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Abstract

The biosynthesis of steroids and other terpenoid natural products proceeds through an
enzymatic polyene cyclization; a cascade reaction that builds up a large amount of molecular
complexity in a single step. Research into synthetic polyene cyclizations has been driven both by
the intriguing mechanism of cascade olefin additions with complete chemo-, regio-, and
stereocontrol, as well as the applicability of these reactions for the synthesis of medicinally

relevant molecules.

Using a cyclic hydrazide catalyst and 2-formyl-1,5-diene substrates, our group had reported
the first iminium-catalyzed Cope rearrangement. DFT calculations on the reaction pathway
suggested a stepwise mechanism proceeding through a shallow energy cyclohexyl cation
intermediate. We recognized a similar cyclohexadiene structure in the substrates for both the Cope
rearrangement as well as the polyene cyclization. With the same cyclic hydrazide catalyst and
polyene substrates containing this 2-formyl-1,5-diene, in addition to a stabilizing methyl group

and a terminating aromatic ring, the first iminium-catalyzed polyene cyclization was reported.

In this thesis, a modular synthesis of substrates was developed, that was used for the
investigation into the scope and limitations of the racemic iminium-catalyzed (E)-polyene
cyclization. Through the investigation into the limitations of the reaction, it was found that the
reaction worked well with substrates containing terminating groups of strong to intermediate

nucleophilicities, including several heterocycles.

Investigation into the asymmetric reaction resulted in the development of two catalysts;
one with improved reactivity and another that afforded high enantioselectivity. A modular
synthetic route was developed to build a library of chiral hydrazide catalysts to screen the effects
of different aromatic substitution. It was found that the addition of an extended aromatic
substitution to the hydrazide catalyst did not promote selectivity in the reaction. However, the
reactivity of the catalyst was drastically increased. With this more reactive catalyst, the scope of
the racemic polyene cyclization could be expanded to include substrates with less nucleophilic

terminating groups that had not been reactive under previous conditions.

Computational modelling indicated a preferred conformation in a chiral hydrazide catalyst

with m-terphenyl substitution that could promote desired selectivity in the asymmetric reaction.



Therefore, m-terphenyl catalysts with different substitution patterns were synthesized and screened
in the model (E)-polyene cyclization. It was found that, after optimization of reaction conditions,
3,5-ditert-butyl substitution on the m-terphenyl moiety of the chiral hydrazide catalyst yielded
trans-decalin product from the model substrate in 80% ee. Investigation into the limitations of the
reaction both experimentally and with DFT calculations has provided evidence towards potential

(E)-polyene substrates which would provide trans-decalin products with high enantioselectivity.



Resume

La biosynthese des stéroides et autres produits naturels terpénoides passe par une
cyclisation enzymatique des polyénes ; une réaction en cascade qui accumule une grande quantité
de complexité moléculaire en une seule étape. La recherche sur les cyclisations de polyenes
synthétiques a été motivée a la fois par le mécanisme intrigant des additions d'oléfines en cascade
avec chimio-, régio- et stéréocontréle complets, ainsi que par I'applicabilité de ces reactions pour

la synthése de molécules pertinentes sur le plan medical.

En utilisant un catalyseur d'hydrazide cyclique et des substrats de 2-formyl-1,5-diéne, notre
groupe avait rapporté le premier réarrangement de Cope catalysé par I'iminium. Les calculs DFT
sur la voie de réaction ont suggeré un mécanisme par étapes passant par un intermédiaire de cation
cyclohexyle a faible énergie. Nous avons reconnu une structure de cyclohexadiéne similaire dans
les substrats pour le réarrangement de Cope ainsi que pour la cyclisation du polyéne. Avec le méme
catalyseur d'hydrazide cyclique et des substrats de polyéne contenant ce 2-formyl-1,5-diene, en
plus d'un groupe méthyle stabilisant et d'un cycle aromatique de terminaison, la premiere

cyclisation de polyene catalysée par I'iminium a été rapportée.

Dans cette thése, une synthese modulaire de substrats a été développée, qui a été utilisée
pour I'étude de la portée et des limites de la cyclisation racémique catalysée par I'iminium (E)-
polyéne. Grace a I'enquéte sur les limites de la réaction, il a été constaté que la réaction fonctionnait
bien avec des substrats contenant des groupes terminaux de nucléophilies fortes a intermédiaires,

y compris plusieurs hétérocycles.

L'étude de la réaction asymétrique a abouti au développement de deux catalyseurs; un avec
une réactivité améliorée et un autre qui offrait une énantiosélectivité élevée. Une voie de synthese
modulaire a été développée pour construire une bibliothéque de catalyseurs hydrazides chiraux
pour cribler les effets de différentes substitutions aromatiques. Il a été trouvé que I'addition d'une
substitution aromatique étendue au catalyseur hydrazide ne favorisait pas la sélectivité dans la
réaction. Cependant, la réactivité du catalyseur a été considérablement augmentée. Avec ce
catalyseur plus réactif, la portée de la cyclisation du polyene racémique pourrait étre elargie pour
inclure des substrats avec des groupes de terminaison moins nucléophiles qui n'avaient pas été

réactifs dans les conditions précédentes.



La modelisation informatique a indiqué une conformation préférée dans un catalyseur
d'hydrazide chiral avec une substitution m-terphényle qui pourrait favoriser la sélectivité souhaitée
dans la réaction asymétrique. Par conséquent, des catalyseurs de m-terphényle avec différents
modeles de substitution ont été synthétisés et criblés dans le modele de cyclisation (E)-polyéne. Il
a été constaté qu'apres optimisation des conditions de réaction, la substitution 3,5-ditert-butyle sur
le fragment m-terphényle du catalyseur hydrazide chiral a donné un produit trans-décaline a partir
du substrat modele a 80% ee. L'étude des limites de la réaction a la fois expérimentalement et avec
des calculs DFT a fourni des preuves de substrats potentiels (E)-polyéne qui fourniraient des

produits trans-décaline avec une énantioselectivité élevée.
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Chapter 1. Introduction

1.1 Biosynthesis of terpene and terpenoid natural products

Terpene and terpenoid natural products comprise an incredibly important class of
molecules, with applications from flavour and fragrance to pharmaceuticals.!? The structures of
these molecules contain one or multiple isoprene units resulting from their biosynthetic origins,
dimethyl allyl diphosphate (DMAPP, 1.1) and isopentyl diphosphate (IPP, 1.2) (Scheme 1). The
basic carbon skeletons initially built from these units are terpenes and further modifications, such

as oxygenation and methyl shifts, result in terpenoid products.

)\/\ )\/\ — > W —> Monoterpenes
GPP (

DMAPP (1.1) IPP (
l IPP

—>» Sesquiterpenes
)\/\/K/\/K/\OPP q P

FPP (1.4)

Scheme 1.1. Combination of DMAPP and IPP units in the biosynthesis of terpenes.

