).

E

1. (Ph)sPCH,Br W
PN Z ~ n-Buli, THF, -78°C > = o

HO 62 2. s-BuLi 86

3. CHzo then RT 1. (Ph)3PCH3BI’
} 26% n-BuLi, THF, -78°C
' p
then RT . O\/g/\/\\/\.)\
: P
Phy 89
l s-Buli

3.CH,0
o IS = . O\W

P
Ph
° Oo o1 90

Scheme 24 - Preparhtion of cis,trans-Farnesol“62 from Geranylacetone 86.

e
s

I1.6 - Metathesis of Model System Incorporating cis-Farnesol 62.

Olefin 92a was formed by Mitsunobu coupling of 0.5 equivalents of (2Z,6E)-
famesol 62 to pentafluorobenzylester 60 using PPh;y and DIAD in anhydrous THF at

reflux (Scheme 25).
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wo. . THF, 4, 10 h
61 30% over two steps

W
F o0
RAF
v P
o lo/\/
Fo o
59

Scheme 25 — Alkylation using cis,frans-Farnesol 62 and Allylic Alcohol 61.

Once again, due to tﬁé présence of the two hydroxyl groups in ester 60, traces of
olefin 92b were observed by 'H-NMR along with the desired olefin 92a in the first
Mitsunobu reaction step mentioned above (Scheme 25). Due to the difficulty in
separating the trace amount of dialkyI '92b by silica gel column purification, the crude
phenol 92 (a and b) was carried over to the next reaction sequence. As such, minor olefin
92b was never isolated. Another Mitsunobu reaction was then performed to alkylate
olefin 92a with relay side chain 61. Olefin 59 was separated from the crude reaction
mixture by flash chromatography and obtained in 30% yield over two steps. With both

side chains in place, olefin 59 was subjected to metathesis conditions using 2" generation
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Grubbs catalyst 14 as well as 2" generation Grubbs-Hoveyda catalyst 77 in attempts to

obtain macrocycle 58 (Scheme 26).

MesN_ _NMes

Grubbs Il (10 mol %) 7 - 10%
A Catalyst RAS with 5 eq. Ti(OiPr),  7-10%

DCM, A, 18 h

MesN_ _NM
es es
o o

£0 O £0 0 T .

— Ru=
c1” .
59 N\ 58 S

P 77

Grubbs-Hoveyda Il (10 mol %)
with § eq. Ti(Oi-Pr), 7-10%

Scheme 26 - RRCM of Macrocycle 58.

Macrocycle 58 was obtained in 10% yield in anhydrous CH,Cl, at reflux using
either of the above mentioned catalysts (Scheme 26). The use of Ti(Oi-Pr), was believed
to block the catalyst from coordinating to the carbonyl group of the ester and was
determined to be essential for successful macrocyclization.®® The next step was to
increase the macrocyclization yield by reducing the steric bulk of the terminal olefin of

cis-farnesol to facilitate olefin metathesis at that position (Figure 12).

3 pschirer, N. G.; Bunz, U. H. F. Tetrahedron Lett. 1999, 40, 2481-2484.
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Figure 12 — Proposed Model Study using Disubstituted Olefin 93.

11.7 — Synthesis of cis-Olefin 93.
The following procedure developed by Corey and co-workers has been modified

in an attempt to prepare the desired olefin 93 (Scheme 27).”'

TBDPSCI NBS
= o Ry Ny —_—— S N
X Imid, DMF, 23°C, 30 min THF:H,0, 0°C. 2h
| OH 90% OTBDPS Br OTBDPS
62 95 on %
K.CO;
MeCH, 23°C, 2h
™ N < EtPPRBr, n-Buli « . Nal0;-HIo, _
THF, -78°C to 0 C, 2h = THF:H,0, 23°C, 30 min SN
| OTBDPS 56% yield In 4 steps | OTBOPS OTBOPS
99 O o8 0 o
THAF
THF, 23°C, 5h
65%
= AN
| OH
a3

Scheme 27 — Preparation of Olefin 93 Following Modified Corey Procedure,

3! For the exact procedure see: Corey, E. J.; Kania, R. S. J. Am. Chem. Soc. 1996, 118, 1229-1230.
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Cis,trans-Farnesol 62 was protected using TBDPSCI to afford silyl ether 95 in
90% yield. Without chromatographic purification over the next five reaction steps, silyl
ether 95 was taken up in THF and water and reacted with NBS to afford the bromohydrin
96. Epoxide 97 was prepared on treatment of bromohydrin 96 with potassium carbonate
in MeOH. Aldehyde 98 was formed by hydrolytic opening of epoxide 97 and subsequent
oxidative cleavage of the resulting diol using sodium periodate and periodic acid.
Aldehyde 98 was converted to olefin 99 via Wittig reaction using
ethyltriphenylphosphonium bromide and n-BuLi. Alcohol 93 was formed by the
deprotection of silyl ether 99 using TBAF in anhydrous THF. The final olefin 93 was

isolated following silica gel flash chromatography in an overall reaction yield of 44%.

I1.8 — Metathesis of Model System 94 using cis-Olefin 93.

Pentafluorobenzyl ester 60 was coupled with 0.5 equivalents of cis-olefin 93 via
the Mitsunobu alkylation using PPh; and DIAD in anhydrous THF at reflux. With no
further purification, the relay side chain 61 was then coupled to crude phenol 100
(containing trace amounts of the dialkylated product) via the Mitsunobu reaction
affording olefin 94 in 30% yield over two steps following column purification (Scheme

28).
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Scheme 28 — Alkylation using Side Chain 93 and Allylic Alcohol 61.

Now with both side chains in place, olefin 94 was subjected to metathesis

conditions in anhydrous CH,Cl; at reflux (Scheme 29).

shyt
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MesN_ _NMes
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Ru=
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F 0 PCys
F F E 14
Grubbs I _ Grubbs Il (10 mol %) 28%
F Ti(Oi-Pr)s, DCM, A, 12 h
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T.c
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Scheme 29 — RRCM of Model System 94.

The macrocycle 58 was obtained in 33% yield using Grubbs catalyst 14 with 5.0
equivalents of titanium iso-propoxide. No improvement on reaction yields was observed

using the more reactive catalyst 77.

I1.9 — Conclusion.

In the present chapter, the formation of a [14]paracyclophane was accomplished
by relay ring-closing metathesis of a farnesylated cis-olefin prepared in our group. The
importance of these model studies suggest that the formation of highly hindered
macrocyclic structures such as [14]paracyclophanes can be accomplished using RCM. In
this manner, a macrocyclic ring structure containing three tri-substituted olefins was

obtained, resembling that of longithorone C.
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Chapter I11:

Attacking the Total Synthesis of (+)-Longithorone C:

Attachment of Alkyl Chains via Coupling Reactions

In this chapter,-the method of attaching the side chains on the central arene for

olefin metathesis will be described via coupling reactions (Figure 13).

4

Coupling Reaction

Br.

0 \
Coupling Reaction

Esterification

Figure 13 — Retrosynthetic Analysis of Longithorone C.

The goal was to couple both chains, at’the desired para-position in order to obtain
an all carbon [12]paracyclophane with three stereodefined tri-substituted olefins, starting
from a 2,5-dihalobenzoic acid. Herein, we report the model studies used to determine the

appropriate coupling reactions to obtain the desired target.
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IT1.1 — Negishi Coupling Reactions.

Under the following Negishi conditions,

our group attempted to couple the
organozincate of 1-bromo-3-methyl-but-2-ene to  methyl-2,5-dibromobenzoate.
Unfortunately, neither bromides 103 nor 104 were observed, and only bromide 101 was

obtained in full (Scheme 30).

Br t-BuLi, ZnBr,, Pd{PPhs), /o = Br
THF, A, 18h
0% +
MeO * )\Aar ’ MeQ MeO,
O Br Zn*/dibromoethane, Pd(PPhs), O Br 0 =
e
101 102 THF, A, 18h 103 X 104

0%

Scheme 30 — Negishi Coupling using Prenylbromide 102.

The organozincate was prepared through two different methods; allylic bromide
102 was either treated with -BuLi and transmetallated with ZnBr; or the zincate was
formed using zinc and dibromoethane,’” but neither case provided any product.

Coupling was also attempted on dibromide 101 with the organozincate of geranyl

iodide 80.” Unfortunately, neither diene 105 nor 106 were observed (Scheme 31).

32 (a) Gomez-Reino, C.; Vitale, C.; Maestro, M.; Mourino, A. Org. Lett. 2005, 7, 5885-5887. (b) Palmgren,
A.; Thorarenson, A.; Backvall, J. E. J. Org. Chem. 1998, 63, 3764-3768. (c) Xie, M.; Wang, J.; Gu, X.;
Sun, Y.; Wang, S. Org. Lett. 2006, 8, 431-434. (d) Rodriguez, A.; Miller, D. D.; Jackson, R. F. W. Org.
Biomol. Chem. 2003, 1, 973-977.



45

B t-BuLi, ZnBry, PACI(PPhs) N N Br
THF, A, 18h
X | 0%
MeO, + MeO +  MeO
O Br | \ Zn/lp, PACI(PPhsle ¢ g o L P
101 80 DMF, A, 15h 105 106

0% -
Scheme 31 — Negishi Coupling using Iodide 80.

In a third and final attempt, alkyl bromide 107 was coupled to dibromide 101
affording olefin 108 in 20% yield, suggesting prenyl-derived organozincates may be the

source of the difficulties. Olefin 108 was preferably formed over olefin 109 likely due to

steric interactions (Scheme 32).
Br o R Br
MeO. + Br t-Buli, ZnBry, Pd(PPhy), MeO. + MeO
THF, 55°C, 18h
O Br 20% | . O Br 0 Z
20% 4%
101 107 108 109

Scheme 32 — Negishi Coupling using Alkyl Bromide 107.

L.

Negishi couplings of prenylated halides with dibromobenzoate 101 could not be

achieved, and as a result this chemistry had to be abandoned.

III.2 — Copper Catalyzed Grignard Reaction.
Knochel and co-workers have demonstrated that functionalized organomagnesium

reagents prepared through halogen-metal exchange could be used in cross-coupling
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reactions. Allyl and prenyl electrophiles were coupled to aromatic Grignard reagents

containing ester functional groups (Figure 14).%

Fo- S -PrMgY FG—(j/MgX 1. Copper Cate.llyst ro ~E
F THF, -40 °C 2. Electrophile Pz
FG=F, Cl, Br, CN, CO;R, OMe E = Allyl, Prenyl
X=Cl,Br,1
Y =Cl, Br

Figure 14 — Copper Catalyzed Grignard Reactions.

As such, the following retrosynthetic analysis was devised in order to obtain both

the cis-olefin and relay piece at the correct para-position (Figure 15).

X
Y
o x X
FAF
f—
F RO
. O1
F O (( FO X (6] X
\ O/\/ 110
Coupling Reaction \/E\ ————————
Y X=Cl, Br, |

Figure 15 — Retrosynthetic Analysis using Copper Catalyzed Grignard Reactions.

Many reactions of organomagnesium compounds with electrophiles require room

temperature or heating for completion. Knochel and co-workers have demonstrated that

33 (a) Dohle, W.; Gommermann, N.; Kneisel, F. F.; Kopp, F.; Korn, T.; Sapountzis, I.; Vu, V. A.; Knochel,
P. Angew. Chem., Int. Ed. 2003, 42, 4302-4320. (b) Rottlander, M.; Boymond, L.; Berillon, L.; Lepretre,
A.; Varchi, G.; Avolio, S.; Laaziri, H.; Queguiner, G.; Ricci, A.; Cahiez, G.; Knochel, P. Chem. Eur. J.
2000, 6, 767-770. (c) Jensen, A. E.; Dohle, W.; Sapountzis, I.; Lindsay, D. M.; Vu, V. A,; Knochel, P.
Synthesis 2002, 4, 565-569. (d) Ila, H.; Baron, O.; Wagner, A. J.; Knochel, P. Chem. Comm. 2006, 6, 583-
593. (e) Krasovskiy, A.; Knochel, P. Angew. Chem., Int. Ed. 2004, 25, 3333-3336. (f) Krasovskiy, A.;
Straub, B. F.; Knochel, P. Angew. Chem., Inter. Ed. 2006, I, 159-162.
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a low-temperature preparation of Grignard reagents could allow the synthesis of
polyfunctional magnesium organometallic reagents. In addition, at low enough
temperatures, organomagnesium species with highly sensitive functional groups could be
stable for several hours.

2,5-Dihalobenzoates such as 110 containing chelating groups at the ortho-position
rapidly undergo Mg-X exchange.”> The chelating group was believed to complex to the
Grignard prior to Mg-X exchange, which could facilitate this exchange. Dihalides such
as 110 were thus expected to undergo a chemoselective Mg-X exchange, leading
selectively to Grignard reagents such as 111, in which the magnesium was ortho to the

ester functionality (Figure 16).

~PrMgCl or i-PrMgBr

RO THF, -40°C, Time RO,

O X O--MgX

110 - 111 -
X=Cl, Br, |

Figure 16 — Magnesium-Halogen Exchange.

Grignard reagents of type 111 may then react to allow the selective coupling of the relay
chain at the 2-position.

Knochel and co-workers used copper catalysts in the cross-coupling'reactions of
aryl magnesates such as 112 in order to achieve successful coupling with allyl or

prenylhalides under fast reaction rates (Figure 17).%*

34 Rottlander, M.; Boymond, L.; Berillon, L.; Lepretre, A.; Varchi, G.; Avolio, S.; Laaziri, H.; Queguiner,
G.; Ricci, A.; Cahiez, G.; Knochel, P. Chem. Eur. J. 2000, 6, 767-770.
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. Cy - +
Ph._.0 Ph._0 o Ph._O (MgEi) Ph._0
| i-PrMgBr MgBr  CuCN*2LiCI CuCN Allyl Bromide
THF, 40°C
112

Figure 17 — Role of Copper Catalyst in Organomagnesium Cross-Coupling Reactions.

.

' AAs such it was coﬁsidered tha‘t ‘a 2;5-dihalobenzoate such as 110 could be used, in
conjunction with a'copper catélyst, to accomplish the installation of the desired relay and

cis-olefins at the correct para-positions prior to macrocyclization.

The choice of the halogen precursor required evaluation, as well as the issue of

the stereochemistry retention of the side chains (Figure 18).

O/\L/
vo

X

1. Grignard, THF, Temp., Time

Cu-Catalyst
RO, 2. Grignard, THF, Temp., Time

0 X " - Cu-Catalyst

X=Cl, Br, 1 S ~
AN
110
. Y
Addition Method

Figure 18 — Proposed Synthetic Pathway for Copper Catalyzed Coupling of Grignard Reagents.

IIL.2.1 - Optirmizing Mg-X Exchange.’
Reaction conditions were explored to obtain successful Mg-X exchange, in a

reasonable amount of time, without affecting the ester functional group (Table 1).
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Table 1 — Effect of Ester Group, Halide, and Grignard Reagent on Mg-X exchange.