The addition of IPP to DMAPP with the elimination of a phosphate results in geranyl
pyrophosphate (GPP, 1.3), which is the precursor to monoterpene natural products. Further
additions of IPP increases the number of isoprene units in the subsequent terpene natural products.
For example, the addition of one IPP unit gives farnesyl pyrophosphate (FPP, 1.4), which is the

precursor to sesquiterpene natural products.®

Open chain terpenes, such as GPP, can undergo enzyme-controlled cationic cyclizations.
In the biosynthesis of cyclic monoterpenes and terpenoids (Scheme 1.2), the elimination of
pyrophosphate leads to the geranyl cation (1.5). After eventual isomerization to the linalyl cation
(1.6), the geometry favours the addition of the internal olefin in a tail-to-head cyclization, forming
the a-terpinyl cation (1.7). From this intermediate, different cationic cyclization pathways can be
taken, leading to products with multiple different carbon skeletons, including the resulting natural
products shown below.>* This complexity increases with the addition of further isoprene units,
and the number of potential cyclization pathways leads to a diverse set of terpene and terpenoid

structures with a wide variety of biological functions.®

1



A
)\/\/l\/\opp

GPP
geranyl linalyl
cation (1.5) cation (1.6)
o- terplnyl
/ cation (1.7)
( X
limonene sabinene bornane fenchol camphene car-3-ene a-pinene
(1.8) (1.9) (1.10) (1.11) (1.12) (1.13) (1.14)

Scheme 1.2. Monoterpene cyclizations and related natural products.
1.1.1 Biosynthesis of steroids

Steroids are classified as triterpenoid molecules, as they contain carbon skeletons with six
isoprene units. The biological function of steroids as signalling molecules has driven interest in
these molecules for their medicinal relevance.® Figure 1.1 shows the steroid precursors found in

prokaryotes (hopene, 1.15) and vertebrates/fungi (lanosterol, 1.16).

hopene (1.15) lanosterol (1.16)

Figure 1.1. Steroid precursors in prokaryotes (hopene) and vertebrates/fungi (lanosterol).



The biosynthesis of steroids proceeds through the head-to-head combination of two FPP
units to give squalene (1.17), a linear triterpene (Scheme 1.3). In prokaryotes, squalene can then
undergo an enzyme-controlled polyene cyclization, forming nine contiguous stereocenters, to give
the fused ring system of hopene. In humans and fungi, the enzymatic epoxidation of squalene gives
(35)-2,3-oxidosqualene (1.18), which undergoes a similar polyene cyclization to result in the fused

ring system of lanosterol.

X X X-"Yopp T ppo™NF = =
FPP ¢ FPP
NN N NN X X X

squalene (1.17)

squalene
epoxidase

N X X AN AN AN
o“

(3S)-2,3-oxidosqualene (1.18)
Scheme 1.3. Biosynthetic precursors of squalene and (3S)-2,3-oxidosqualene.

The biosynthesis of these steroid molecules has fascinated both chemists and biologists
due to not only the importance of this family of molecules for medicinal applications, but also the
complete enzymatic chemo-, regio-, and stereocontrol in the synthesis of these structurally

complex molecules.®
1.1.2 Elucidation of the biosynthetic polyene cyclization

In the early 1900s, biosyntheses of cholesterol (1.19) were proposed that began
with squalene as a precursor.” In the 1950s, Bloch provided evidence of this biosynthetic pathway
with experiments that discovered isotope incorporation in both squalene and cholesterol found in
rats that were fed “C-labelled acetate.®® These results led to the Bloch-Woodward proposal that

squalene is cyclized first to lanosterol, followed by further modifications to result in cholesterol.*



cholesterol (1.19) squalene

Figure 1.2. Squalene as the biosynthetic precursor to cholesterol.

To investigate the hypothesis of the biosynthetic origin of cholesterol. several groups
launched experimental investigations into biomimetic cyclizations. Initial work by Linstead
looked at decalin formation resulting from cyclization of an olefin onto a cyclohexyl cation formed
from the acid dehydration of a tertiary alcohol (1.20, Scheme 1.4).12 Stork then built upon this
work and synthesized the decalin product (1.23) through the acid-catalyzed cyclization of farnesic
acid (1.22). After correction of the stereochemical assignment, the product was determined to be

a trans-decalin.131°

Linstead:
OH
H PO4
140° C
89%
1.20
Stork:
CO5H HO,C
W HCO,H, HySO,4 (10%)
Ak / o >
BF5-Et,0, 35°C (35%) H
1.22 1.23

Scheme 1.4. Early work by Linstead and Stork on the synthetic polyene cyclization.

The diastereoselectivity of this cyclization prompted the hypothesis that addition was
occurring anti-parallel across the internal olefin. Further evidence towards the anti-parallel
addition hypothesis was provided in work by Schinz and Eschenmoser (Scheme 1.5), where

cyclization across a trans- or cis-olefin (1.24 or 1.26) gave products of a single anti- or syn-



diastereomer (1.25 or 1.27), respectively.’® This work has resulted in the Stork-Eschenmoser
hypothesis, which defines the stereospecific anti-parallel addition of carbenium ion and olefin to
an alkene. This hypothesis has been observed in the synthesis of decalin ring systems, where an
internal (E)-olefin results in the trans-decalin product and an internal (Z)-olefin results in the cis-

decalin product.

Schinz and Eschenmoser:

1. HCO,H
[{ycox - [{Taeos

] 2. deformylate

1.24 1.25
CO5H CO5H
1. HCO,H
{ // D — OH
| 2. deformylate |
1.26 1.27

Scheme 1.5. Schinz and Eschenmoser’s evidence towards carbenium anti-parallel addition to an

olefin.
1.1.3 Biosynthetic polyene cyclization

The cyclization of squalene in the biosynthesis of steroid molecules proceeds through a
cationic cascade to form multiple carbon-carbon bonds in the fused ring system (Scheme 1.6). The
enzymes that control these cyclizations belong to a class of cyclase enzymes, with the cyclization
of squalene to hopene controlled by squalene-hopene cyclase (SHC) and the cyclization of 2,3-
oxidosqualene to lanosterol controlled by oxidosqualene cyclase (OSC).® In prokaryotes, the
terminal olefin of squalene is protonated, followed by subsequent olefin additions before the
cyclization is terminated by proton loss to give hopene. The chair-chair-chair conformation of
squalene results in the trans-anti-trans ring system found in hopene. In vertebrates and fungi, the
terminal olefin of squalene is first epoxidized to give (3S)-2,3-oxidosqualene. Protonation then
initiates epoxide opening and the olefin addition cascade. OSC holds (3S)-2,3-oxidosqualene in a
chair-boat-chair conformation, which results in the trans-syn-trans ring system found in the
tricyclic intermediate 1.28 (Scheme 1.7). In the currently accepted mechanism, ring expansion and
final ring closure gives the tetracyclic skeleton (1.29), which is followed by a series of 1,2-proton

shifts, 1,2 methyl shifts, and a terminating deprotonation to result in lanosterol.!> 718 The



mechanism of these polyene cyclizations was originally proposed to proceed through a concerted
pathway. However, recent evidence has suggested the presence of discreet carbocation
intermediates and a stepwise mechanism,'® which will be discussed in later sections. The
fascinating ability of cyclase enzymes to assert complete control over these reactions has driven

significant research into their structure and function.