X X X
1. Grignard
+ +
RO 2. NH,CI RO,
. .THF, -40°C, Time
0O X 0 X 0 X
114 X=Br 115 X=Br
R=Me R=Me
117 X=Br 118 X=Br
R=iPr R=iPr
119 X=1 120 X=1 129 X =1
L -LR=/Pr R=/Pr R = iPr
Entry X' 't . :R Grignard (eq.) Temp (°C) Time(h)  Products Yield Ratlo (%)
1 Br Me i-PrMgCI(1.1) -40.0 3.0 113/114/115 16/58/25
2 i Br  i-Pr i-PrMgCI(1:1) -20.0 3.0 116/117/118 83/17/0
3 1 i-Pr i-PrMgBr (1.2) -40.0 0.5 119/120/121 100/0/0

When methyl-2,5-dibromobenzoate (GC R, = 9.88 min, [M+H]" found 294) was
reacted with 1.1 equivalents of i-PrMgCl followed by an NH4Cl quench, a 16/58/25
mixture was obtained of bromide 113 (GC R; = 8.30 min, [M+H]" found 216), dibromide
114, and ketone 115 (GC R; = 1160 rr;iﬁ, [M+H]+ found 307) after 3 h ascertained by
GC analysis (Entry 1, Table 1).

When the methyl ester of dibromide 114 was substituted for iso-propyl ester 117
(GC R, = 11.45 min, [M+H]" found 3,");2),‘the Grignard reagent attack on the ester was
suppressed and the major product was bromide 116 (GC R, = 10.00 min, [M+H]" found -
243) (Entry 2, Table 1). However, even after 3 h dibromide 117 was still observed by
GC. When dibromide 117 was substituted by diiodide 120 (GC R, =11.87 min, [M+H]"

found 416), the exchange was complete in 0.5 h and only iodide 119 was obtained (GC R,
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= 9.70 min, [M+H]" found 291) (Entry.3, Table 1). Employment of 1.2 eq of i-PrMgBr
with respect to diiodide 120 resulted in a complete Mg-1 exchange ortho to the iso-propyl
ester in 0.5 h at -40°C. . Although methyl 2,5-dibromobenzoate 114 was commercially
available, iso;propyl-Z,S-diiodqbenzc;ate 120 was prepared via alkylation of 2,5-
diiodobenzoic acid with i—prbpyl bromide in 87% yield under the presence of NaH in

DMF (Scheme 33).

NaH, i-Pr]
HO " DME!0°C 10 23°C, 10h >’o
. , o 8%
o i oI
121 120

Scheme 33 — Synthesis of i-Propyl-2,5-diiodobenzoate 120,

I11.2.2 — Optimizing Sx2 /Sx2-type Product Ratio.
In this section, the optimum reaction conditions will be discussed in order to
obtain the desired a-product 124 with high reaction yields. The outcome of these results

was dependant on choice of catalyst, electrophile, and addition method (Table 2).
IS



Table 2 — Optimizing y / a Product Ratio.

125 Y=Br
126 Y =0OAc

o ANF y-product
I Y\/E\ !

Cu-Cat, THF, 40°C, 1h
>/O Addition Method
|

O-~--MgBr O\/\

122 123

\fo

a-product
|

(o)

124

O\/\

Entry Aryl-1 (eq) Catalyst (10 mol %) Y (eq)

Addition Method v/ o (% Yield)

I 1.0 CuCN*2LiC! Br (1.0)
2 1.0 Li,Cul, Br(1.3)
3 1.0 Li,Cul, QAc (1.5)
4 1.5 Li,Cul, OAc (1.0)
5 1.5 Li,Cul, OAc (1.0)

Al
A
A
A

Bh

32720
177
0/19
0/43
0/80

% Cu-catalyst added to Grignard reagent, followed by allylic electrophile

® Grignard reagent added to a solution of Cu-cat and allylic electrophile

¢ Based on 'H-NMR yields

Two methods of addition were explored in order to prepare the desired a-product
124. Either the copper catalyst and side chain 125/126 were added to Grignard 122,
prepared from i-PrMgBr and iso-propyl-2,5-diiodobenzoate (Method A), or copper
catalyst and side chain 125/126 were mixed together prior to treatment with the Grignard
reagent 122 (Method B, inverse addition). The requisite allylic electrophiles 125 and 126

were prepared from allylic alcohol 61, treated with either PPh; and CBry or Ac,0 and

pyridine respectively (Scheme 34).
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\/E\O/\/ PPhy, CBry \)i\o/\/
HO DCM, 0°C, 1.5h, Dark Br

61 99% 125

Y eadi Ry o
HO 23°C, 10 h AcO

61 99% 126

Scheme 34 — Synthesis of Bromide 125 and Acetate 126.

Using bromide 125 and addition method A, a 32/20 mixture of SN2’/SN2-type
products was obtained based on the '"H-NMR yield (Entry 1, Table 2). By employing
Li;CuCl; as catalyst, the formation of the Sn2-type products, or a—products was
favored.”> Employing Li;CuCl, as catalyst in this reaction with bromide 125 did not give
any improvement in the product ratio (Entry 2, Table 2). Switching to acetate 126 as
electrophile eliminated the Sy2 -type product, or the y-product and provided olefin 124
using Li,CuCl, as catalyst (Entry 3, Table 2). Fast addition of the freshly formed
Grignard reagent 122, to a premixed solution of Li;CuCl, (10 mol%) and acetate 126
(Method B), gave the desired a-product in 80% yield (Entry 5, Table 2).

Backvall and co-workers have conducted numerous studies in order to explain the
oy product ratios in cuprate additions to allylic acetates, bromides, and chlorides.>> *°
They have demonstrated that in most cases, the more reactive allylic chlorides and

bromides showed a preference for y-substitution in copper catalyzed Grignard reactions,

where allylic acetates showed a preference for a-substitution.

3% Backvall, J.E.; Sellen, M.; Grant, B. J. Am. Chem. Soc. 1990, 112, 6615-6621.
36 Schmid, M.; Gerber, F.; Hirth, G. Helv. Chim. Acta. 1982, 65, 684-702.
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I11.2.3 — Mechanism behind the o/y Product Ratios.

The goal of the preceding study was to obtain the desired a-product, and maintain
the stereochemistry of the olefins in the side chain. Following the mechanism explained
by Backvall, the transmetallation step with the copper catalyst and the Grignard reagent

produces the monoarylcuprate species 127 (Figure 19).%

| \(O

|
|
L] © O“
Cul, THF, -40°C N ArMgBr, THF, -40°C _ _>Cu—MgBr
>’0 Transmetalation >~0 Fast Grignard Add. )\ O{
1 l loe o
O-"Mg O-"ﬂJu MgBr
Br L
1
122 monoarylcuprate 127 diarylcuprate 128
| O/\/ | o/\,///
AcO. AcO
126 126
y-product a-product

Figure 19 — Regiocontrol in Copper Catalyzed Grignard Reactions.

Cuprate 127 can either react with the electrophile or a second equivalent of
organomagnesium 122, affording the dialkylcuprate species 128. It was known in the
literature that monoalkylcuprates tend to form yproducts whereas dialkylcuprates tend to

form @-products.® Fast addition of Grignard reagent 122, low catalyst loading, and low
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concentration of the allylic acetate 126 are all expected to favour the formation of the
dialkylcuprate 128, which in turn should favour the formation of the a-product.®

It was believed that following oxidative addition of either mono- or diarylcuprates
onto acetate 126, the cuprate may add at the yposition to form o-allyl complex 129

(Figure 20).%

/
AcO 126 Br

/
Mg

- +
>/0 Oxid. Add.\ 0 y g
| e ® \r | Of—’ OAc
0---CGu MmgBr AcOMgBr 0.,
L Cu
I
L

127 monoarylcuprate L =Br, Cl,CN
128 diarylcuprate L =Aryl c-arylcuprate 129

Figure 20 — Formation of o~Allyl Copper Species 129 with the Allylic Acetate 126.

Following formation of the o-allyl complex 129, the cuprate can either undergo
reductive elimination to generate the y-product, or reversible isomerization to generate 7

allyl complex 130, which on reductive elimination would give the a-product (Figure 21).
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i . O/\/
I =
ACOJE 126 L = Br. Cl, CN

Fast Reductive Elimination
» y-product

>/o .. Oxid. Add. \(o | /_/

O---Cu O, o
ll. MgBr “Cu
i
L

monoarylcuprate 127 ’ o-allyl complex 129

L=R

Reversible
Isomerization

fast

- |

/‘/ ’
o}
\:ZCu——>§~ ——  » a-product
_

=0 O=

YO
A,

n-allyl complex 130

Figure 21 — Formation of 7#~Allyl Copper Species 130 with Acetate 126.

Flectron-withdrawing ligands such as Br, Cl, and CN on complex 129 have been
suggested to accelerate reductive elimination leading to the y-product.’’ The latter may
result from using catalysts such as CuBr, CuCl, and CuCN, respectively. If the ligand L

on complex 129 is an alkyl or aryl group (resulting from the formation of the
diarylcuprate intermediate), then reductive elimination would be slow and o-allyl
complex 129 may undergo reversible isomerization leading to z-allyl complex 130, and

a-product 124 following reductive elimination (Figure 21).

3" Yamamoto, T.; Yamamoto, A.; Ikeda, S. J. Am. Chem. Soc. 1971, 93, 3350-3360.
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Catalysts such as Li;CuCly lead to the formation of the diarylcuprate 130.
Delivery of the aryl group to the less hindered position of zallylic complex 130 would
favor addition to the a-position. In addition, the aryl group delivery is believed to be
faster with Li,CuCl; as catalyst such that complete retention of stereochemistry is
observed (Figure 21).%

To sum wup thus far, starting from i-propyl-2,5-diiodobenzoate 120, 1.2
equivalents of i-PrMgBr was required with respect to 120 in order to have complete Mg-I
exchange in under 0.5 h at -40°C. The newly formed Grignard reagent was then added to
a flask containing a premixed solution of allylic acetate 126 and Li,CuCly as copper
catalyst over a 2-min period, affording iodide 124 in 80% yield (Scheme 35).

E =
| o/\/ 126
AcO.

1. i-PrMgBr (1.8 eq), THF, -40°C, 30min |

|
2. 126, Li,CuCl,, THF, -40°C
>»O 2min inverse addition > )
3. THF, -40°C, 1.5h; 23°C, 1h \<
o | (0]

80% =

(1.5eq)
120 124 K
x>

Scheme 35 — Optimized Reaction Conditions in Forming Aryl Iodide 124,

I11.2.4 — Attaching cis-Olefin 93 via the Copper Catalyzed Grignard Reaction.
In light of the previous coupling reaction, cis-olefin 93 was converted to allylic
acetate 131 in the presence of acetic anhydride and pyridine to afford acetate 131 in 96%

yield (Scheme 36).

3 Levisalles, J.; Rudler-Chauvin, M.; Rudler, H. J. Organomet. Chem. 1977, 136, 103-110.
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o A0, Py
R N e . -
23°C, 10 h Y S N
93 OH 96% 131 OAc

Scheme 36 — Formation of the Allylic Acetate 131 Derived from cis-Olefin 93.

When subjecting aryl iodide 124 to the same reaction conditions, the absence of a
chelating group ortho to the iodine atom was expected to slow Mg-I exchange. Two
equivalents of ;-PrMgBr were required to obtain complete Mg-I exchange with aryl
iodide 124 in 0.25 h at -40°C. The freshly formed Grignard reagent was then added to a
pgcmixed solution of cis-acetate 131 aqd the Li,CuCly to afford the desired olefin 132 in

50% yield (Scheme 37).

K\/\/K/\/g 131
z(

el N 0Ae
1. FPrMgBr (3.0eq).<THF, -40°C, 15min
2. 131, Li,CuCl,, THF, 40 °C
2min inverse addition

3. THF, -40°C, 1.5h; 23°C, 1h
50%

Scheme 37 — Optimized Reaction Conditions in Forming Olefin 132.

With reaction protocols for both allylic acetates 126 and 131 in hand, the next
step was to determine whether there .was retention of olefin stereochemistry in the

coupling reactions.
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I11.3 — Determining Stereochemistry of the Side Chains.

In the NOESY spectrum of trﬁné;allylic acetate 126, nOe was observed between
the methyl signal at 1.66 ppm and the allylic methylene signal at 4.00 ppm. No nOe was

observed between the methyl signal (1.66 ppm) and vinyl proton (5.60 ppm) (Figure 22).

126

’ woial
Figure 22 — Stereochemistry of Relay Side Chain.

"In the NOESY spectrum of iodide 124, the methyl signal exhibited nOe with the
methylene signal at 3.97 ppm and not with the vinyl proton (5.21 ppm) indicating
retention of stereochemistry in coupling o~f the allylic acetate 126 to iodide 120.

Thg NOESY spectrum of es’t‘f:r' 132 was complicated due to overlapping signals
for the aikenyl protons. As a mode‘:ln‘sys}:em, ester 135 was formed following a similar
Cu-catalyzed Grign‘ard reaction employing acetate 136 that was derived from cis-farnesol

62 (Scheme 38).
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~ nQOe
X X Xy 131
¥4 Hy Hp

- OAc

1. i-PrMgBr (3.0eq), THF, -40°C, 15min Zz

NaH i-Prl 2. 131, Li;CuClg, THF, -40°C _ S o
DMF 23°C, 10h o) 2min inverse addition T 0
87% 3. THF, -40°C, 1.5h; 23°C, 1h \(
O 134 80% O 435

ACzo Py

23°C, 10 h M
0,
96% 136 Ohc

Scheme 38 — Synthesis of Acetate 136 and Stéreochemistry of Olefin 153.

In the NOESY spectrum of ester 135, the vinyl proton at 5.33 ppm and methyl
signal at 1.76 ppm exhibited an nOe indicative of a cis-olefin. Based on this result, a

similar retention of configuration has been assumed for ester 132.

I11.4 — Conclusion.
In summary, copper-catalyzed cross coupling of aryl Grignard reactions to allylic
acetates 126 and 131 gave ester 132 with retention of stereochemistry. The stage was set

to explore the total synthesis of longithorone C by formation of the macrocycle by RCM.
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Chapter IV:

Improved Gearing Elements for Macrocyclic Olefin

Metathesis: A Model Study

1V.1 — Improved Gearing Element used in Model Systems.

Our group has confinued to investigate new and improved gearing elements for
olefin metathesis. During studies directed towards developing gearing elements that
function via non-covalent interactions, we investigated substituting the pentafluorobenzyl
ester with other fluorinated aromatics. One such attempt involved use of a 3,5-
bis(trifluoromethyl)benzylester (Scheme 39). This gearing element was first examined in

model systems before application to the total synthesis of longithorone C.
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M fk/\k/\)

O

NaOH
PhMe:MeOQOH (1:1), A, 24 h
g@ ot o f)
L C

137

CF;

El3N
DMF, 23°C, 24h
Br. CF,4 80% over two steps

138

Scheme 39 — Preparation of Bistrifluoromethyl Benzyl Ester 139.

Ester 94 was hydrolyzed using‘\I{TaOH in a mixture of toluene and methanol at
reflux for 24 h. The crude acid 1‘37 was alkylated with 3,5-bistrifluoromethylbenzyl
bromide and triethylamine in DMF to a-;fford ester 139 in 80% yield over two steps.
Previously, ring closing metathesis using pentafluorobenzyl ester 94 gave 33% yield of
[12]paracyclophane 58. With bis(trifluoromethyl)benzyl ester 51 the same conditions

gave macrocycle 140 in 47% yield (Scheme 40).
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z % =z
F I F £ =
FEAF
Grubbs Il (10 mol%) 14
p Ti(Oi-Pr)4, DCM, A, 15h E \
o7l 33%
0 0O 6
F Of{_ 0 0
94 § 58 —
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CFs
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CFs Grubbs Il (10 mol%) 14‘
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O O 47% 0O
00
139 N 140 —
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Scheme 40 — Improved Bistrifluoromethyl Gearing Element on Model System.

Qualitatively, the results may be explained by electronic effects of the fluorine
substituents. Since the ﬂuorine atoms of the pentafluorobenzyl ester are directly attached
to the arene in ester 141, the electron density is concentrated on the fluorine atoms and
the center of the arene is considered electropositive. The same effect can be caused by
the bistrifluoromethyl groups in ester 142. However, the fluorine atoms of the
pentafluorobenzyl ester may have both electron donating and electron withdrawing
abilities, where as the trifluoromethyl groups in the bistrifluoromethyl gearing element
are solely electron withdrawing.24 One may consider that the CF; groups make the arene

more electropositive than that of the pentafluorobenzyl ester (Figure 23).
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\,'Z £r OR
CF;
o OR
o 142

Figure 23 — Quadrupolar Interactions using a CF;-Based Gearing Element.

IV.2 — Molecular Modeling using the Bistrifluoromethyl Auxiliary on Model

Systems.

Molecular modeling was used in order to understand how the non-bonding
interactions affected the product distribution using high order DFT method calculations

(Figure 24).%°

* For a complete list of methods and results used in the molecular modeling studies see: Collins, S.; El-
Azizi, Y.; Schmitzer, A. R, J. Org. Chem. 2007, 72, 6397-6408.
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Oxygen - Arene

V= o
D
E \ I XcF
Pentafluoro auxiliary =
F

tack ~ AH‘,porl = -0.20 kcal/mol "stacked” 144 145 =

- ? j 0
o @ o

#

3,5-Bis(trifluoromethyl) auxiliary CF,
AHg,q, - AH,,, = -1.28 kcalimol

"open" 143 AH

&

"open” 146 "stacked” 147 148

Figure 24 — Results of Higher Order DFT Calculations on Model System (Red color denotes areas of

increased electronic density due to fluorine atoms).

In the above model systems (that incorporate the oxygen atoms about the central
arene), the “stacked” conformer 144 of the pentafluorobenzyl! ester was preferred over the
“open” conformer 143 by 0.20 kcal/mol. With the bistrifluoromethylbenzyl ester as
gearing element, the “stacked” conformer 147 was preferred over the “open” conformer
146 by 1.28 kcal/mol. These findings correlate with the increased yield for the
bistrifluoromethylbenzyl ester 140 relative to the pentafluorobenzyl ester 58 in the RCM
reaction. The “stacked” conformers above do not, however, engage in 7 :7 stacking
interactions, instead the benzyl group sits over an oxygen atom (145/148) and is believed

to engage in lone pair: 7 interactions between the electron deficient pendant arene and an
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oxygen atom (Figure 24). These interactions, although rare, have been previously

documented for systems in solutions.*

IV.3 — Molecular Modeling using the Bistrifluoromethyl Auxiliary on an All Carbon

System.

Molecular modeling was carried out in order to probe how the non-bonding
interactions between the electron deficient auxiliaries and electron rich arenes would

effect the product distribution in forming an all carbon [12]paracyclophane (Figure 25).

face-face

o L@

o )

e &

Pentafluoro auxiliary "stacked” 150
AE, .., - AE ., = -0.55 kcal/mol

o =

3,5-Bis(trifluoromethyl) auxiliary
"open” 152 AE,q - AE,, = -0.41 keal/mol

"open” 149

"stacked" 153 154

Figure 25 — Results of Higher Order DFT Calculations on All Carbon System (Red color denotes
area of in

creased electron density due to the fluorine atoms).

4 Egli, M.; Sarkhel, S. Acc. Chem. Res. 2007, 40, 197-205.
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The “stacked” conformer 150 of the pentafluorobenzyl ester was preferred over
the open conformer 149 by 0.55 kcal/mol. The “stacked” conformer 153 of the
bistrifluoromethyl auxiliary was preferred over the open conformer 152 by only 0.41
kcal/mol. The lower energy difference calculated for the bistrifluoromethylbenzyl
gearing element may be due to steric repulsion between the trifluoromethyl groups and
the central arene. In the absence of oxygen atoms, the “stacked” conformers were
predicted to engage in quadrupolar m:7 interactions (151/154) (Figure 25).

The pentafluorobenzyl ester was thus predicted to be more likely to form the all
carbon macrocycle. Consequenﬂy, RCM was examined on olefins 155 and 156
containing both auxiliaries to correlate the above findings with the paracyclophane

product distribution (Figure 26).

A
Catalyst (10 mol %)
ArH2CO Ti(Oi-Pr);, DCM, A, Time ArHCO,
© a O~F# 0
155 = Pentafluorobenzyl ester 157 = Pentafiluorobenzyl ester
156 = Bis(trifluoromethyl)benzyl ester 158 = Bis(trifluoromethyl)benzyl ester

Figure 26 — Model System used in Determining the Ideal Gearing Element.

IV.4 — Determining the Ideal Gearing Element in the Formation of an All-Carbon
[12]Paracyclophane.

The following retrosynthetic analysis was proposed to study the gearing element

for the formation of an all carbon macrocycle (Figure 27).
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/ Negishi Coupling

Esterification

Figure 27 — Retrosynthetic Analysis for the Model System used for Determining the Ideal Gearing

Element.

Aryl iodide 124 was made as described in chapter III. Bromide 161 was made

from commercially available olefin 162 (Scheme 41).

TBDPSCI OTBDPS Ozone OTBDPS
Imid, DMF, 23°C, 5h 163 Py, DCM, -78°C, PPh3 1h ]

99%

THF, -78°C

-
DCM 0°C, 2h, Dark 166 THF, 23°C, 5h 165
99% 30% over three steps

Scheme 41 — Synthesis of Bromide 161.

0
| EtPPh3Br, nBuLi

Protection with TBDPSCI afforded silyl ether 163 in quantitative yield. Without
further purification silyl ether 163 was cleaved by ozonolysis for 1 h at -78°C to afford
aldehyde 164 that was immediately converted to olefin 165 by a Wittig reaction using
ethyl triphenylphosphonium bromide and #-BuLi in anhydrous THF. Triphenylphosphine

oxide was precipitated out using hexanes and was filtered during workup, and the silyl



68

ether of olefin 165 was removed with TBAF to afford alcohol 166 in 30% yield over four
steps. Finally, bromide 161 was ﬁrepared from alcohol 166 in the dark using PPh; and

CBr4 in CH,Cl, for 1.5-2 h and was used without further purification in the next synthetic

step (Scheme 42).
|
\7/ Br t-BuLi, ZnCl, _
d ¥ PACl,(dppf), THF, 55°C, 18h Y
| 161 20% Q
0 A0 O~
124 167
CF3 F E NaOH
R PhMe:MeOH (1:1)
A,24h
Br. Br
CF3 F A
69
198 gy F
DMF, 23°C, 10h HO
77% over two steps
for both benzylbromides
Y [¢] ~ o\/\

168

155 = Pentafluorobenzyl ester
156 = Bis(trifluoromethyl)benzyl ester

Scheme 42 — Synthesis of Pentafluorobenzyl ester 155 and Trifluoromethylbenzyl ester 156.

Triene 167 was formed by coupling the organozincate of bromide 161 to aryl
iodide 124 using PdCl(dppf) in anhydrous THF, albeit in 20% yield. Pentafluorobenzyl
ester 155 and triﬂuoromethylbenzyll. ester 156 were both made in 77% yield over two
steps by saponification of ester 167 with NaOH in a 1:1 mixture of toluene and methanol,

and alkylation of acid 168 with the respective benzyl bromide (69 and 138).
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Metathesis of esters 155 and 156 were conducted in anhydrous CH,Cl; using
Grela catalyst 169 and the Blechert catalyst 170 in attempts to form [12]paracyclophanes

157 and 158 (Table 3).

Table 3 —- RRCM of Model Compound [12]Paracyclophane 157 and 158.

X
Catalyst (10 mol %)
ArH,CO, Ti(OiPr)s, DCM, 4, Time ArH,CO,
o]
“ O\/\ 0O
155 = Pentafluorobenzyl ester 157 = Pentafluorobenzyl ester
156 = Bis(trifluoromethyl)benzyl ester 158 = Bis(trifluoromethyi)benzyl ester
MesN NMes MesN NMes
CI/ Cl, T
cl” RU—Z |pRU_
Y Ph
Grela 169 Blechert 170
Entry Aryl-CH, Catalyst (10 mol %) Solvent Addition Time (h) Reaction Time (h) Yield (%)
1 3,5-bistrifluoromethylbenzyl ester Grela 169 CH,Cl, 1.0 4.0 0
2 pentafluorobenzy! ester Grela 169 CH,Cl, 1.0 4.0 7-10
3 pentafluorobenzyl ester Grela 169 PhMe 1.0 4.0 7-10
4 pentafluorobenzyl ester Blechert 170 CH.Cl, 1.0 4.0 14

- No trace of macrocycle 158 was observed after treatment of the
bistrifluoromethylbenzyl ester 156 with catalyst 169 for 4 h in CH,Cl; (Entry 1, Table 3).
On the other hand, pentafluorobenzyl ester 155 reacted under the same reaction
conditions to furnish macrocycle 157 in 10% yield (Entry 2, Table 3). Using toluene and

increased reaction temperatures did not produce any improvement in the yield of 157
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(Entry 3, Table 3). However, with the use of Blechert’s catalyst 170, macrocycle 157
was obtained in a cleaner reaction and in 14% yield (Entry 4, Table 3).

In the NOESY spectrum of macrocycle 157, the configuration about the newly
formed double bond was shown to be cis on observation of a nOe between the signals for

the methyl (1.73 ppm) and vinyl (4.36 ppm) proton signals (Scheme 43).

Blechert Catalyst 170 (10 mol%)

Ti(OHPr),, DCM, A, Time
14%

Scheme 43 — NOESY of Macrocycle 157.

In light of the cis-geometry of trisubstituted olefin 157 the ring strain involved in
forming [12]paracyclophanes was expected to lead to a cis-olefin in the RCM reaction to

form longithorone C.

IV.5 — Conclusion.

In this chapter, other fluorinated aromatics were demonstrated to serve as gearing
elements. Formation of all carbon [12]paracyclophane 157 containing a tri-substituted
olefin was achieved by olefin metathesis albeit in low yield. As suggested by molecular
modeling calculations using the high order DFT method, the pentafluorobenzyl ester
proved superior to the bistrifluoromethylbenzyl ester for favoring a “stacked” conformer

as a result of the stronger non-bonding interactions between the pentafluorobenzyl ester
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and the pendant arene that may be necessary for RCM.* These suggestions correlated
with the formation of [12]paracyclophane 157 containing one tri-substituted olefin (Table
3). Although the yields in these macrocyclizations were low, the macrocyclization to

form longithorone. C was expected to proceed more efficiently due to the presence of the

cis-olefin adjacent to the aromatic core.
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Chapter V:

Approach Towards the Total Synthesis of (+)-Longithorone C

The present chapter will focus on the approach towards the completion of the total
synthesis of longithorone C. The following retrosynthetic analysis could be followed in

order to arrive to the desired target (Figure 28).

Oxidation 31 % H202 KHSO,
MeOH
o HO
17

longithorone C

1. Saponification
2. Reduction/ Oxidation

Coupling

NS

Coupling Esterification Metathesis

132 174 173

Figure 28 — Retrosynthetic Analysis for Longithorone C.
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Synthesis of ester 132 was described in chapter III. Following saponification of
“the iso-propyl group of ester 132, and esterification with the gearing element of choice,
olefin 174 was expected to undergo RCM to form macrocycle 173. The remaining
synthetic steps would involve a series of oxidation/reduction reactions in order to form

the quinone core of longithorone C.

V.1 - RRCM in Forming an All-Carhon [12]Paracyclophane.

Saponification of the iso-propyl group of ester 132 was performed using an excess
of NaOH in a 1:1 mixture of toluene:methanol at reflux. Olefin 175 was obtained in 94%
yield, and without further purification, alkylated with either pentafluorobenzyl bromide
69 or bis-3,5-(trifluoromethyl)benzyl bromide 138 using K,CO; as base. The bromides
69 and 138 were passed through basic alumina twice prior to their use in alkylation of

olefin 175 in order to obtain 80% yield of olefins 174 and 176 respectively (Scheme 44).
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NaOH

P,

PhMe:MeOH 1:1, A, 10h  HO
94%

l
175 0\)

. F . CF4 KoCOs
\0 DMF, 23°C, 24h
80%
Br g Br CF,
F 69 138

174 = Pentafluorobenzyl| ester
176 = Bistrifluoromethyl ester

Scheme 44 — Synthesis of Macrocyclization Precursors 174 and 176.

A series of catalysts were next screened in the macrocyclization step in forming

macrocycles 173 and 177 (Table 4).
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Table 4 — RRCM in forming Cyclophanes 173 and 177.

Catalyst (10 mol %) 0
Ti(Oi-Pr)4, Solvent, A, Time ArHCO,
o}
174 = Pentafluorobenzyl ester 173 = Pentafluorobenzy| ester
176 = Bistrifluoromethylbenzyl ester 177 = Bistrifluoromethylbenzyl ester
Entry Substrate Catalyst (10 mol %} Solvent  Addition Time (b)) Reaction Time (h) Yield (%)

1 174 GIl14 CH,Cl, 1.0 18.0 traces®
2 174 G-HI177 CH,Cl, 1.0 18.0 traces
3 174 Grela 169 CH,Cl, 3.0 4.0 23
4 174 Grela 169 PhMe 3.0 4.0 20
5 176 Grela 169 CH,(Cl, 1.0 4.0 10
6 176 Grela 169 PhMe 3.0 4.0 32
7 176 Blechert 170 CH,Cl, 1.0 4.0 7

* Al additions were conducted using a syringe pump
" Traces of product were observed by 'H-NMR

From the macrocyclization of‘bistriﬂuoromethylbenzyl ester 176 in CH,Cl, with
either 10 mol% of catalyst 14 or 77, after 18 h only traces of macrocycle 177 were
observed by '"H-NMR (Entries 1 and 2, Table 4). Macrocycle 177 was isolated in 23 and
20% yields for 4 h using the Grela catalyst 169 in CH,Cl; and PhMe respectively (Entry
3 and 4, Table 4).

Pentafluorobenzyl ester 174 with catalyst 169 in CH,Cl, afforded macrocycle 173
in 10% yield (Entry 5, Table 4). An increased yield of 32% was obtained from reaction
of 174 in toluene (Entry 6, Table 4). In addition, using the Blechert catalyst 170 on
pentafluorobenzyl ester 174, afforded macrocycle 173 in 37% yield (Entry 7, Table 4).