Prokaryotes:

9 Squalene-Hopene
W Cyclase -
LQ’ 0 /15 /
H;_3/2

squalene

T \&»

>

Vertebrates/Fungi:

N Oxidosqualene

A~ 6

+ O~ ~ 19 Cyclase

H W A\ —
8 2 10

(3S)-2,3-oxidosqualene lanosterol

|

Scheme 1.6. Enzymatic polyene cyclizations in steroid biosynthesis with originally

proposed mechanisms.

—>» |anosterol

(3S)-2,3-oxidosqualene 1.28 1.29

Scheme 1.7. Biosynthesis of lanosterol from (3S)-2,3-oxidosqualene.



1.1.4 Crystal structure of SHC and OSC

The first crystal structures of SHC and OSC were obtained in 1997 and 2004
respectively.?-2! The elucidation of their structures showed that, in addition to providing similar
functions, there are several analogous structural motifs. The binding pockets for both enzymes are
mainly non-polar. However, one end contains a highly conserved aspartate-containing domain, of
Asp-Asp-Thr-Ala in SHC and the analogous Asp-Cys-Thr in OSC. The crystallization of SHC
with a stable squalene analogue (2-azasqualene) gave the position of Asp376 near C3 (Figure 1.3),
suggesting the participation of these amino acid residues in the initial protonation step of the

17,22

biosynthetic polyene cyclization.

Figure 1.3. Active site of SHC, with 2-azasqualene shown in blue and binding site residues at 5A

shown in grey.??> Arrow highlighting Asp376.

The level of conservation of amino acid residues between SHC and OSC is high at the
Asp376 end of the cavity (left, Figure 1.3) and lower at the other end. This is consistent with the
respective steroids obtained from these enzymes, with similar initial cyclizations providing a 6,6-
fused bicycle of the A and B rings, followed by the divergent reactivity resulting in the C/D/(E)

rings.



The binding pockets of both SHC and OSC contain a large number of conserved aromatic
amino acids. The conservation of these amino acids and their relative positioning to the respective
cyclization substrates in the co-crystallized structures have suggested their importance in the
stabilization of cationic intermediates in the polyene cyclization.

Prior to structural elucidation of OSC, site-directed mutagenesis and substrate-analogue
compatibility experiments were conducted to investigate the enzyme mechanism and divergent
cyclization behaviour from SHC.?® More recently, efforts have been made into determining the
relationship between the enzyme structure and function.?”*° However, there has been considerably
more research into the structure and function relationship of SHC through site-directed
mutagenesis experiments. Through this research, key amino acid interactions have been suggested

that are integral to the current mechanistic understanding of the biosynthetic polyene cyclization.
1.1.5 Mutagenesis experiments on SHC

Site-directed mutagenesis experiments were conducted on SHC to investigate the
importance of the conserved motif of polar amino-acids. Mutations of residue Asp376 to Glu gave
10% activity relative to the wild type enzyme and mutation to Arg rendered the enzyme inactive.??
With structural evidence obtained from the crystal structure, the placement of this residue relative
to 2-azasqualene supports the theory that Asp376 initiates the cyclization of squalene through

protonation of the C2-C3 olefin, with charge stabilization from the surrounding residues.t’ 2

Point-mutation experiments on Asp377 have shown it to be a key residue in the cyclization
of squalene to hopene. Mutation of Asp377 to Cys or Asn resulted in monocyclic product 1.30

(Figure 1.4), suggesting its function in stabilization of the C10 cation (hopene labelling).!



1.30 1.31 1.32 1.33
Mutant Asp377Cys Tyr420Ala Tyr420Ala Phe365Ala
Enzyme:  Asp377Asn Tyr609Phe Phe365Ala

1.34 1.35 1.36
Trp169His Phe601Ala Phe601Ala
Phe601Ala

Figure 1.4. Cyclization products of squalene with SHC mutants.

Point-mutation experiments on aromatic amino acids in the binding pocket of SHC by
replacing them with either non-aromatic amino acids or those with less m-electron density (i.e.
replacing Tyr with Phe), have also resulted in the incomplete cyclization of squalene. Mutant SHC
enzymes Tyr420Ala, Phe365Ala, and Tyr609Phe led to bicycles 1.31 and 1.32, 1.32 and 1.33, and
1.31, respectively.3>34 The premature termination of the cyclization of squalene to yield these
bicyclic products suggests that the aromatic side chains of Tyr420, Phe365, and Tyr609 participate
in stabilization of a C8 cation.



Figure 1.5. Different views of the active site of SHC, with 2-azasqualene shown in blue and

binding site residues at 5A shown in grey.?*-°

Mutant enzymes at Trp169 or Phe601 gave squalene cyclization products resulting from a
Markovnikov addition of an olefin to either a C8 or C13 cation. Mutant enzyme Trpl69His
provided 29% of 1.35 (Figure 1.4) in comparison to 0.6% formed with the wild type SHC.*®
Mutation of Phe601 to Ala also resulted in significant formation of 1.34 with smaller amounts of
1.35 and 1.36.3% % These results suggest not only the initial formation of both a 6,6,5 and a 6,6,6,5
Markovnikov cation, but also the significance of Trp169 and Phe601 for the stabilization of these

cations prior to a postulated ring expansion (as discussed in Section 1.1.7).
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To further investigate the importance of the m-density at aromatic amino acid residues
Phe365 and Phe605, which have been proposed to stabilize cationic charge at C8 and C13,
respectively, Hoshino incorporated site-specific mutations of natural and unnatural amino acids at
these positions. Site-directed mutations incorporated residues with higher cation—z binding
energies (as discussed in section 1.2.2), O-methyltyrosine, Tyr, and Trp, as well as those with
lower cation—n binding energies, mono-, di-, and trifluorophenylalanines, and the effect of the
resulting mutant enzymes on the kinetics of the polyene cyclization was observed.®” The increased
size of the Tyr and Trp residues in the mutant protein led to looser binding, which was more
significant for Phe365. However, the Phe605 mutants showed increasing catalytic activity with
mutations that increased cation-n binding strength (in the order Phe605Tyr, Phe6050Me-Tyr,
Phe605Trp). Conversely, the activity of the fluorine-substituted mutants at both Phe365 and
Phe605 decreased proportionally to the number of fluorine molecules incorporated.