The higher reaction yields observed using pentafluorobenzyl ester 174 relative to
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bistrifluoromethylbenzyl ester 176 agreed with the findings of the molecular modeling
calculations that suggested superior stacking effects of the pentafluorobenzyl gearing

element would be preferred (Chapter IV).

V.2 — Future Work for Completing the Total Synthesis of Longithorone C.

The best reaction conditions for RRCM was found using pentafluorobenzyl ester
69 as gearing element (olefin 174), in anhydrous CH;Cl,, with 10 mol% of catalyst 170,
and 5.0 equivalents of Ti(Qi-Pr),, affording macrocycle 173 in 37% yield (Table 4). Our
group is presently working on further optimizing the auxiliaries for macrocyclization of
the above all carbon system. The following synthetic steps would complete the total

synthesis of longithorone C (Figure 29).

31 % H,0,, KHSO,

MeOH
O Oxidation 0
s
(o] HO
N\
longithorone C 171

Figure 29 — Proposed Reaction Steps for the Completion of Longithorone C.
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Following the formation of macrocycle 173 via RRCM, removal of the gearing
element may be achieved using DIBAL-H at low temperatures. An interesting procedure
developed by Backvall and co-workers may allow for the successful oxidation of
aldehyde 172 to phenol 171 resembling the Baeyer-Villiger reaction. The challenge with
the latter ox1dat10n bemg unfavorable for substrates possessing functional groups labile to

peracids, was overcome by the acid-catalyzed oxidation of benzaldehydes such as 172

w1th hydrogen perox1de in methanol that proceed through peroxy hemiacetal

1;
I 1

mtermedlates such as 178b (Flgure 30).% 7

172 ' L 1782 - L 178b -

E Ar Migration

Figure 30 — Proposed Mechanism for Oxidation of Benzaldehydes to Phenols.

The formation of hemiacetals of type 178b was made possible through dimethyl acetal

intermediates of such as 178a prepared by treating aryl aldehydes of type 172 in acidic

41 Matsumoto, M., Kobayashi, K., Hotta, Y. J. Org. Chem. 1984, 49, 4740-4741.
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methanol. Aryl migration of intermediate 178b would therefore provide ester 179, and
subsequent hydrolysis would afford phenol 171. In this manner, olefinic substituents in
benzaldehydes should be stable under the present reaction conditions and the oxidation
products should be phenols as opposed to benzoic acids obtained via the Baeyer-Villiger
reaction (Figure 30).

In order to form the quinene core of longithorone C from phenol 171, Sorokin and
co-workers developed a controlled oxidation for phenols bearing oxidizable olefinic
functional groups under mild conditions.using iron tetrasulfophthalocyanine supported on
silica as a heterogeneous catalyst and fert-butylhydroperoxide as the oxidant.? Their
group observed that aromatic oxidation was the major pathway and the proposed
mechanism was based on an iron complex-based oxo species formed when iron
complexes in combination with hydroperoxides involved in oxidation reactions.

Following the completion of"longithorone C, the asymmetric synthesis should be
attempted By employing either a chiral ;:'aéalyst or a chiral auxiliary. For example Grubbs
has developed a chiral catalyst such as catalyst 180 that may be used in the asMetﬁc
synthesis of longithorone C, however bulky catalysts such as 180 have been known to
show low reactivity.”> Recently, Pierre-André Fournier within our group had developed a
reactive and less bulky catalyst, PAF-1 181, in order to have an increased level of

reactivity compared to existing chiral Ru-based catalysts (Figure 31).%

2 Sorokin, A.B.; Zalomaeva, O.V. New J. Chem. 2006, 30, 1768-1773.
* Seiders, T. J.; Ward, D. W.; Grubbs, R. H. Org. Lett, 2001, 3, 3225-3228.
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Ph, Ph ’ t-Bu, t-Bu
— P —
Q/N N x @/N N—Me
i-Pr TC'\© i-Pr TC,
(RUK RU\_\
Cl | Ph . ; cl Ph
PCys T PCys
Grubbs 180 PAF-1 181

v

Figure 31 — Proposed Chiral Catalysts for the Asymmetric Synthesis of Longithorone c®

The results found while cyclizing the precursor 174 suggest that more reactive
catalysts are necessary in order to obtain high reaction yields. As such, catalyst PAF-1
181 would seem to be a promising choice (Figure 31).

Yet another method for performing the asymmetric synthesis would be to use

chiral gearing elements prepared from bromides such 182 and 183 (Figure 32).

CF,

CF3

o182, 183

Figure 32 - Proposed Chiral Auxiliaries for the Asymmetric Synthesis of Longithorone C.

Esterification with these auxiliaries may lead to chiral gearing elements, which in

turn may lead to the asymmetric synthesis of longithorone C.
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V.3 — Conclusion

Inspired by the independent work performed by Tadahiro and co-workers in
forming Longithorone B, and Shgir and co-workers in forming Longithorone A, our
group had focused on optimiz‘§n‘g ~ macrocyclization reactions forming the
[12]paracyclophane longithorone C. Model studies revealed that ring-closing olefin
metathesis can be used in forming [|1'2]‘and [14]paracyclophanes with macrocycles
resembling that of longithorone C The formation of various macrocyclic cyclophanes
via ring-closing olefin metathesis} was, Eqissible through the use of a pendant fluorinated
benzyl ester group. Bis(trifluoromethyl)benzyl ester proved best for model system 139
incorporating the oxygen atoms about the qentral aromatic core. Pentafluorobenzyl ester
was more effective in making the all carbon paracyclophane 157. Model studies revealed
that the use of relay side chain 126, was necessary in order to form highly substituted
double bonds by a novel technique call&;,d relay ring-closing metathesis. In addition, our
group was able to stereoselectively form the [12]paracyclophane 173 using copper
catalyzed Grignard reactions opti.mize‘d in our labs. The advanced precursor 173 has

been prepared and may be converted to longithorone C by a sequence of reactions

featuring an ester reduction and aromatic ring oxidation.
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Chapter VI:

Experimental

V1.1 - General Experimental Notes

Reagents
All reagents were purchased from Aldrich, Sigma, or Alfa Aeser and were used without

further purification, unless otherwise noted.

Anhydrous Reaction Conditions

All anhydrous reactions were performed under an atmosphere of dry nitrogen. The glass
vessels, needles, stirring bars, and reflux condensers were either oven dried at 110-140°C,
or flame dried, and cooled to room température under a flow of nitrogen. Solvents such
as tetrahydroﬁlran', dichloromethane;i diethyl ether, toluene, hexane, methanol, and
dimethylformamide were obtained by filtration through the Seca Solvent System by
GlassContour, which filters the solvents over a column of alumina under an atmosphere
of argon. Acetonitrile and benzene were purchased from Aldrich and were dried using

molecular sieves (4-8 mesh, 0.125 inch, type 4 A).
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Temperature Control
The temperatures indicated in the reaction schemes and in the procedures are all external

temperatures. The following bath temperatures were obtained from the following

mixtures:
-78°C dry ice-acetone bath
-40°C dry ice-acetonitrile bath
0°C ice water bath
23°C ambient temperature
Chromatography ’

Silica:gel flash chromatography was carried out according to the procedure of Still,*
using silica gel obtained from Silicycle Chemical Division (40-63 nm; 230-240 mesh).
Thin layer chromatography (TLC) was performed using commercially available,
precoated glass backed Silica Gel 60 'F254 plates with a thickness of 25 um.
Visualization of the UV active corﬁbounds on the TLC plates was done with the aid of a
UV254 lamp. The TLC plates were stained with either of the following stains:
e Cerium molybdate stain:*’ Prc;i)ared by dissolving 12 g ammonium molybdate,
and 6.5 g ceric ammoniurﬁ "molybdate in 235 mL H,O and 15 mL

concentrated sulfuric acid.

* Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-2925.
$ gl Khadem, H.; Hanessian, S. Anal. Chem. 1958, 30, 1965-1965.
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e Potassium permanganate stain: Prepared by dissolving 1.5 g potassium

permanganate, 10 g potassium:carbonate and 1.25 mL 10% NaOH in 200 mL

H,O0.

Instrumentation

Nuclear Magnetic Resonance Spectroscopy:

Routine nuclear magnetic resonance spectra were recorded on Bruker AMX 300 ('H 300

MHz, '3C 75 MHz), Bruker AV 300 ('H 300-MHz, '*C 75 MHz), Bruker ARX 400 (‘H

400 MHz, '°C 100 MHz), and Bruker AV 400 (‘H 400 MHz, '>C 100 MHz) instruments.

Chemical shifts (6) and coupling constants (J) are expressed in parts per million (ppm)

and hertz (Hz) respectively. Abbreviations used describing the splitting of the peaks are

as follows:

dd

ddt

sept

singlet

doublet

triplet

quartet

doublet of doublets

doublet of doublet of triplets
multiplet

septet
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Please note that all '>C signals for.carbons bearing fluorine substituents are often
observed as .very weak signals. These signals are often unobservable or barely

distinguishable from the baseline. As such, the signals are not reported.

Gas Chromatography:

GC-MS data were measured using an.Agilent Capillary Column model number 19091s-
433 HP-5MS, 30.0 m length, 250.0 -um diameter, and 0.25 um thickness. Front inlet
Splitless, with an initial temperature of 250°C. - The run time was 0 — 27.5 min. The oven
temperature was 50°C — 275°C, with an’ instrumental rate of 10°C/min. The flow rate
was established at 1.0 mL/min, using helium gas and the Front detector phECD was set at

250°C.

Mass spectra:

High resolution mass spectroscopy (HRMS) was done by the Centre régional de
spectrométrie de masse at the Department of Chemistry, Université de Montréal using an
LC-MSD-TOF instrument from Agilent Technologies in positive electrospray mode.
Either protonated molecular ions (M + H)" or sodium adducts (M + Na)" were used for
empirical formula confirmation. Ilodide 152 proved to be too unstable for HRMS by
FAB, API, EI, and CI. As such, iodide 152 did not ionize and consequently did not

provide any valid mass spectral data.
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V1.2 — Experimental Procedures and data

Preparation and Titration of i-PrMgBr

The preparation of i-PrMgBr has been described by Steglich and co-workers.*® The
titration of i-PrMgBr has been described by Paquette and co-workers.’

Titration of n-BulLi, s-BuLi, and ¢-BuLi

The titration of organolithium reagents has been described by Baclawski and co-

workers,*

Preparation of dilithium tetrachlorocuprate

LiCl and CuCl; were independently dried for 10 h at 100°C under reduced pressure.
Both reagents were transferred to a glove box under a nitrogen atmosphere. To a round
bottom flask containing CuCl; (0.67 g, 5'mmol) and LiCl (0.42 g, 10 mmol) anhydrous
THF (10 mL) was added. The solution was allowed to stir at room temperature for 10
min affording a homogeneous dark-red .colored solution. The concentration of Li;CuCly
prepared in this manner was 0.5 M and was used immediately. This solution was never

stored for more than a couple of hours.*

“ Steglich, W. Synthesis 2005, 6, 1019-1027.
“Lin, H. S.; Paquette, L. Synth. Commun. 1994, 24, 2503-2506.
* Kofron, W. G.; Baclawski, L. M. J. Org. Chem. 1976, 41, 1879-1880.
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Pentafluorobenzyl-2,5-dihydroxybenzoate (60)

F OH
RAF
__PPhyDIAD _
THF, 23°C, 10h .
46% 0
’ £ O OH

60
In a round bottom flask, benzoic acid 66 (1.54 g, 9.99 mmol), PPh; (4.20 g, 16.0 mmol),
and alcohol 67 (0.99 mg, 5.00 mmol) were dissolved in anhydrous THF (100 mL), cooled
to 0°C, and treated over a 2 min period with DIAD (3.10 mL, 16.0 mmol). The reaction
was allowed to stir at room temperatu;e’ for 10 h, and was monitored by TLC (diphenol
60: Ry = 0.2, 100% ethyl acetate, product appeared purple under UV irradiation).
Additional PPh; (2.10 g, 8.00 mmol) was added to the mixture until the yellow color of
DIAD had disappeared. The volatiles were evaporated to a residue that was purified by
silica gel flash chromatography (10% ethyl acetate/hexanes). Evaporation of the
collected fractions gave ester 60 as a white solid (1.52 g, 46%). Spectral data for 60

T

matched that reported in the literature.*’

Pentafluorobenzyl 2,5-dihydroxybelizoate (60)

OH
Et:N
HO. + DMF, 23°C, 10h
80%
O OH FO OH
66 69

In a round bottom flask, benzoic acid 66 (0.20 g, 1.30 mmol) and bromide 69 (0.18 mL,

1.30 mmol, previously passed through a short plug of basic alumina) were dissolved in

“ Collins, S. K.; El-Azizi, Y. Pure Appl. Chem.' 2006, 78, 783-789.
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anhydrous DMF (13 mL), cooled to 0°C, treated dropwise with Et;N (0.20 mL, 1.42
mmol) and stirred at 0°C for 10 min. The solution was allowed to warm to room
temperature and stirred for 10 h. The reaction was monitored by TLC (100% ethyl
acetate). The reaction was cooled to 0°C and quenched with 1IN HCI (7.1 mL, 7.13
mmol). The mixture was‘ Vextracted V.V.it,h Et;0 (3 x 15 mL). The combined organic
extracts were washed with brine (1 X 4:5th), and dried over Na;SO4. The volatiles were
evaporated to.a residue that was punﬁed by silica gel flash chromatography (10% ethyl

acetate/hexanes). Collection of the fractions gave ester 60 as a white solid (0.35 g, 80%).

PRV L

Spectral data for 60 matched that reported in the literature.*

1'1;\“

(E)-4-(Allyloxy)-2-methylbut-2-en-1-ol (61)

o 0
EtO. eJJ\)LOEt

)JO\/ OEt Eto)l»b,l
: OTBDMS — > )\/
NaH, THF, 0°C - 30min, 23°C - 10 h OTBDMS
71 72 cisfrans 13:87
DIBAL-H
DCM, -78°C, 2h
"o _ _ NaH, Allyl bromide HO™ ™
I OTBDMS ~ THF, 23°C, 10h J\/OTBDMS
75 . 73
TBAF
THF, 23°C, 5h

30% over 4 steps

ST
* OH

61 \Ai! \
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In"a round bottom flask, under nitrogen, NaH (15.2 g, 0.38 mol) was washed with
anhydrous hexane (3 x 100 mL), taken up in anhydrous THF (500 mL), cooled to 0°C,
and treated dropwise with tris(triethyl)phosphonoacetate (70.0 mL, 0.35 mol) monitoring
closely the release of hydrogen-gas. The solution was allowed to stir at 0°C for | h. The
solution gradually changed appearance, becoming transparent. Silyl ether 71 (55.0 g,
0.29 mol) was added dropwise at 0°C to the reaction mixture, that was stirred for 0.5 h
and allowed to warm to room temperature, with stirring for 10 h. The reaction was
monitored by TLC (16% ethyl acetate/hexanes). The solution was quenched with water
(100:mL) at 0°C. The mixture was extracted with Et;O (3 x 100 mL). The combined
organic extracts were washed with brine (1 x 100 mL), and dried over Na,SO4. The
volatiles were evaporated to a residue as cis:trans isomers (13:87, determined by LCMS:
Gimini C-18, 5 p, 50 x 4.6 mm Co'llég?n,\O.S mL/min, 70% ACN/H,Q). The pale yellow
oil was immediately carried over to ttiile:"héxt reaction. Spectral data for 72 matched that
reported in the literature.”® In .a round bottom flask, a solution of ester 72 (75.0 g, 0.29
mol) in anhydrous CH;Cl; (500 mL) was cooled to -78°C, treated dropwise over 2 h with
DIBAL-H (697 mL, 0.69 mol), stirred at -78°C for 2 h, and monitored by TLC (13%
ethyl acetate/hexanes). The reaction A\ﬁé;ilquenched at -78°C with a saturated solution of
Rochelle’s salt, and stirred at room temperature until a successful partition between the
two phases had been achieved. At times, the separation was achieved by adding more
Rochelle’s salt. The mixture was extracted with Et;0O (3 x 100 mL). The combined
organic extracts were washed with brine (1 x 100 mL), and dried over Na,SO,, and

evaporated to give crude 73 as a pale-yellow oil used without further purification.

% Baldwin, L. R.; Whitby, R. J. Chem. Comm. 2003, 22, 2786-2787.
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Spectral data for 73 matched that. reported in the literature.”® In a round bottom under
nitrogen, NaH (15.2 g, 0.38 mol) was washed with anhydrous hexane (3 x 100 mL),
suspended in anhydrous DMF- (500 mL), cooled to 0°C, and treated dropwise with
alcohol 73 (63.0 .g, 0.29 mol) monitoring closely the release of hydrogen gas. After
stirring for 1 h at 0°C, the mixture was treated dropwise with allyl bromide (27.0 mL,
0.32 mol, previously passed through acshort plug of basic alumina), stirred for 0.5 h,
warmed to room temperature, stirred. for 10 h, monitored by TLC (10% ethyl
acetate/hexanes), cooled to 0°C, and quenched with water (100 mL). The mixture was
extracted with Et,O (3 x 100 mL), dried over Na,SQ4, and evaporated to give crude 75 as
a pale-yellow oil, that was used without: further purification. In a round bottom flask,
silyl ether 75 (36.7 g, 0.14 mol) was dissolved in anhydrous THF (500 mL), cooled to
0°C, treated dropwise with TBAF (430 mL, 0.43 mol), and allowed to warm to room
temperature. The reaction was monitored by TLC (20% ethyl acetate/hexanes). After
stirring for 12 h, the reaction was quenched with NaHCO; (500 mL), and extracted with
Et,O (3 x 250 mL).: The combined organic extracts were washed with brine (1 x 250
mL), dried over Na;SO,, and evaporated to give a residue that was purified by silica gel
hash chromatography (10% ethyl acetate/hexanes) to afford alcohol 61 as a pale-yellow
oil (8.10 g, 30% over four steps). 'H NMR (400 MHz, CDCls) & 5.83 (ddt, J = 17.1,
10.5, 5.7 Hz, 1H), 5.51 (t, J = 6.7 Hz, 1H), 5.19 (dd, J = 17.1, 3.3 Hz, 1H), 5.10 (dd, J =
10.5, 3.3 Hz 1H), 3.95 (d, J = 6.7 Hz, 2H), 3.89 (m, 4H), 3.29 (s, 1H), 1.59 (s, 3H); "°C
NMR (100 MHz, CDCls) & 139.2;'134.4, 120.5, 116.9, 70.9, 67.2, 65.9, 13.5; HRMS

(ESI) calculated for CgH;s0, [M + HJ", 143.1067, found 143.1064.
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Pentafluorobenzyl ' 5-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trienoxy)-2-((E)-4-

(allyloxy)-2-methylbut-2-enoxy)benzoate (64)

F OH | F o™ < 7
FAF HO N & & FAF
65 .
F PPhs, DIAD, THF, A, 10 h E
oT Il ‘
FO OH : TS o
60 76
\ o N\F PPh;, DIAD
HO THF, A, 10h
61 30% over two steps

o FAF
0
i O

: 64
In a round bottom flask, ester 60 (0.17 g, 0.51 mmol), alcohol 65 (0.06 g, 0.25 mmol),
and PPh; (0.11 g, 0.41 mmol) were dissolved in anhydrous THF (50 mL), heated to a
reflux using an oil bath, treated dropwise with DIAD (0.08 mL, 0.41 mmol) such that the
yellow color disappeared before the next drop, and stirred for 4 h. The reaction was
monitored by TLC (13% ethyl acetate/hexanes). The solution was allowed to cool to
room temperature, treated with PPh; (0.05 g, 0.21 mmol) until the yellow color
disappeared, and evaporated to give-a residue that was further purified by silica gel flash
chromatography (5% ethyl acetate/hexanes). Evaporation of the collected fractions gave

phenol 76 as a pale-yellow oil (0.08 g, 55%), contaminated with traces of dialkylated

byproduct as indicated by both IH-,NMR and *C-NMR spectroscopy. Without any
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further purification, phenol 76 was treated with alcohol 61 (0.03 g, 0.23 mmol), and PPh;
(0.10 g, 0.36 mmol), dissolved in anhydrous THF (50 mL), heated to a reflux using an oil
bath and treated dropwise with DIAD (0.07 mL, 0.36 mmol) such that the yellow color
disappeared before the next drop. 1The solution was stirred for 4 h, and monitored by
TLC (13% ethyl acetate/hexanes)&.:. T_he reaction was allowed to cool to room
temperature, treated witlh PPh; (6.05 g, 6.18 mmol) until the yellow color disappeared,
and evaporated to a residue that was purified by silica gel flash chromatography (5%
ethyl acetate/hexanes). Ether 64 was obtained as a pale-yellow oil (0.05 g, 30% over two
steps). 'H NMR (300 MHz, CDCl3) § 7.33 (d, J = 3.1 Hz, 1H), 7.01 (dd, J = 9.1, 3.1 Hz,
1H), 6.87 (d, J = 9.1 Hz, 1H), 5.92 (ddt, J = 17.1, 10.4, 5.7 Hz, 1H), 5.73 (t, J = 6.5 Hz,
1H), 5.45 (t, J = 6.6 Hz, 1H), 5.40 (s, 2H), 5.27 (dd, J = 17.1, 3.1 Hz, 1H), 5.19 (dd, J =
10.4, 3.1 Hz, 1H), 5.09 (d, J = 5.3 Hz, 2H), 4.49 (d, J = 6.6 Hz, 2H), 4.42 (s, 2H), 4.05
(d, J = 6.5 Hz, 2H), 3.97 (dt, J = 5.7, 1.2 Hz, 2H), 2.05-1.92 (m, 8H), 1.72 (s, 6H), 1.67
(s, 3H), 1.59 (s, 6H); ."*C NMR (75 MHz, CDCl,) & 165.2, 152.7, 152.3, 141.6, 135.4,
134.8, 134.7, 131.3, 124.5, 124.3, 123.6 (2C), 120.8, 119.7, 119.2, 117.1 (2C), 115.4,
74.6, 71.2, 66.0, 65.5, 53.6, 39.7,:39.5, 26.7, 26.2, 25.7, 17.6, 16.6, 16.0, 13.8; HRMS

(ESI) calculated for C3;HasFsOsNa [M +Na]*, 685.2924, found 685.2926.
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(E)-Ethyl 7,11-dimethyl-3-oxododeca-6,10-dienoate (81)

HO/\M ys -

79 + Nal, ACN, 23°C, 0.5h 80
62%

NaH, n-Buli

Ethyl Acetoacetate

THF, 0°C, 10min;
23°C, 10h

43%

EtO

81

In a round bottom flask, geraniol 79 (5.00 mL, 28.8 mmol), Nal (4.30 g, 28.8 mmol) and
anhydrous ACN (200 mL) were aci;led. In the dark, the reaction was cooled to 0°C,
;reated with Amberlyst 15 (29.0 g) in box,'tions over 15 min, and monitored every 5 min
by TLC (25% efhyl acetéfe/hexanes). Qﬁce no more geraniol was observed by TLC, the
solution was filtered to remove the re:s,in,‘and evaporated in the dark at room temperature
to yield crude 80 (4.71 g, 62%), which was used without further purification. To avoid
ﬁsing excess resin, the reaction fnust be closely monitored following each addition of
Amberlyst 15, and ﬁltéréd immediately after all the geraniol had been consumed.

! In a round bottom flask

Spectral data for 80 matched that reﬁorted in the literature.
under nitrogen, NaH (0.08 g, 1.92 mmol) was washed with anhydrous hexane (3 x 10
mL), suspended in anhydrous THF (10 mL), cooled to 0°C, treated dropwise with

ethylacetoacetate (0.20 mL, 1.54 mmol) monitoring closely the release of hydrogen gas.

The reaction was stirred for 10 min. #-BuLi (0.81 mL, 1.92 mmol) was added, and the

5! (a) Tajbakhsh, M.; Hosseinzadéh, R.; Lasem, Z.; Rostami, A. Synth. Commun. 2008, 35, 2905-2911. (b)
Tajbakhsh, M.; Hosseinzadeh, R.; Lasemi, Z. Synlett 2004, 4, 635-638.
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solution was allowed to warm to room temperature. After stirring for 1 h, geranyl iodide
80 (0.20 g, 0.77 mmol) was added to t_hg_e(_reaction mixture, which was stirred for 1 h, and
monitored by TLC (5% ethyl acefé\{e/hexanes). The solution was cooled to 0°C,
quenched with 10% AcOH (10 mL), and extracted with Et,O (3 x 25 mL). The combined
organic extracts were washed with brine (1 x 10 mL), dried over Na,SQy, and evaporated
to give a residue that was purified by silica gel flash chromatography (5% ethyl
acetate/hexanes). Ester 81 was obtained as a pale-yellow oil (0.09 g, 43%) and exhibited

spectral data as reported in the literature.

o

Geranyl bromide (87)
/K/\/]\/\ PPhs, OB > )\/\/l\/\
'OH; DCM, 0°C, 1.5h, Dark Br
87

7 ' 99%

In 2'1; 'rb'ﬁnd bottom flask in the dafk, geraniol 79 (3.00 mL, 17.1 mmol) and PPh; (6.73 g,
25.6 mmol) were treated with arlhydrc)lﬁs: CH,Cl; (170 mL), cooled to 0°C, and treated
with CBry4 (8.5 g, 25.6 mmol) over 0.215 h, stirred for 1.5 h, and monitored by TLC (13%
ethyl acetate/hexanes). The solution was treated with cold hexanes (100 mL), and
tfahsféfred to a separatbry funnel. The bbttom layer, a pale orange oil, was removed and
discarded. The top layer, a milky white solution, was evaporated to a white residue that
was treated with cold hexanes (50 mL) and filtered using high vacuum filtration. The
filtrate was evaporated to a pale-yeﬂow oil .that was treated with cold hexanes (50 mL)
and filtered through a short plug of sili'ca gel under high vacuum. The plug was washed

three times with cold hexanes (3 x 50 mL) and the filtrate was evaporated to a pale-

52 Xie, H.; Shao, Y.; Becker, J. M..; Naider, F.; Gibbs, R. A. J. Org. Chem. 2000, 65, 8552-8563.
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yellow oil (3.70 g, 99%) that was used immediately in the next reaction step. Spectral
data for bromide 87 matched that reported in the literature.> The product was stored in
the freezer (-20°C) for several days.

AR
Pentafluorobenzyl 5-((2Z,6E)-3,7,11-trimethyldodeca-2,6,10-trienoxy)-2-((E)-4-

(allyloxy)-2-methylbut-2-enoxy)benzoate (59)

7z & F P o s
F OH HO 62 . F o
FE AF FEAF
PPh;, DIAD
F THF, 4, 10h
o1 O
FO OH FO OH
60 92a
. o FPhj, DIAD
V THF. A, 10 h
HO 61
30% over two steps

C W
N -
;QF
0O~ O/\\/
Fo o\/lf\
59

Follow experimental for pentafluorobenzyl 5-((2E,6F)-3,7,11-trimethyldodeca-2,6,10-
trienoxy)-2-((£)-4-(allyloxy)-2-methylbut-2-enoxy)benzoate (64). '"H NMR (400 MHz,
CDCl;) 6 7.33 (d, J = 3.1 Hz, 1H), 7.01 (dd, J = 9.1, 3.1 Hz, 1H), 6.87 (d, / = 9.1 Hz,

1H), 5.92 (ddt, J=17.1, 10.4, 5.7 Hz, 1H), 5.73 (t, J = 6.5 Hz, 1H), 5.47 (t, J = 6.6 Hz,

1H), 5.40 (s, 2H), 5.27 (dd, J = 17.1,3,1 Hz, 1H), 5.19 (dd, J = 104, 3.1 Hz, 1H), 5.11-

 Durst, H. D.; Liebeskind, L..J. Org. Chem. 1974, 39, 3271-3.
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5.05 (m, 2H), 4.49 (d, J = 6.6 Hz, 2H), 4.42 (s, 2H), 4.05 (d, J = 6.5 Hz, 2H), 3.97 (dt, J
= 5.7, 1.2 Hz, 2H), 2.12-2.03 (m, 6H), 1.99-1.95 (m, 2H), 1.79 (s, 3H), 1.72 (s, 3H), 1.67
(s, 3H), 1.59 (s, 6H); '°C NMR (75 MHz, CDCL;) § 165.2, 152.6, 152.2, 141.9, 135.7,
134.7, 134.6, 131.2, 124.3, 124.1, 124.1, 123.2, 120.6, 119.8, 119.6, 117.1, 117.1, 115.2,
74.4, 71.1, 65.9, 64.0, 53.5, 39.5, 32.2, 26.5, 26.0, 24.4, 17.5, 16.5, 15.8, 13.7; HRMS

(ESI) calculated for C3;H44FsOs [M + H]", 663.3103, found 663.3101.

Cyclophane (58)
= P =
F 0 F o7 ™
RAS Grubbs Il (10mol %)  RAS
- > 14
. Ti(Oi-Pr); DCM, A, 18 h . \
7-10%
FO O FO O
59—\ 58
A

To a flame dried three neck round bottom flask equipped with a reflux condenser under
nitrogen, 2" Generation Grubbs Catalyst (0.002 g, 0.003 mmol) and anhydrous CH,Cl,
(100 mL) were added. The solution was heated to a reflux and treated dropwise with a
solution of ester 59 (0.03 g, 0.05 mmol) and Ti(Oi-Pr), (0.07 mL, 0.25 mmol), dissolved
in CH,Cl; (30 mL) over 1 h using a syringe pump. The reaction was allowed to stir at
reflux for 10 h and was monitored by TLC (10% ethyl acetate/hexanes). The reaction
was quenched with ethyl vinyl ether (5 mL), evaporated down to about 1 mL, and
purified by silica gel flash chromatography (5% ethyl acetate/hexanes). Macrocycle 58

was obtained as a pale-yellow oil (0.002 g, 7%). 'H NMR (300 MHz, CDCl5) 8 7.26 (d,
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J = 3.1 Hz, 1H), 7.12 (dd, J = 9.1, 3.1 Hz, 1H), 6.83 (d, J = 9.1 Hz, 1H), 5.38 (s, 2H),
5.41-5.37 (m, 2H), 5.23 (t, J = 7.6 Hz, 1H), 4.54-4.50 (m, 4H), 2.10-2.05 (m, 2H), 1.98-
1.93 (m, 2H), 1.81-1.77 (m, 2H), 1.67 (s, 3H), 1.52 (s, 3H), 1.46 (s, 3H), 1.38-1.32 (m,
2H); "°C NMR (75 MHz, CDCl;) & 165.0, 152.9, 151.6, 144.5, 132.2, 130.6, 130.6,
128.3, 126.0, 123.9, 123.2, 119.8, 119.4, 116.0, 74.1, 68.0, 53.6, 38.9, 31.7, 27.0, 25.0,
23.6, 15.3, 13.2; HRMS (ESI) calculated for C,oH30FsO4 [M + H]+, 537.2059, found

537.2047.