These mutagenesis studies show the importance of the m-electron density at Phe365 and
Phe605, as well as aromatic residues at Tyr420, Tyr609, Trp169 and Phe601, for the complete
polyene cyclization of squalene by SHC. These residues have been postulated to stabilize
intermediate cations in the cyclization pathway, which has led to the proposal of a stepwise

mechanism.
1.1.6 Mechanism of the biosynthetic polyene cyclization

The complete regio- and stereocontrol observed in the biosynthesis of hopene initially led
to the postulation of a concerted cyclization mechanism proceeding from the chair-chair-chair-
chair conformation of squalene seen in Scheme 1.6. This was the favoured hypothesis due to the
lack of stereochemical erosion that would be more indicative of a stepwise mechanism. However,
the energetically disfavoured non-Markovnikov additions required for this proposed mechanism
prompted some dispute and both Stork and Eschenmoser noted the possibility of cationic

intermediates in their early reports.383°

With more recent evidence from point-mutation experiments, it has been accepted that both
OSC- and SHC-catalyzed polyene cyclizations proceed through an asynchronous pathway with
rigidly held carbocation intermediates. The non-Markovnikov addition in the synthesis of hopene
to form the 6-membered C ring has been proposed by Hoshino to proceed through initial 6-6-5

ring formation (1.39, Scheme 1.8), followed by a ring expansion.*® He has proposed a similar 5-
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membered ring formation/expansion to form the D ring. Shulz has proposed an alternative
mechanism where the 6-6-6-5 structure (1.40) can be formed directly with sequential cyclizations
stabilized by the squalene binding structure, without requiring the first ring expansion.?® He has
then proposed the same ring expansion to result in the 6-membered D ring. The cyclization is then
terminated in a proton loss to give hopene. Aromatic amino acids have proven integral to the
complete cyclization, leading to the postulation that they provide stabilization through cation—n

interaction with cationic intermediates along this mechanistic pathway.

squalene

—\
1.40 1.39
B:
1.41 hopene

Scheme 1.8. Hoshino’s proposed mechanism of biosynthesis of hopene.
1.2 Cation—m interaction

The cation—x interaction that has been proposed between aromatic amino acid side chains
and cationic intermediates in the biosynthetic polyene cyclization has been identified in many other
areas of chemistry and biology.***> However, in comparison to other noncovalent interactions,
such as hydrogen-bonding or m—m stacking, cation—m interactions have been underutilized in
synthetic chemistry. This thesis will discuss our investigation into cation—r interactions for the
stabilization of cationic intermediates and transition states in the iminium-catalyzed polyene
cyclization. In sections 1.2 and 1.3, we will give overview of the significance of cation—n

interactions and give relevant examples of their use in synthetic chemistry.
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1.2.1 Initial discoveries in cation—m interactions

In the 1980s, an association enthalpy of 19 kcal/mol was reported between K* and benzene
in the gas phase.*® This was unusually high, considering the 18 kcal/mol binding enthalpy between
K* and water. A report followed shortly after of a similarly high binding energy of quaternary
ammonium salts with T—systems, in the range of 10-22 kcal/mol.** Although the term “cation—n
interaction” wasn’t coined until several years later,*® these observations marked the beginning of

computational and experimental investigation into this noncovalent attraction.

Following these initial reports, cation—r interactions have been well documented in the
solution phase. Dougherty’s program in host-guest chemistry led to the design of a cyclophane
receptor, 1.42 (Figure 1.6).“¢ Carboxylate groups on the exterior of cyclophane 1.42 promote
water-solubility, while the aromatic-lined core desolvates organic molecules. Interestingly, in the
investigation of potential guests, they determined that the cyclophane core had a strong affinity
towards cationic ammonium ions, desolvating NMQ (1.43), nicotine (1.45) and ACh (1.46) from
an aqueous solution.*” Cationic charge was noted to play a large role in the molecular recognition,
as demonstrated by the greater binding affinity of NMQ (1.43) (AG® = -8.4 kcal/mol) compared
to a neutral, isostructural analogue 4-methyl quinoline (1.44) (AG® =-5.9 kcal/mol).

Cyclophane host: Guest molecules:
CO,Cs* CH, CHj;
*Cs'0,C '
o T - O
o} VS. _
oI P N
NMQ (1.43) 4-methylquinoline (1.44)
AG° = -8.4 kcal/mol AG® = -5.9 kcal/mol
/N
T 1 o S HSCN’H )?\ N(CH)
+ 3)3
CO,Cs* O/\/
*Cs'0,C
1.42 nicotine (1.45) ACh (1.46)

Figure 1.6. Cyclophane macrocycle 1.42 with reported guest molecules.

Early indications from structural biology and host-guest chemistry suggested that the

nature of the interaction between n—systems and proximal cations differs from that of a typical
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dipole—ion interaction. Since these initial observations, detailed investigations have been

undertaken into the physical nature of the cation—r interaction.
1.2.2 Origin of attraction in cation—n interactions

The binding energy of cation—n interactions is largely attributed to electrostatic and
inductive forces. However, the fundamental nature of the interaction is electrostatic and, in many
cases, the interaction can be effectively modelled as an ion-quadrupole interaction.*®%° The
strength of binding energy of a cation—n interaction can be predicted from the electrostatic
potential (ESP) of an aromatic ring, with electron-donating substituents creating a more negative

ESP and electron-withdrawing substituents creating a more positive ESP (e.g. benzene vs.

hexafluorobenzene , Figure 1.7) #- 5!

H F

H H F F

H H F F
H F

benzene hexafluorobenzene

Figure 1.7. a) Schematic representation of the quadrupole moment of benzene and
hexafluorobenzene with b) related ESP maps.
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Computational and experimental evidence has demonstrated that the electronic nature of
aromatic substitution and the size of the n—system can be predictors of the relative strength of
cation— interactions.>>> However, the correlation between ESP maps and strength of cation—=
interaction can only be interpreted qualitatively, as the effects of aromatic substitution on the

polarization of aryl n-cloud can be overestimated.*®

In addition to electrostatic attraction, inductive forces can play a role in the overall binding
energy of the cation—z interaction which depends on the polarizability of the aromatic. This is in
contrast to m—n and CH—x interactions, where the interaction primarily consists of dispersion
forces.>” The overall binding energy computed for a positively charged ammonium or tetramethy!l
ammonium is larger in magnitude than that of a neutral CH—x or NH—= interaction, with the cation—

7 interaction defined with a significant portion attributed to electrostatic force (Figure 1.8).%

H H +,H CH3

H\¢/H H,'}l\H \N’ H3C"N\C

Etotal -1.45 -2.22 -19.30 -9.66
Ees -0.25 -1.01 -11.04 -5.27

Figure 1.8. Total interaction energy (Etwtal, difference between the energy of the complex and the
summed energies of individual components) and electrostatic energy (Ees, interactions between
distributed multipoles of monomers) for methane, ammonia, and ammonium-benzene complexes
calculated at the CCSD(T) level of theory at the basis set limit.

A further defining feature of the cation—= interaction is the distance dependence on the
strength of interaction. A typical quadrupole-ion interaction would be expected to have a
stabilization energy distance dependence of 1/r3, where r is the distance between the ion and the
quadrupole. The stabilization energy of a cation—x interaction has a distance dependence of 1/r",
where n<2, meaning that it provides stabilization at longer distances than would be expected for a

true electrostatic interaction.®!

The cation has been shown to have preference for the centre of an aromatic ring and
perpendicular to the plane of atoms, optimizing ion—orbital interaction.>®-5! Metal cations can

interact directly with the pi system. However, in more complex systems such as alkyl ammonium
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ions, the m system has been postulated to interact with the CH a to the nitrogen due to the

distribution of charge in the molecule (Figure 1.9).4

R
|
R .N+ R o+ +
N \r |
Rl CH,
K* Hy, H 8 N 8+
A ' H3C a \CH3

> > H,C

Figure 1.9. Comparison of cation—r interaction with benzene and K* vs an alkyl ammonium and

distribution of charge in tetramethylammonium.

Experimental studies to investigate the thermodynamics of the cation—z interaction in
solution have been performed on equilibrium systems. Through these, the magnitude of the
interaction was determined to be dependant on the nature of the cation, the nature of the n—system,
as well as other factors.>* 298 |n the interaction of enzymes with cationic molecules, the cation—
n interaction has been estimated to increase binding by 2.6-2.8 kcal/mol,%"° placing it in

comparable magnitude to other strong noncovalent interactions, such as hydrogen bonding.
1.3 Cation—r interactions in organic synthesis

With the recognition of cation—r attraction as a strong non-covalent interaction, recent
investigation has been undertaken into its potential to promote reactivity and/or selectivity in
synthetic chemistry.”*72 In substrates containing both cationic character and a neutral aromatic,
cation—r interactions have been proposed to promote regioselectivity and stereoselectivity in both
intra- and intermolecular reactions through the stabilization of favourable conformations.”7®
Similarly, catalysts incorporating both an aromatic and cationic element have been proposed to

achieve reactivity and selectivity through cation—z stabilization of favoured conformations.””

As an examples, cation—z interactions have been proposed to stabilize the favoured
conformation of iminium 1.49, formed from imidazolidinone catalyst 1.47 and aldehyde 1.48.
Catalyst 1.47 has been developed by MacMillan to promote iminium-catalyzed reactions of o,-
unsaturated aldehydes with high enantioselectivity.”®’® DFT calculations showed that the
preferred conformation of iminium 1.49 was the (E)-isomer (Figure 1.10).8%81 At the B3LYP/6-
31G(d) level of theory, three low energy conformations were found, differing in the N-C-C-Ph
dihedral angle. In the lowest energy conformation, 1.49i, the phenyl group is stacked over the
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imidazolidinone ring, with proposed stabilization through a favourable CH-x interaction with the
geminal dimethyl group. The energy difference is only 0.3 kcal/mol between this isomer and
1.49ii, with the phenyl group stacked over the iminium. Both conformations are significantly lower
in energy than 1.49iii (+1.3 kcal/mol), where the phenyl group is twisted away from the iminium,

suggesting that an interaction with the phenyl group is stabilizing conformations 1.49i and 1.49ii.

SNNA
O 7 0
N . N
N)( | H =——> "\'l')(
H Ph |
Ph HX

1.47-HX 1.48 /K1 49

/ Q / Q /
) HhH H
0 N Yo o=
+ - z

1.49i 1.49ii 1.49iii
0.0 kcal/mol +0.3 kcal/mol +1.3 kcal/mol
Figure 1.10. Lowest energy conformations of iminium with imidazolidinone catalyst 1.47
calculated at the B3LYP/6-31G(d) level of theory.

The effect of the electronics of the aromatic substitution on the imidazolidinone catalyst
was studied further by Gilmour in the iminium-catalyzed Michael addition of N-methyl pyrrole
(1.51) to cinnamaldehyde (1.50) (Table 1.1).82% A conformer population analysis was performed
using spectroscopic data which determined the ground-state conformer population of the
corresponding a,B-unsaturated iminium salts. Catalyst 1.53, with electronegative fluorine
substitution on the arene, showed an increased amount of conformer iii (47%), with the aromatic
twisted away from the iminium, and resulted in product 1.52 with diminished enantioselectivity
(65% ee) compared to that obtained with the phenyl substituted imidazolidinone 1.47 (23% of i,
1.52 in 84% ee). Catalyst 1.54, with a 3,4,5-trimethoxyphenyl substituent, showed a decreased
amount of ground state iminium conformation iii (18%), and resulted in product 1.52 with
increased enantioselectivity (94% ee). This evidence showed that both the ratio of ground-state

conformers of the iminium as well as the enantioselectivity of the reaction were strongly dependant
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on the arene quadrupole moment, suggesting a cation—x interaction in iminium conformations i

and ii which results in greater shielding of one face of the a,B-unsaturation.

Table 1.1. Enantioselectivity of imidazolidinone-catalyzed Michael addition and molar ratio of

iminium ions with varying aromatic substitution.

Ar H
9 ,L TFA \ H
H . (20mol%) N Ph
JI/IL <\—/7 THFH,0,25°C  \ I
Ph™ 4.50 1.51 1.52
Catalysts:
F F
Ar =
F F MeO OMe
F OMe
1.53 1.47 1.54
Iminium lon Mole Fraction ee of 1.52
Entry Catalyst Qz
i ii ii (%)
1 1.53 +3.01 0.37 0.16 0.47 65
2 1.47 -3.46 0.75 0.03 0.23 84
3 154 -5.68 0.65 0.17 0.18 94

In addition to substrate-substrate and catalyst-catalyst interactions, aromatic substitution
has also been strategically incorporated into catalyst designs to promote a favourable interaction
with cationic substrates. In the following sections, relevant examples of cation—n interactions
between catalyst/reagent and cationic intermediates or transition states of the substrate will be
discussed, with a focus on those related to synthetic monoterpene or polyene cyclizations.
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1.3.1 Cation—= interactions in supramolecular catalysis

The incorporation of aromatic molecules into the core of supramolecular hosts as a strategy
for the molecular recognition of cationic molecules has been well established. Recent research has
been done in the extension of this binding affinity for the stabilization of cationic transition states,

with the goals of providing selectivity and rate enhancement in chemical reactions.

In a seminal paper, Dougherty showed that the reaction of quinoline (1.55) with methyl
iodide (1.56) proceeded with a 100-fold increase in rate when sequestered inside cyclophane
receptor 1.42 (Scheme 1.9). This increase in reactivity was proposed to occur due to the

stabilization of the transition state through cation—m interaction with the cyclophane core.®

X cyclophane 1.42 A
o+ Mel . : . + I
N aq. buffer N

kcat/kuncat =100

"0,C

Scheme 1.9. Cyclophane-catalyzed Menschutkin reaction.

This example demonstrated the possibilities of utilizing the binding properties of
supramolecular hosts to lower kinetic barriers for reactivity. Further examples of the enhancement
of rate and selectivity in organic reactions have been demonstrated with [GasLe]** cluster 1.57
(Figure 1.11).85 The host-guest chemistry of this cluster accommodates many mono-cationic

species, such as tetraalkylammonium salts,®” organometallic compounds,® and reactive
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phosphonium species, through binding interactions with the naphthalene bridges lining the inner

cavity.%

Q =ca*
Figure 1.11. Metal-ligand [GasLs]** cluster.