(2Z,6E)-1-t-Butyldiphenylsilyloxy-3,7,11-trimethyl-2,6,10-dodecatriene (95)

. X

= TBDPSCI =

-

| OH Imid, DMF, 23°C, 30 min | OTBDPS
62 90% 95

In a round bottom flask, alcohol 62 (1.23 g, 5.53 mmol), imidazole (0.56 g, 8.30 mmol),
and TBDPSCI (1.70 mL, 6.64 mmol), were dissolved in anhydrous DMF (10 mL), and
stirred at room temperature for 0.5 h. The reaction was monitored by TLC (13% ethyl
acetate/hexanes). The reaction was partitidned between hexanes and water (83:17). The
mixture was extracted with Et,O (3 x 50 mL). The combined organic extracts were
washed with saturated NaHCO; (1 x 10 mL) and brine (1 x 10 mL), dried over Na,SOs,
and evaporated to a residue that was further purified by silica gel flash chromatography
(100% hexanes, 1 column volume (cv), 2% ethyl acetate/hexanes, 1 cv, 5% ethyl
acetate/hexanes). Ether 95 was obtained as a pale-yellow oil (2.24 g, 90%). 'H NMR
(400 MHz, CDCl;) & 7.68-7.66 (m, 4H), 7.38-7.37 (m, 6H), 5.39 (t, J = 6.2 Hz, 1H), 5.05

(t,J=17.0 Hz, 1H), 4.99 (t, J/ = 5.8 Hz, 1H), 4.19 (d, J = 6.2 Hz 2H), 1.95-1.85 (m, 8H),
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1.70 (s, 3H), 1.66 (s, 3H), 1.57 (s, 3H), 1.50 (s, 3H), 1.04 (s, 9H); ">C NMR (75 MHz,
CDCl13)'8 137.5, 135.6 (4C), 135:4; 134.8, 134.0, 131.3 (2C), 129.5, 128.3 (4C), 124.8,
124.3, 123.7, 60.8, 39.6, 32.2, 26.8 (2C), 26.6, 25.7, 23.4, 19.2, 17.7, 15.9, -5.6 (2C);
HRMS (ESI) calculated for C3;H440SiNa.[M + Na]", 483.3054, found 483.3067.

|

(2Z,6E,10Z2)-3,7-Dimethyldodeca-2,6,10-trien-1-ol (93)

x TBAF X N

OTBOPS THF, 23°C, 5h OH
| 65% |

99 93

A solution of silyl ether 99 (1.10 g; 2.46 mmol) in THF (50 mL) was treated with TBAF
(7.40 mL, 7.39 mmol, 1 M) and stirred at room temperature for 5 h. The reaction was
monitored by TLC (25% ethyl acetate/hexanes). The solvent was evaporated and the
residue was partitioned between saturated NaHCO3 (50 mL) and ethyl acetate (50 mL).
The aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organics were
washed with brine (1 x 50 mL), dried over Na,SQ,, evaporated to a residue that was
purified by silica gel flash chromatography (10% ethyl acetate/hexanes to 33% ethyl
acetate/hexanes). Alcohol 93 was obtained as a pale-yellow oil (0.33 g, 65%). 'H NMR
(300 MHz; CDCl3) 6 5.40-5.29 (m, 3H),-5.12 (t, J = 4.7 Hz, 1H), 4.10 (d, J = 6.4 Hz,
2H), 2.19-2.08 (m, 8H), 1.75 (s, 3H), 1.61 (s, 3H), 1.59 (s, 1H), 1.57 (s, 3H); ’C NMR
(75 MHz, CDCl5) & 140.1, 135.7, 130.1, 124.3, 123.9, 123.7, 59.0, 39.3, 31.9, 26.5, 25.4,
23.4, 15.9, 12.8; HRMS (ESI) calculated for Ci4Hys0 [M + HJ]", 209.1899, found

209.1900. -
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Pentafluorobenzyl = ' 5-((2Z,6E,10Z)-3,7-dimethyldodeca-2,6,10-trienoxy)-2-((E)-4-

(allyloxy)-2-methylbut-2-enoxy)benzoate (94)

o = =
= =
=
F OH . ' . F o
FAF HO ‘ 23 - FAF
PPhs, DIAD N
. -
a% THF, 4,10 h o
FO OH . FO OH
60 100
PPh;, DIAD

o O/\/
T THF, A, 10h

30% over two steps

BRI . 94
Follow experimental for pentaﬂuorob'ehz\yl 5-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-
trienoxy)-2-((E)-4-(allyloxy)-2-methylbut-2-enoxy)benzoate (64). 'H NMR (300 MHz,
CDCl3) & 7.33 (d, J = 3.1 Hz, 1H), 7.01:(dd, J = 9.1, 3.1 Hz, 1H), 6.87 (d, J = 9.1 Hz,
1H), 5.92 (ddt, J = 17.1, 10.7, 5.7 Hz, 1H), 5.73 (t, / = 6.1 Hz, 1H), 5.47 (t, J = 6.2 Hz,
1H), 5.42-5.37 (m, 3H), 5.27 (dd, J = 17.1, 3.3 Hz, 1H), 5.19 (dd, J = 10.7, 3.3 Hz, 1H),
5.16-5.10 (m, 1H), 4.45 (d, J = 6.6 Hz, 2H), 4.42 (s, 2H), 4.05 (d, J = 6.5 Hz, 2H), 3.97
(dt, J = 5.7, 1.2 Hz, 2H), 2.16-2.11:(m,'6H), 2.04-1.99 (m, 2H), 1.79 (s, 3H), 1.72 (s,
3H), 1.64-1.60 (m, 6H);. *C NMR (75 MHz, CDCl;) & 165.2, 152.7, 152.3, 141.1, 135.6,

134.8, 130.2, 124.5, 123.8, 123.7, 123.5, 120.7, 120.0, 119.7, 117.1 (3C), 115.4, 74.6,
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71.2, 66.0, 65.1, 53.6, 39.3, 32.4, 26.5, 25.4, 23.5, 15.9, 13.9, 12.7, HRMS (ESI])
calculated for C3sHsFsOs [M + H]+, 639.2947, found 649.2935,

N
Methyl 2-bv,romo-5-(9—methyIdec-Sjgny,l)benzoate (108)

".)

Br (-Buli, ZnBry, Pd(PPhy),
MeO
THF, 55°C, 18h
20% O Br

108

To a round bottom flask containing anhydrous THF (5 mL) -78°C, #-BuLi (0.70 mL, 0.90
mmol) was added dropwise followed by a solution of bromide 107 (0.11 g, 0.38 mmol) in
THF (5§ mL). The reaction was allowed to stir for 0.5 h at -78°C and the exchange was
monitored by TLC (100% hexanes). A solution of ZnBr; (0.10 g, 0.45 mmol) in THF
(1.0 mL) was added to the -78°C solution which was stirred for 1 h, allowed to warm to
room temperature, and stirred for an add_itional 1 h. The reaction was monitored by TLC
(100% hexanes). The zincate solution transferred by syringe to a round bottom flask
containing a  solution  of ) ester 101 (0.11 g, 037 mmol) and
t.etrvaki:g(triphenylphosphine)palladium ([0103 g, 0.03 mmol) in anhydrous THF (2 mL).
The reaction mixture was stirred for 12h at 55°C, and was monitored by TLC (20% ethyl
acetate/hexanes). The reaction was cooled to 23°C, quenched with NaHCO; (50 mL) and
the mixture was extracted with Et,0 (3 x 20 mL). The combined organic extracts were
washed with brine (1 x 20 mL), dried over Na;SO4, and evaporated to give a residue that
was purified by silica gel flash chromatography (10% ethyl acetate/hexanes). Bromide

108 was obtained as a pale-yellow oil (0.03 g, 20%). 'H NMR (300 MHz, CDCl;) & 7.98
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(d, J =22 Hz, 1H), 7.52 (dd, J = 8.3;2.2 Hz, 1H), 7.12 (d, J = 8.3 Hz, 1H), 5.11 (t, J =
7.1 Hz, 1H), 3.89 (s, 3H), 2.92-2.88 (m, 2H), 2.00-1.94 (m, 2H), 1.68 (s, 3H), 1.59 (s,
3H), 1.40-1.31 (m, 10H); '>C NMR (75 MHz, CDCL) & 167.7, 144.6, 135.5, 134.2,
133.4, 132.0, 132.0, 125.7, 119.9, 53.0, 34.7, 32.5, 30.7, 30.5, 30.2, 30.1, 28.9, 26.6,

18.5; HRMS (ESI) calculated for C;9HBrO, [M + H]+, 367.1267, found 367.1261.

Iso-propyl 2,5-diiodobenzoate (120)

|
Y2 NaH, i-Prl
HO DMF, 0°C to 23°C, 10h >/o
e 87%
o i
120

O |
121

In a round bottom flask under nitrogen atmosphere, NaH (0.08 g, 2.00 mmol) was
washed with hexane (3 x 50 mL), suspended in anhydrous DMF (20 mL), cooled to 0°C,
treated dropwise with a solution of 2,5-diiodobenzoic acid 121 (0.50 g, 1.34 mmol) in
DMF (5 mL), stirred for 0.5 h, treated with iso-propyl iodide (0.15 mL, 1.47 mmol),
warmed to room temperature, and stirred for 12 h. The reaction was monitored by TLC
(25% ethyl acetate/hexanes). The solvent was evaporated and the residue was taken up in
Et,0 (50 mL), and treated with saturated NH4Cl solution (25 mL). The aqueous phase
was extracted with Et;O (3 x 50 mL), The combined organic extracts were washed with
brine (1 x 25 mL) dried over Na;SOq, and evaporated to give a residue that was purified
by silica gel flash chromatography (10% ethyl acetate/hexanes). Ester 120 was obtained

as a pale-yellow oil (0.48 g, 87%).. 'H NMR (300 MHz, CDCl3) 6 8.01 (d, J = 2.2 Hz,

1H), 7.64 (d, J = 8.3 Hz, 1H), 7.40 (dd, /= 8.3, 2.2 Hz, 1H), 5.25 (sept., J = 6.3 Hz, 1H),
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1.39 (s, 3H), 1.37 (s,-3H); '°C NMR (75 MHz, CDCly) & 164.6, 142.5, 141.1, 139.1,
137.5, 93.2, 93.1, 70.0, 21.8, 21.8; HRMS (ESI) calculated for C;gH;p1,0,Na [M + Na]",

438.8662, found 438.8650.

(E)-4-(Allyloxy)-2-methylbut-2-enyl acetate (126)

L7 e e LT
> AcO
HO 23°C, 10 h

61

96% 126

In a round bottom flask were added alcohol 61 (5.50 g, 38.7 mmol) and Ac,0 (4.40 mL,
46.4 mmol), followed by distilled pyridine (3.8 mL, 46.4 mmol) at 0°C. The reaction
was stirred for 10 h at room temperature and was monitored by TLC (25% ethyl
acetate/hexanes). The reaction .mixture was purified as is by silica gel flash
chromatography (25% ethyl acetate/hexanes) to give acetz;te 126 as a pale-yellow oil
(6.83 g, 96%). 'H NMR (400 MHz, CDCl;) 5 5.88 (ddt, J = 17.1, 10.5, 5.7 Hz, 1H), 5.60
(t, J=6.6 Hz, 1H), 5.24 (dd, J = 17.1,:3.0 Hz, 1H), 5.15 (dd, J = 10.5, 3.0 Hz, 1H), 4.45
(s,2H), 4.00 (d, J = 6.6 Hz, 2H), 3.94 (dt,/ = 5.7, 1.2 Hz, 2H), 2.04 (s, 3H), 1.66 (s, 3H);
C'NMR (101 MHz, CDCl3) & 170.6, 134.6, 133.8, 124.5, 117.1, 71.2, 68.8, 65.9, 20.8,

14.1; HRMS (ESI) calculated for C;gH;0:Na [M + Na]*, 207.0992, found 207.0996.
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Iso-propyl 2-((E)-4-(allyloxy)-2-methylbut-2-enyl)-5-iodobenzoate (124)

o
[ 0 126
AcO

1. i-PrMgBr (1.8 eq), THF, -40°C, 30min |

2. 126, LipCuCly, THF, -40°C
>, 2min inverse addition > O
3. THF, -40°C, 1.5h; 23°C, 1h \(
(o]

80% . APy

120 ‘ 124

In a round bottom flask, a solution of iso-propy! ester 120 (6.87 g, 16.5 mmol) dissolved
in anhydrous THF (55 mL) was a@ded. ’fhe solution was cooled to -40°C and treated
dropw1se w1th i-PrMgBr (7 60 mL 19 8 mmol) affording a color change from clear to
yellow The solution was stlrred for 0. 5 h and the Mg-I exchange was monitored by GC
analysis (exchange intermediate R, = 1‘2.85 min). The Grignard reagent solution was
transferred over 2 minutes via cg.nnula ;[o a second round bottom flask containing
Li;CuCly (2.2 mL, 1.10 mmol) and acetate 126 (2.00 g, 11.0 mmol) in anhydrous THF
(55 mL) at -40°C affording a color chang‘e-vfrom dark red to clear and then to orange. The
reaction was stirred for 1 h at -40°C, warmed to room temperature, and stirred for 1 h.
The reaction was monitored by TLC (‘107% ethyl acetate/hexanes). The reaction was
quenched with saturated NH,ClI solﬁtioﬁ (1 x 55 mL), diluted with water (1 x 55 mL), and

R

extracted with Et,O (3 x 55 mL). The combined organic extracts were washed with
NH;OH (1 x 55 mL) and brine (1 x 55 mL), dried over Na,SQ,, and evaporated to a
residue that was purified by silica gel flash chromatography (5% ethyl acetate/hexanes).

Jodide 124 was obtained as a yellow oil (3.60 g, 80%). 'H NMR (300 MHz, CDCl;) &

8.10 (d, J = 1.8 Hz, 1H), 7.69 (dd, J = 8.1, 1.8 Hz, 1H), 6.96 (d, / = 8.1 Hz, 1H), 5.88
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(ddt, J = 17.3, 10.5, 5.7 Hz, 1H), 5.28:5.23 (m, 2H), 5.21-5.16 (m, 2H), 3.97 (d, J = 6.5
Hz, 2H), 3.91 (d, J = 5.7 Hz, 2H), 3.64 (s, 2H), 1.63 (s, 3H), 1.34 (s, 3H), 1.32 (s, 3H);
3C NMR (75 MHz, CDCL3) § 165.7, 140.2, 139.9, 138.9, 138.7, 134.8, 133.1, 133.0,

122.9, 117.0, 90.8, 71.0, 68.8, 66.4, 42.3, 21.8, 21.8, 16.9; HRMS (ES]) calculated for

C,sHz310;Na [M +NaJ*, 437.0582, found 437.0584.