Encapsulation of cationic substrates and intermediates within the confined binding pocket
of cluster 1.57 is postulated to lower the entropic barrier for reactivity. This allows energetically
disfavoured reactions to proceed, such as the acid-hydrolysis of orthoformates and acetals in basic
solution.®% Rate acceleration of a reactions with cationic transition states, such as the Nazarov

cyclization and aza-Cope rearrangement, have also been observed with cluster 1.57.9-%

Monoterpene-like Prins-cyclizations of citronellal (1.59) and homologous aldehydes (1.62)
were catalyzed selectively by the [GasLs]** cluster (Scheme 1.10).%” The reaction catalyzed by
1.57 showed opposite selectivity to the acid-catalyzed reaction, which resulted in mainly the water
trapped product (1.61), due to affinity of the cationic intermediate to the hydrophobic core of the
supramolecular assembly. Using enantiopure catalyst 1.58, a modest enantioselectivity could be
achieved with a gem-dimethyl substrate, 1.62.% Reactivity and enantioselectivity in reactions
catalyzed by the [GasLs]'? cluster were highly substrate-dependant, with the steric environment of
the different substitution patterns having a large effect.
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More recently, the catalytic potential of the supramolecular assembly of resourcin(4)arene
(1.66, Figure 1.12), has been demonstrated. In CDCls, the self-assembly of resourcin(4)arene
(1.65) occurs as a hexamer with the participation of four water molecules,®**% and this
supramolecular assembly (1.66) had previously demonstrated successful encapsulation of cationic
tetraalkylammonium ions.?%192 Supramolecular assembly 1.66 acts as a reasonably strong acid,
which can protonate substrates then selectively bind cationic intermediates within the internal
cavity through cation—r interactions. With these properties, it has successfully been demonstrated

CHO conditions OH OH
_—— +
X
OH
1.59 1.60 1.61

conditions:
A. catalyst 1.57 (10 mol%) in KH,PO,4 buffer,

pH 7.50, 60 °C, 28 h 97 3

B. KH,PO,4, pH 3.20, 50 °C, 8h 9 91
CHO 1.58 (2.5 mol%) OH OH

> +
X MeOH/H,O P
KH,PO, buffer, pH 7.50, I/
1.62 25°C,50h 1.63 1.64

12 88 (61% ee)

Scheme 1.10. Prins cyclization catalyzed by supramolecular assembly.

to promote acid-catalyzed reactions, such as the selective hydrolysis of acetals.*%®

¢¢¢¢

HO OH SN,
HO OH

o) o)

HO OH 5 o
_______ Q = Hzo

HO oH T

1.65
R = C11H23 1.66 = (165)6(H20)g

Figure 1.12. Structure of hexameric resorcin(4)arene 1.66.
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Capsule 1.66 has been demonstrated to catalyze other reactions with cationic intermediates,
such as the cyclization of geranyl acetate (1.67, Scheme 1.11a).1% This tail-to-head cyclization is
the proposed biosynthetic pathway to a-terpinene (1.68), but has been challenging to replicate
synthetically due to the low energy barriers to multiple alternate products. Within the capsule, the
direct cyclization of geranyl acetate proceeds through protonation of the acetate, followed by an
Sn1 type pathway. Stabilizing interactions within the aromatic-lined core have been proposed to
lower the activation barrier for the isomerization from the geranyl cation to the linalyl cation. A
cation—r interaction has also been proposed to stabilize the intermediate a-terpinyl cation, to allow
the 1,2-hydride shift to proceed prior to elimination, leading to a-terpinene as the major product
in 35% vyield. The reaction was demonstrated to proceed inside the capsule through the size

exclusion of extended substrate 1.70, which failed to react (Scheme 1.11b).*%®

(@) X OAc capsule 1.66 (10 mol%)
DCI (3 mol%)

| CDCl3, 30 °C, 24 h

>

35%
geranyl acetate (1.67) o-terpinene (1.68)
e —_—
+
geranyl cation linalyl cation a-terpinyl cation terpinen-4-yl
cation
(1.69)
(b)
167  + DCI (3 mol%) 167 170
| CDClj3, 30 °C 81% 2%
C1qHag
1.70

Scheme 1.11. (a) Cationic cyclization of geranyl acetate catalyzed by capsule 1.66 and (b)
selective conversion of geranyl acetate in the presence of extended analogue 1.70.
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Capsule 1.66 was demonstrated to catalyze the cyclization of a more complex polyene substrate
with some selectivity (Scheme 1.12). The polyene cyclization of farnesyl acetate (1.71) proceeded
to result in a mixture of several natural products (1.72-1.76), with an isolated yield of 16% of the
major product, 3-selinene (1.72).1% Additionally, capsule 1.66 has been demonstrated to catalyze

other cationic cyclizations,'%* 197198 35 well as an iminium-catalyzed 1,4-reduction.1%

H
+
N 1.66 (10 mol%) 5-selinene (1.72) 10-epi-zonarene (1.73)
| OAc  HCI (10 mol%) 220, 4%
| CHCls, 30°C (16% isolated yield)
4d

w\
T

farnesyl acetate
(1.71)

2-epi-a-cedrane (1.74)  o-cedrane (1.75)  e-patchoulene (1.76)
3% 3% 1%

Scheme 1.12. Cationic sesquiterpene cyclizations catalyzed by capsule 1.66 (GC yields).

The binding affinities for these supramolecular host-cationic guest complexes create
interesting possibilities for their use in catalysis. However, most of the current examples of
supramolecular catalysis are incredibly substrate specific. Only small deviations from the optimal
substrate can be made without detrimental effects on the reactivity and selectivity. In addition, as
shown by the polyene cyclization with capsule 1.66 (Scheme 1.12), selectivity issues in more
complex reactions can lead to low yields of desired product.

1.3.2 Cation—= interactions in small molecule catalysis

In recent years, cation—r interactions have been incorporated into strategies for small
molecule catalysis, with stabilization of cationic intermediates and transition states leading to
regio- and stereoselectivity.”"2 A prominent catalyst design in this area is the chiral thiourea (e.g.
1.77 and 1.78, Figure 1.13a) developed by Jacobsen. These thioureas recognize ion-pairs through
anion-binding with the thiourea H-bond donor and cation-binding with a strategically placed aryl
group. A crystal structure of catalyst 1.77 co-crystallized with ammonium chloride showed

evidence of recognition of the ion pair, with the separation of the positively charged
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tetramethylammonium and anionic chloride ion (Figure 1.13b). Successful rate acceleration and
selectivity have been achieved using this group of catalysts in a range of reactions, including

Friedel-Crafts alkylations, 191! acylations,!'? and rearrangements.*®

CF3
Bu s

N\H/\NJ\N CF,
Ar 0] H H

r = 9-phenanthrene

1.77, A
1.78, Ar = 4-pyrenyl

Figure 1.13. (a) General structure of chiral thiourea catalyst and (b) representation of the crystal

structure of 1.77 with ammonium chloride.

Asymmetric tail-to-head cyclizations of neryl chloride derivatives have been reported
using thiourea catalyst 1.77 (Scheme 1.13).11* lonization of the allyl chloride results in the allylic
cation, which has been proposed to participate in cation—= binding with the phenanthryl moiety on
the catalyst. High enantioselectivity was obtained in substrates that had electron-deficient
substitution on the distal olefin. The cyclization of substrate 1.83, with electron-deficient p-
cyanophenyl substitution, yielded 67% of corresponding product 1.79 in 92% ee and substrate
1.84, with p-methylphenyl substitution, yielded 60% of corresponding product 1.79 in diminished
77% ee. Mechanistic analysis showed the direct involvement of the second olefin in the rate-
determining step. Electron-deficient substrates were proposed to have more donation from the
isoprene olefin due to less stabilization of the allylic cation by the substituent, which would lead

to more highly ordered enantio-determining transition state.
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catalyst 1.77 (10 mol%)
NaHCOj; (1.5 equiv.)

-

| Cl CyH, 25°C, 24 h
Cl
1.79 1.80 1.82
Substrate yield of 1.79 (% ee) yield of 1.80 yield of 1.81 + 1.82
1.83, R = p-cyanophenyl 67 (92) 12
1.84, R = p-methylphenyl 60 (77) 17
vla: _
S
e }
| o CArD
H H
N Ph

Scheme 1.13. Tail-to-head cyclizations of neryl chloride derivatives.

Thiourea catalyst 1.78, with 4-pyrenyl substitution, was demonstrated to effectively

catalyze the polyene cyclization of a-hydroxy lactam substrates (1.85, Scheme 1.14),!*° giving
products 1.86 in high yields (51-77%) and enantioselectivities (89-94% ee).!'® Under hydrochloric

acid conditions, the a-hydroxy lactam is ionized to give the corresponding acyl iminium ion with

a chloride counterion. The thiourea is then proposed to perform co-operative catalysis, binding to

the chloride anion with the thiourea moiety and to the cationic transition state through cation—«

interaction with the pyrene. Mechanistic evidence suggested that the chiral catalyst selectively

stabilizes the major diastereomeric transition state, leading to high levels of enantioselectivity.

oNI
X on

1.85

R

1.78 (15 mol%)
HCI (25 mol%)

-

4A MS, TBME,
-30 °C, 72-120 h

;

1.86
51-77%
89-94% ee

Scheme 1.14. Proposed mechanism of the thiourea-catalyzed polyene cyclization.
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In the polyene cyclization, both the reactivity and the enantioselectivity were highly
dependant on the size of the extended aromatic (Scheme 1.15). With naphthyl substitution in 1.89
and 1.90, product 1.88 was obtained in 46% and 36% yield with above 60% ee. With phenanthrene
substitution in 1.77, product 1.88 was obtained in 52% yield and 87% ee and the best results were
obtained with anthracene substitution in 1.78, which provided product 1.88 in 78% yield and 95%
ee. This correlation between the enantioselectivity and the polarizability and quadrupole moment
of the arenes provided strong evidence towards stabilization of the major transition state in the

enantioselectivity-determining event.

OMe OMe

catalyst (15 mol%)
HCI (25 mol%)
| >

Ow\b\ 4A MS, TBME
OH -30°C, 48 h
1.87
CF,
catalyst:
y Bu s
N <
N” N CF,4

Ar o) H H

Yield of 1.88: 46% 33% 52% 78%
(%ee): (60) (61) (87) (95)
Scheme 1.15. Screening of thiourea catalysts in the polyene cyclization of a-hydroxy lactam
1.87.

In an iminium-promoted polyene cyclization catalyzed by chiral BINOL-derived
phosphoramide (Scheme 1.16), anthracenyl substitution on catalyst 1.96 provided optimal
reactivity and enantioselectivity (1.93 in 58% yield, 74% ee).!'” The authors propose a cation-n
interaction due to the relation between reactivity and the quadrupole moment of the aromatic

groups on the catalyst. However, the mechanism of enantioinduction is unclear and could arise
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from destabilization of the ground state as opposed to transition state stabilization. Anthracene has
also been incorporated into a BINOL-derived thiophosphoramide catalyst for the asymmetric

bromonium-initiated polyene cyclization.!®

catalyst (20 mol%)

+  TsNH MgSO,, DCM,
OHC 50 °C
1.91 1.92 TsHN 1.93
catalyst:
Ar Yield of 1.93 (% ee)
OO o 1.94, Ar = 3,5-ditrifluoromethylphenyl 24% (27)
o_ii 1.95, Ar = 1-naphthyl 30% (50)
o°P=NHTf  1.96, Ar = 9-anthraceny 58% (74)
(53)

OO 1.97, Ar = 4-pyrene 45%
Ar

Scheme 1.16. Chiral Bronsted acid-catalyzed polyene cyclization.

Harnessing cation—z interactions in the synthetic polyene cyclization is an attractive
endeavour due to the role that they play in the complete regio- and stereocontrol achieved in steroid
biosynthesis. The examples shown where cation—= interactions are proposed to stabilize cationic
intermediates or transition states in monoterpene and polyene cyclizations demonstrate the
viability of using this interaction to achieve reactivity and selectivity. Also made apparent is the
difficulty in achieving selective termination of cyclizations where alternate termination pathways

are possible that have low energy activation barriers.
1.4 Synthetic polyene cyclizations

Catalyst designs that incorporate extended aromatics to stabilize cation intermediates and
transition states through cation—=n interactions have been successfully used in several reactions.
The polyene cyclization proceeds through multiple ring closures to result in the final fused ring
products, each with a possibility of multiple alternate low energy pathways which could proceed
instead. In the biosynthetic polyene cyclization, cation—n interactions have been postulated to
stabilize cationic intermediates, contributing to the observed selectivity. There have been several
strategies developed in attempts to achieve similar selectivity to that observed in nature, several of

which will be discussed in this section.
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1.4.1 Racemic polyene cyclizations

Initial investigations by Stork and Eschenmoser had initiated the polyene cyclization
through electrophilic activation of the initial olefin, either by protonation or Lewis acid co-
ordination. This method suffers poor selectivity for the initial olefin. Therefore, to expand the
potential applicability of the polyene cyclization to the synthesis of terpene natural products,
different initiation methods were developed. Johnson developed methods which initiated the
racemic polyene cyclization through the Lewis or Bronsted acid activation of a sulfonate ester,''°
acetal,*?° or allylic alcohol. The acid catalyzed dehydration of an allylic alcohol was used to
promote the polyene cyclization in Johnson’s total synthesis of progesterone (1.100, Scheme
1.17).12 Of note is the methyl group installed to favour the cyclization to the 6,6-bicycle (1.99),
instead of the 6,5 ring system initially formed in the biosynthesis. Methods have also been
developed which initiate the polyene cyclization through epoxide opening,'?? analogous to that

seen in the biosynthesis of lanosterol, as well as the ionization of an a-hydroxy lactam.!®

O
O)j\o
/
CI(CHy),Cl,
TFA, 0 °C
| | then K2C03,

| H,O/MeOH
X e .
72%

OH 1.98

()-progesterone (1.100)

Scheme 1.17. Allylic alcohol-initiated polyene cyclization in Johnson’s synthesis of

progesterone.