(2Z,6E,1dZ)-3,7-Dimethyldodeca-2,'6‘;1"0l‘trienyl acetate (131)

N Ac,0, Py
NS ¥ SN P
23°C,10h X X X
1 ‘/ 'D
93 OH 96% 131 Ohc

Follow experimental for (E)-4-(é111§/10x§)-2-‘methylbut-Z-enyl acetate (126). The reaction
was allowed to stir for 10 h at roofn té&lperature and was monitored by TLC (25% ethyl
acetate/hexanes). Tﬁe react'ion mixture was purified as is by silica gel flash
chromatography (13%‘ ethyl acetate/hexainés) to give acetate 131 as a pale-yellow oil
(96%). 'H NMR (300 MHz, CD('.IIQ) $5.50-5.39 (m, 3H), 5.12 (t, J = 6.1 Hz, 1H), 4.56
(d, J = 7.3 Hz, 2H), 2.18-2.07 (m; g‘I’-I): VQF.OS (s, 3H), 1.77 (s, 3H), 1.61 (s, 3H), 1.59 (s,
3H) 13C NMR (75 MHz, CDCly) & 171.1, 142.7, 135.6, 130.2, 123.8, 123.5, 119.1, 61.1,

39.4,32.1, 26.5, 25.4, 23.5, 21.1, 15.9, 12.8; HRMS (ES]) calculated for C¢HcO,Na [M

+NaJ', 273.1825, found 273.1827.
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Iso-propyl -+ . 2-((E)-4-(allyloxy)-2-methylbut-2-enyl)-5-((2Z,6 E,10Z)-3,7-

dimethyldodeca-2,6,10-trienyl)benzoate (132)

-

= = = 131
4

ey OAc
! 1. -PrMgBr (3.0eq), THF, -40°C, 15min

2. 131, Li;CuCl,, THF, -40°C
O, 2min inverse addition -
\< 3 J. THF, -40°C, 1.6h; 23°C, 1h

“ 50%

132

Follow experimental for iso-ppgi)jgfl 2-((E)-4-(allyloxy)-2-methylbut-2-enyl)-5-
iodobenzoate (124). The Mg-I exchange reaction was allowed to stir for 0.25 h. The
crude residue was purified by silica gel flash chromatography (5% ethyl acetate/hexanes)
to afford olefin 132 as a pale yellow oil-(0.24 g, 50%). 'H NMR (400 MHz, CDCl;) &
7.61 (s, 1H), 7.21 (d, /= 7.9 Hz, “IH)',;\751"’3 (d, J=7.9 Hz, 1H), 5.90 (ddt, J = 17.3, 10.5,
5.7 Hz, 1H), 5.48-5.30 (m, 8H), 3.99 (d, J = 6.7 Hz, 2H), 3.93 (d, J = 5.7 Hz, 2H), 3.67
(s, 2H), 3.35 (d, J = 7.2 Hz, 2H), 2.13 (m, 6H), 2.01 (m, 2H), 1.76 (s, 3H), 1.65 (s, 3H),
1.62 (s, 6H), 1.35 (s, 3H), 1.33 (s, 3H); ">C NMR (101 MHz, CDCl3) & 167.6, 139.8
(2C), 137.4, 136.7, 135.2 (2C), 131.3’(2C), 130.3 (2C), 123.8, 123.5, 123.3, 122.3 (2C),
117.0, 70.9, 68.2, 66.5, 42.5, 39.4, 33.5, 32,0, 26.5, 25.4, 23.5, 21.9 (2C), 16.9, 16.0,

12.8; HRMS (ESI) calculated for C3;HeO5 [M+H]", 479.3520, found 479.3522.
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Iso-propyl 3-iodobenzoate (134)

NaH, i-Prl

Erm—

HO, DMF, 23°C, 10h 0
87% \(
T O 134

O 133
Follow exper{mental for iso-prgpy,lg,S-diiodobenzoate (120). The crude residue was
purified by silica gel flash chromatcifg\r(af):ﬂy (10% ethyl acetate/hexanes) to afford iodide
134 as a white solid (0.45 g, 87%). 'H NMR (300 MHz, CDCls) & 8.35 (s, 1H), 7.99 (d, J
= 1.6 Hz, 1H), 7.85 (d, J= 1.6 Hz, 1H) 7.16 (t,J = 8.0 Hz, 1H), 5.23 (sept., J = 6.3 Hz,
1H), 1.37 (s, 3H), 1.35 (s, 3H); P NMR(75 MHz, CDCl3) & 164.5, 141.4, 138.3, 132.7,

129 9 128. 6 93.7, 68 9 21.9 (2C) Iodlde 134 proved too unstable for HRMS by FAB,

API El CI, product could not be 1omzed

(2Z,6E)-3,7,11-Trimethyldodeca-2,6,10-triene acetate (136)

R

A0, Py |
—_—
23°C,10h  AcO
96%

136

To a round bottom flask, Ac,O (0.46 ﬁiL, 4.88 mmol) and pyridine (0.39 mL, 4.88 mmol)
followed by alcohol 62 (0.90 g, 4.0% .m‘mol) were added. The solution was stirred at
foorﬁ temperature for 10 h, aﬁd the reaction was monitored by TLC (25% ethyl
acetate/hexanes). Once complete, the reaction mixture was purified by silica gel flash
chromatography (10% ethyl acetate/hexanes). Acetate 136 was obtained as a pale-yellow

oil (1.03 g, 96%). 'H NMR (400 MHz, CDCl3) § 5.30 (t, J = 7.3 Hz, 1H), 5.08-5.03 (m,
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2H), 4.50 (d, J = 7.3 Hz, 2H), 2.05 (t, J = 4.9 Hz, 4H), 2.03-2.00 (m, 2H), 1.96 (s, 3H),
1.95-1.92 (m, 2H), 1.70 (s, 3H), 1.61 (s, 3H), 1.54 (s, 6H); ’C NMR (101 MHz,
CDCl3) & 170.6, 142.2, 135.5, 131.0, 124.1, 123.2, 119.0, 60.8, 39.5, 31.9, 26.4, 26.3,

25.4, 23.2, 20.7, 17.4, 15.7;, HRMS (ESI) calculated for Cj7Hy;0;Na [M + Nal",

287.1982, found 287.1981.

Iso-propyl 3-((2Z,6E,10Z)-3,7-dimethyldodeca-2,6,10-trienyl)benzoate (135)

= 43
| " oAc SN
1. i-PrMgBr (3.0eq), THF, 40°C, 15min
) R RS
2. 131, Li;CuCl,, THF, -40°C
Q 2min inverse addition O,
\( 3. THF, -40°C, 1.5h; 23°C, 1h \< !
© 0 g3 80% 135

Follow experimental for iso-propyl 2-((E)-4-(allyloxy)-2-methylbut-2-enyl)-5-
iodobenzoate (1‘24). The residue was purified by silica gel flash chromatography (5%
ethyl acetate/hexanes) to afford olefin 135 as a yellow oil (0.53 g, 80%). 'H NMR (300
MHz, CDCls) 6 7.85 (s, 2H), 7.35 (s,n'2H)",“5.33 (t,J = 6.7 Hz, 1H), 5.24 (apparent septet,
J =63 Hz, 1H), 5.16 (t, J = 6.4, Hz, 1H), 5.09 (t,J = 6.7, Hz, 1H), 3.40 (d, J = 7.3 Hz,
2H), 2.19-2.15 (m, 4H), 2.10-2.06 (m, 2H), 2.02-1.90 (m, 2H), 1.76 (s, 3H), 1.68 (s, 3H),
1.61 (s, 3H), 1.60 (s, 3H), 1.37 (s3H) 1.35 (s, 3H); "’C NMR (75 MHz, CDCl) &
166.3, 142.1, 136.9, 135.4, 132.7, 15‘!1“.'3,;130.9, 129.4,128.2, 127.0, 124.3, 123.9; 123.1,
68.2, 39.7, 33.9, 32.0, 26.7, 26.5, 25.7, 23.5, 21.9 (2C), 17.7, 16.0; HRMS (ESI)

calculated for Cy5sHas0, [M + HI', 369.2788, found 369.2790.
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3,5-Bis(trifluoromethyl)benzyl . . " 5-((2Z,6Z,102)-3,7-dimethyldodeca-2,6,10-
trienyloxy)-2-((E)-4-(allyloxy)-2-methylbut-2-enyloxy)benzoate (139)

o
W\/\) J)\/w
) o

'NaOH
PhMe:MeOH (1:1), A, 24 h

ﬁ ~oTNF © \/Eo/\/

. . B F 0
RAF

94 137

¢ CF3

Et;N

DMF, 23°C, 24h

0,

Br CFs 80%
138

y = 7
L CF5
(6]
CF,3

139
In a round bottom flask equipped witha reflux condenser, ester 94 (0.05 g, 0.10 mmol),
was dissolved in a 1:1 mixture of tolﬁéhe:methanol (10 mL), heated to a reflux, treated
with NaOH pellets (0.05 g, 1.32 mmol); and stirred for 24 h. The reaction was monitored
by TLC (13% ethyl acetate/hexanés). The solvent was removed by evaporation under
reduced pressure, dissolved in ethyl acetate, quenched with 1 N HCl (6.50 mL, 6.50
mmol), extracted with Et,O (3 x 20'mL), washed with brine, dried over Na,SO,, and
evaporated to afford olefin 137 (0.:11-g,.0.22 mmol) that was dissolved in anhydrous
DMF (22 mL), cooled to 0°C, treated dr6pwise with EtzN (0.04 mL, 0.25 mmol), stirred

for 0.5 h, treated with bromide 138 (0.04 mL, 0.22 mmol, which prior to addition was
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passed through a short plug of basic alumina), and stirred for 10 h at room temperature.
The reaction was monitored by TLC. (50% ethyl acetate/hexanes). The solvent was
removed by evaporation, and the residue was taken up in Et;0 (20 mL). The solution
was quenched with 1N HCI (5 mL), ext;gcted with Et,O (3 x 20 mL), washed with a 10%
aqueous CuSQj solution (3 x 20 mL), brine (1 x 20 mL), dried over Na,;SO4, and
evaporated to: a residue that was purified by silica gel flash chromatography (10% ethyl
acetate/hexanes) to afford ester 139 as a pale-yellow solid (0.13 g, 80%). 'H NMR (300
MHz, CDCl3) & 7.92 (s, 2H), 7.84 (s, 1H), 7.38 (d, J = 3.1 Hz, 1H), 7.03 (dd, J = 9.1, 3.1
Hz, 1H), 6.91 (d, J = 9.1 Hz, 1H), 5.89 (ddt, J = 17.1, 10.4, 5.7 Hz, 1H), 5.74 (t,J = 5.9
Hz, 1H), 5.49 (t, J = 5.6 Hz, 1H), 5.45 (s, 2H), 5.36 (m, 2H), 5.25 (dd, J = 17.3, 3.3 Hz,
1H), 5.17 (dd, J = 10.4, 3.3 Hz, 1H), 5.11-5.01 (m, 1H), 4.48-4.45 (m, 4H), 4.03 (d, J =
6.4 Hz, 2H), 3.94 (dt, J= 5.7, 1.3 Hz, 2H), 2.14-2.12 (m, 6H), 2.01-2.00 (m, 2H), 1.79 (s,
3H), 1.69 (s, 3H), 1.63-1.59 (m, 6H); '*C NMR (75 MHz, CDCl;) & 165.8, 152.6, 152.4,
142.1, 138.8, 135.6, 134.7, 134.5, 131.0, 128.0, 125.3, 125.1, 124.9 (2C), 124.7, 124.6,
123.8, 123.4, 1219, 1202, 117.1, 116.9, 115.4, 74.3, 71.2, 66.0, 65.1, 64.9, 39.3, 32.3,
26.5, 25.4, 23.5, 15.9, 13.8, 12.7, HWS (EST) calculated for C3sHysFsOs [M + HJ',

695.3166, found 695.3161.
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Cyclophane (140)
. = 2
CFs O
14 CFs 07 X
Grubbs 11 (10 mo!%)
> 14
5 Ti(Oi-Pr);, DCM, A, 15h \
le) 47% |
o] O 50
139 140 =
N
\\_/O

Follow experimental procedure cyclophane (58) for the preparation of cyclophane 140.
The crude reaction mixture was purified by silica gel flash chromatography (5% ethyl
acetate/hexanes) to afford cyclophane 140 as a pale-yellow oil (13.6 mg, 47%). 'H NMR
(400 MHz, CDCls) 8 ppm 7.91 (d, J = 3.0 Hz, 1H), 7.71 (s, 1H), 7.58 (s, 2H), 7.02 (dd, J
=96.0, 3.0 Hz, 1H), 6.67 (d, J = 9.1 Hz, 1H), 547 (t,J = 8.1 Hz, 1H), 5.25 (t, J = 7.0 Hz,
1H), 4.88 (s, 2H), 4.67 (t, J = 6.3 Hz, 1H), 4.54-4.49 (m, 4H), 2.09-2.05 (m, 2H), 2.05-
1.97 (m, 2H), 1.91-1.88 (m, 2H), 1.61 (s, 3H), 1.54 (s, 3H), 1.45 (s, 3H), 1.52-1.49 (m,
2H); '3C NMR (101 MHz, CDCl3) & 165.7, 152.8, 151.6, 144.5, 139.0, 132.2, 132.0,
131.7, 130.4, 128.0, 127.6, 126.0, 124.1, 123.4, 121.8, 119.8, 119.4, 115.8, 73.6, 68.1,
64.7, 39.0, 31.7, 27.1, 25.0, 23.6, 15.4, 13.2; HRMS (ESI) calculated for C3;H33FsO4 [M

+H]", 583.2278, found 583.2289.
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Iso-propyl 2-((E)-4-(but-3-enyloxy)-2-methylbut-2-enyl)-5-((Z)-dodec-10-enyl)
benzoate (167)
OH PPh3, CBry Br
166 DCM, 0°C, 2h, Dark 1 161

99%

t-BuLi, ZnCl,, 161
PdCl,dppf, 124 »/

THF, 55°C, 18h
20% o) O F

Follow experimental for geranyl bromide (87) for the preparation of bromide 161 that
was obtained as a pale-yellow oil (4.17 g, 99%) and was used without further
purification. Follow experimental for methyl 2-bromo-5-(9-methyldec-8-enyl)benzoate
(108) for the preparation of olefin 167. The zincate was added to a solution of iodide 124
(0.11 g, 0.37 mmol) and PdCl,(dppf) catalyst (0.03 g, 0.03 mmol), dissolved in
anhydrous THF (2 mL). The solvent was evaporated to give a residue that was purified
by silica gel flash chromatography (10% ethyl acetate/hexanes) to afford olefin 167 as a
pale-yellow oil (35.6 mg, 20%). 'H NMR (400 MHz, CDCl3) § 7.61 (s, 1H), 7.19 (d, J =
7.7 Hz, 1H), 7.11 (d, J = 7.7 Hz, 1H), 5.88 (ddt, J = 17.1, 10.4, 5.7 Hz, 1H), 5.47-5.39
(apparent dt, 1H), 5.27-5.19 (m, 4H), 3.97 (d, J = 6.5 Hz, 2H), 3.91 (d, J = 5.2 Hz, 2H),
3.66 (s, 2H), 2.58 (t, J= 7.6 Hz, 2H), 2.01-1.98 (m, 2H), 1.64 (s, 3H), 1.63-1.58 (m, 2H),

1.37-1.28 (m, 21H); *C NMR (75 MHz, CDCly) & 167.6, 140.7, 139.7, 137.1, 134.9,
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131.4, 131.1, 131.0, 130.7, 130.0, 1244, 123.5, 122.2, 116.8, 70.8, 68.1, 66.4, 42.5, 35.3,
32.5,31.3; 29.5 (2C), 29.2 (2C), 26.7, 21.8 (2C), 16.8, 12.7; HRMS (ESI) calculated for

Ci0Hus03Na [M + Na]*, 477.3363, found 477.3353.

Pentafluorobenzyl 2-((E)-4-(allyloxy)-2-methylbut-2-enyl)-5-((Z)-dodee-10-enyl)

benzoate (155)
>
NaOH
PhMe:MeOH (1:1)  HO,
A, 24h
168
F
FANF KoCO4
Br. £ DMF, 23°C, 10h
77% over two steps
F
69 Y

Follow experimental procedure for 3,5-Bis(trifluoromethyl)benzyl 5-((2Z,6Z,102)-3,7-
dimethyldodeca-2,6,1 O-trienyloxy)-2-((E')-4-(a11y10xy)-2-methylbut—Z -enyloxy)benzoate

(139) for the preparation of olefin 1551 ‘(jleﬂn 168 (0.10 g, 0.23 mmol) was treated with
K,CO; (0.06 g, 0.46 mmol) and bromide 69 (0.04 mL, 0.25 mmol, which prior to
addition was passed through a short plug of basic alumina) in DMF (22 mL) at room
temperature, stirred for 10 h, ﬁltefed,'évaporated in vacuo to give a residue that was

puriﬁedy by silica gel flash chromatogfai)ﬁy (10% ethyl acetate/hexanes) to afford olefin
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155 as a pale-yellow solid (0.10 g, 77%). 'H NMR (400 MHz, CDCl3) 8 7.67 (s, 1H),
7.30 (d, J = 8.0 Hz, 1H), 7.20 (d, J = 8.0 Hz, 1H), 5.95 (ddt, J = 17.1, 10.9, 5.7 Hz, 1H),
5.52-5.47 (m, 1H), 5.42 (s, 2H), 5.30-5.18 (m, 4H), 4.02 (d, /= 6.7 Hz, 2H), 3.98 (d, J =
5.7 Hz, 2H), 3.71 (s, 2H), 2.63 (t, J = 7.6 Hz, 2H), 2.11-2.04 (m, 2H), 1.67 (s, 3H), 1.63-
1.58 (m, 2H), 1.37-1.28 (m,-15H); ">C NMR (101 MHz, CDCl3) & 167.0, 141.1, 139.5,
138.1, 134.9, 133.1, 132.4, 131.5, 130.8, 130.5, 129.0, 124.5, 123.6, 122.4, 116.9, 71.0,
66.5, 53.5, 44.6, 42.6, 35.3, 32.6, 31.3, 30.0, 29.4 (4C), 26.8, 22.2, 17.9, 16.8 (2C), 12.7;

HRMS (ESI) calculated for C34H4,FsO3Na [M + Na]*, 615.2868, found 615.2863.

3,5-Bis(trifluoromethyl)benzyl 2-((E)-4-(allyloxy)-2-methylbut-2-enyl)-5-((Z)-dodec-

10-enyl)benzoate (156)

S
NaOH
PhMe:MeOH (1:1)  HO,
A, 24 h
0 Z o\/\
168
CF3
K,CO3
DMF, 23°C, 10h
Br CFy | 77% over two steps
138
CFa
S
o CF
NEVAS RN e}

0 = O\/\
156

Follow experimental procedure for 3,5-Bis(trifluoromethyl)benzyl 5-((27,6Z,102)-3,7-

dimethyldodeca-2,6,10-trienyloxy)-2-((£)-4-(allyloxy)-2-methylbut-2-enyloxy)benzoate
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(139) for the preparation of olefin 156. Olefin 168 (0.10 g, 0.23 mmol) was treated with
K,COs; (0.06 g, 0.46 mmol) and bromide 138 (0.05 mL, 0.25 mmol, which prior to
addition was passed through a short plug of basic alumina) in DMF (22 mL) at room
temperature, stirred for 10 h, filtered, evaporated in vacuo to give a residue that was
purified by silica gel flash chromatography (10% ethyl acetate/hexanes) to afford olefin
156 as a pale-yellow oil (0.11 g, 77%). 'H NMR (300 MHz, CDCI3) & 7.89 (s, 2H), 7.86
(s, 1H), 7.69 (d, J = 1.8 Hz, 1H), 7.29 (d, J = 1.9 Hz, 1H), 7.17 (d, J = 7.9 Hz, 1H), 5.88
(ddt, J = 17.0, 10.4, 5.7 Hz, 1H), 5.47-5.39 (m, 2H), 5.39 (s, 2H), 5.23 (dd, J - 17.4,3.3,
Hz, 1H), 5.15 (dd, J = 9.2, 3.3 Hz, 1H), 5.14-5.12 (m, 1H), 3.96-3.91 (m, 4H), 3.67 (s,
2H), 2.64-2.61 (m, 2H), 2.06-1.98 (m, 2H), 1.60 (s, 6H), 1.66-1.59 (m, 2H), 1.26 (s,
12H); *C NMR (101 MHz, CDCl) & 167.0, 141.1, 139.5, 138.7, 138.1, 134.9, 132.4,
131.6, 130.9, 130.4, 129.0, 124.5, 123.6, 122.4, 116.9, 71.0, 66.5, 64.8, 44.6, 42.6, 35.3,
32.6, 31.3, 30.0, 29.6, 29.5, 29.4, 29.4, 29.3, 26.8, 22.2, 17.9, 16.8, 12.7; HRMS (ESI)

calculated for C36H44FsO3Na [M + Na]", 661.3087, found 661.3094.

Cyclophane (157)

Blechert catalyst 170

Ti(Oi-Pr)4, DCM, A, 4h
14%

Follow experimental procedure cyclophane (58) for the preparation of cyclophane 157.
The reaction was quenched with ethyl vinyl ether (5 mL) and the solvent was evaporated

to give a residue that was puriﬁéd by silica gel flash chromatography (50%
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toluene/hexanes) to afford cyclophane 157 as a pale-yellow oil (0.07 g, 14%). 'H NMR
(300 MHz, CDCl3) 6 7.93 (d,J = 1.6 Hz, 1H), 6.98 (dd, / = 7.8, 1.8 Hz, 1H), 6.91 (d,J =
7.8 Hz, 1H), 495 (d, J = 1.6 Hz, 2H), 449 (d, J = 15.3 Hz, 1H), 4.36 (t, J = 6.8 Hz, 1H),
3.05(d,J =155 Hz, 1H), 2.44 (t, J = 6.2 Hz, 2H), 1.99-1.92 (m, 2H), 1.73 (s, 3H), 1.60-
1.15 (m, 14H); *C NMR (75 MHz, CDCl;) § 166.5, 141.0, 140.7, 136.7, 133.0 (2C),
131.6 (2C), 129.5, 124.9, 53.2, 42.1, 35.2, 30.3, 28.9, 28.8, 28.5, 27.8, 26.9, 26.1, 25.8,

18.3; HRMS (ESI) calculated for C;7H30F50, [M + H]+, 481.2160, found 481.2166.

Pentafluorobenzyl 2-((E)-4-(allyloxy)-2-methylbut-2-enyl)-5-((2Z,6 E,102)-3,7-

dimethyldodeca-2,6,10-trienyl)benzoate (174)

NaOH
PhMae:MaOH 1:1, A, 10h  HO,

175 0\)
F
FAF
K2COa
B DMF, 23°C, 24h
r F
80%

Follow experimental procedure for 3,5-Bis(trifluoromethyl)benzyl 5-((2Z,6Z,102)-3,7-

dimethyldodeca-2,6,10-trienyloxy)-2-((E)-4-(allyloxy)-2-methylbut-2-enyloxy)benzoate
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(139) for the preparation of 174. Olefin 175 (0.10 g, 0.23 mmol) was treated with K;COs
(0.06 g, 0.46 mmol) and bromide 69 (0.05 mL, 0.25 mmol, which prior to addition was
passed through a short plug of basic alumina) in DMF (22 mL) at room temperature,
stirred for 10 h, filtered, evaporated invacuo to give a residue that was purified by silica
gel flash chromatography (10% ethyl, acetate/hexanes) to afford olefin 174 as a pale-
yellow oil (0.11 g, 80%). 'H NMR (300 MHz, CsD¢) & 7.90 (d, J = 1.6 Hz, 1H), 7.10
(dd,J =179, 1.6 Hz, 1H), 7.04 (d,.J, = 7.9 Hz, 1H), 5.85 (ddt, J = 17.1, 10.5, 5.7 Hz, 1H),
5.55-5.48 (m, 2H), 5.38 (t, J = 6.6 Hz, 1H), 5.31-5.23 (m, 3H), 5.06-5.03 (m, 3H), 3.90
(d, J = 6.6, 2H), 3.83-3.80 (m, 4H), 3.23 (d, J = 7.3 Hz, 2H), 2.21-2.15 (m, 2H), 2.15-
2.10 (m, 6H), 1.65 (s, 3H), 1.58 (s, 3H), 1.54 (s, 6H); >C NMR (75 MHz, C¢Dg) 5 166.8,
140.3, 139.1, 138.9, 137.0, 135.8, 135.2, 132.6, 132.1, 130.9, 130.5, 129.9, 124.5, 124.0,
123.7, 123.6, 116.0, 71.0, 66.8, 53’.4,_,4’2_;9, 39.8, 33.7, 32.2, 26.8, 25.8, 23.5, 16.9, 15.9,

15.8, 12.9; HRMS (ESI) calculated for C3sH4,Fs03 [M + H]", 617.3049, found 617.3069.
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3,5-Bis(trifluoromethyl)benzyl ;.. 2-((E)-4-(allyloxy)-2-methylbut-2-enyl)-5-

((2Z,6E,10Z)-3,7-dimethyldodeca-2,6,10-trienyl)benzoate (176) '

NaOH _
PhMe:MeOH 1:1, 4,10h  HQO

CF,4
KoCO3
DMF, 23°C, 24h
) Br cF, 80%
138
]

176

Follow experimental procedure fo;“3,‘5-Bis(triﬂuoromethyl)benzyl 5-((22,62,102)-3,7-
dimethyldodeca-2,6,10-trienyloxy)-2-((E)-4-(allyloxy)-2-methylbut-2-enyloxy)benzoate

(139) for the preparation of 176. Olefin 175 (0.10 g, 0.23 mmol) was treated with K;CO;
(0.06 g, 0.46 mmol) and bromide 138 (0.05 mL, 0.25 mmol, which prior to addition was
passed through a short plug of basic alumina) in DMF (22 mL) at room temperature,
stirred for 10 h, filtered, evaporated in vacuo to give a residue that was purified by silica
gel flash chromatography (10% ethyl acetate/hexanes) to afford olefin 176 as a pale-
yellow oil (0.12 g, 80%). 'H NMR (300 MHz, C¢D¢) & 7.88 (d, J = 1.5 Hz, 1H), 7.63 (s,
1H), 7.46 (s, 2H), 7.11 (dd, J = 7.8, 1.5 Hz, 1H), 7.05 (d, J = 7.8 Hz, 1H), 5.81 (ddt, J =

17.1, 10.6, 5.3 Hz, 1H), 5.54-5.45 (m, 2H), 5.38 (t, / = 7.2 Hz, 1H), 5.30 (t, / = 6.8 Hz,
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1H), 5.25-5.20 .(m, 2H), 5.00 (ddd, J = 10.4, 3.3, 1.4 Hz, 1H), 4.81 (s, 2H), 3.87 (d, J =
6.6 Hz, 2H), 3.80-3.78 (m, 4H), 3.25 (d,.J = 7.3 Hz, 2H), 2.21-2.10 (m, 8H), 1.67 (s, 3H),
1.55 (s, 9H); >C NMR (75 MHz, C¢De) & 167.1, 140.4, 139.3, 139.0, 138.9, 137.0,
135.8, 135.2, 132.6, 132.1,"132.1,‘131.9, 130.7, 130.5, 130.1, 124.5, 124.0, 123.6, 123.5,
121.9, 116.0, 71.0, 66.8, 64.8, 42.9, 39.8, 33.8, 32.2, 26.8, 25.8, 23.5, 16.9, 16.0, 12.9;

HRMS (ESI) calculated for C3gHasFsO3 [M + HJ', 663.3267, found 663.3295.
Cyclophane (173)

Blechert Catalyst 170

Ti(Oi-Pr),, DCM, A, 4h
37%

174

Follow experimental procedure cyclophane (58) for the preparation of cyclophane 173.
The reaction was quenched with ethyl 1\‘/‘i1-1y1 éther (5 mL) and the solvent was evaporated
down to about 1 mL to give‘a'r residue rhat was further purified by silica gel flash
chromatography (50% toluene/hexanes) to afford cyclophane 173 as a pale-yellow oil
(18 7 mg, 37%). 'H- NMR was carried out in C¢Dg since running the sample in CDC13
caused decomposition. In addltlon,l mrrrrrng the sample in C¢Dg prevents overlapping of
the three alkenyl proton signals. 'HNMR (400 MHz, C¢C¢) 6 7.98 (d, J = 1.6 Hz, 1H),
-7.04' (dd,J=79,1.9 Hé, 1H), 6.879“(Jd, J=17.7Hz, 1H), 547 (t,J = 7.0 Hz, 1H), 4.94 (d,
J = 5.3 Hz, 2H), 4.50 (t, J = 5.8 Hz, lH) 447442(m 2H), 3.14 (d, J = 4.9 Hz, 1H),

3.03 (d, J—158Hz 1H)203197(m 2H) 1.87 (t, J = 5.6 z, 2H), 1.80-1.79 (m, 4H),
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1.73 (s, 3H), 1.58 (s, 3H), 1.29 (s, 3H); 'IC NMR (101 MHz, CeDs) & 166.5, 141.2, 140.6,
140.4, 136.4, 133.2, 133.0, 131.3, 130.8, 124.0, 121.6, 42.1, 38.8, 33.4, 31.9, 30.8, 29.3,
25.6,23.7,22.5, 18.7, 15.0, 14.3, 11.2{ HRMS (ESI) calculated for C59H30F50; [M + HJ",

505.2160, found 505.2167.
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FaP -0.000 ppm
F2 -0.00 H2
PPHCM 0.38462 pom/cm
HZCM 153.89786 Hz/cm

1.000

7.15001
6.98682
6.97414
6.96981
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