To expand the utility of the polyene cyclization for the synthesis of natural products,
potential terminating groups have also been investigated. The use of aromatic rings to terminate
the polyene cyclization is most prevalent, where varying substitution allows increased reactivity
as well as promoting regioselectivity. However, there have been other terminating groups reported,
such as alkenes (Scheme 1.18),'%1'% alcohols (Scheme 1.21),'%* propargy! silanes (Scheme
1.19),% and silyl enol ethers (Scheme 1.20).1%
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Reports of polyene cyclizations promoted by the acid activation of the terminal olefin were
limited to mono- and bicyclizations, where further cyclizations led to very low yields of products
with significant amounts of side products.”® These side products resulted from either low
selectivity for activation of the initial olefin or premature termination of the cyclization. With the
development of an acetal initiating group, Johnson demonstrated that good yields of a tricyclic
product could be obtained.'?” However, using the same acetal initiating group in his effort towards
the total synthesis of tetracyclic natural products, Johnson noted that products were generally
obtained in poor yields or not at all.!? He overcame this issue by stabilizing the intermediate
cations to promote further cyclizations. With cation-stabilizing auxiliaries, such as allyl (Scheme
1.18) or fluorine groups, high yields of tetracyclized product could be achieved (e.g. 77% of
product 1.102).12°

SnC|4

OH

1.101 1.102
77% yield

Scheme 1.18. Tetracyclization achieved with incorporation of cation-stabilizing auxiliary.
1.4.2 Substrate-controlled diastereoselective cyclizations

Initial reports of imparting asymmetry to cyclized products used chiral substrates which
underwent diastereoselective polyene cyclizations. The first method to achieve this was reported
by Johnson with the initiation of the polyene cyclization by the Lewis acid assisted opening of a
chiral acetal.®*° This method was used in the asymmetric synthesis of a key intermediate towards
la,25-dihydroxy vitamin D3 (1.105, Scheme 1.19), where the polyene cyclization gave an 87:13
diastereomeric ratio of separable products (1.104 and diastereomer).*t An intermolecular

approach to chiral acetal-promoted polyene cyclizations has also been reported.'*
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TES
TiCly (1.8 €q.)
2,4,6-collidine
| CH,Cly, 78 °C

r

T
O
O
Tun

o” ©O 82%
\K/K 1.103
. : 1.104 1.105
= (87:13 dr with intermediate
opposite trans-ring fusion) towards
1a,25-dihydroxy
vitamin D3

Scheme 1.19. Johnson’s diastereomeric polyene cyclization initiated by the opening of a chiral

acetal.

An asymmetric synthesis of dammarenediol (1.108) was achieved by Corey, who initiated
the ring-forming polyene cyclization through Lewis acid-catalyzed opening of a chiral epoxide
(1.106, Scheme 1.20) .*?® The use of an epoxide initiating group mimics the polyene cyclization in
the biosynthesis of dammarenediol. The chiral epoxide controls the stereochemistry in the final
product, with the correct conformation for epoxide opening occurring with only one chair-chair-
chair transition state. The regioselectivity of the third ring closure was obtained through addition

of a silyl enol ether.

1. MeAICl,,

OTBS //\  pcMm, -95°C
S 2. HF, CH4CN, rt

3. PIFA, 0 °C

'
42%

1.106

dammarenediol Il (1.108)

Scheme 1.20. Epoxide initiated polyene cyclization in Corey’s synthesis of dammarenediol II.
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1.4.3 Reagent/catalyst controlled enantioselective polyene cyclizations

Yamamoto reported the first enantioselective polyene cyclization using SnCls with a
BINOL-derived Bronsted acid (1.109) to provide a chiral proton source as an initiator (Scheme
1.21).12* With this Lewis acid-assisted Bronsted acid (LBA), the polyene cyclization of phenol
substrate 1.111 provided trans-decalin product 1.113 in 54% ee in a ratio of 95:5 with cis-decalin
product 1.114. The cyclization of phenol ether substrate 1.112 resulted in the same products, with
better enantioselectivity (77% ee) and diastereoselectivity (98:2 trans:cis). The co-ordination of a
chiral Bronsted acid to a Lewis acid both increases the acidity of the proton and restricts its
rotational flexibility. To achieve high stereoselectivity with this method, the conformation of the
transition state must be restricted, either through a more concerted mechanism, participation of the
internal olefin in the initiation step, or through strong association of the counter anion with an

intermediate cation.

1411 or1.112  _-109:SnCl, (1 equiv.)

DCM, -78 °C, 24 h

H A
1.113 1.114
Substrate Yield trans:cis % ee of 1.113
i
| O 92% 95:5 54
X
1.111
| I 76% 98:2 77
NN (0]
1.112

Scheme 1.21. First reported enantioselective polyene cyclization.
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Chiral LBA 1.110-SnCl4 provided better enantioselectivity in the cyclization of substrates
which were terminated by the n-system of an aromatic ring.**3 The cyclization of a p-methylphenyl
terminated substrate 1.115 underwent the initial cyclization with >99% conversion (Scheme 1.22).
However, this resulted in a mixture of the bicyclized product 1.116 and elimination product 1.117.
A second step with a strong acid was required to achieve complete bicyclization, affording product
1.118in 81% ee. Further iterations of LBA catalysts provided higher enantioselectivity, also with
the addition of a strong acid to complete the second cyclization.*3* Corey showed that the increased
reactivity using SbCls as the Lewis acid in catalyst 1.120-ShCls allowed the bicyclization to
proceed without the addition of a strong acid.**® Additionally this more reactive catalyst was
successful at enantioselective tricyclizations, such as that of substrate 1.119 which provided
product 1.121 in 70% yield and 90% ee (Scheme 1.23). Although modifications to LBA-promoted
polyene have resulted in increased reactivity, these methods still have major limitations in that
they require high catalysts loadings (usually stoichiometric) and cryogenic temperatures to achieve

good yields of product and high enantioselectivity.

1.110-SnCl, (1 equiv.)

N toluene, -78 °C, 24 h
>99% conversion

1.118
81% ee

1.115

Scheme 1.22. Enantioselective polyene cyclization with LBA 1.110-SnCl..
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N 1.120-SbCls
™ (1 equiv.) >
DCM, -78 °C, 6 h

1.119 0% 1.121

90% ee

Scheme 1.23. Enantioselective tricyclization with LBA 1.120-SbCls.
1.4.3.1 Transition metal-catalyzed asymmetric polyene cyclizations

The co-ordination of cationic metals to a terminal olefin as an initiating method for the
polyene cyclization was first reported with stoichiometric mercury,'®® a method which was
rendered enantioselective with the addition of a chiral bis-oxazolidinone ligand.**” In the first
asymmetric catalytic example of a polyene cyclization, Gagné reported a cationic Pt(ll)-initiated
bicyclization (Scheme 1.24).*® A chiral phosphine ligand (1.124) provided a chiral environment
which resulted in phenol ether product 1.123 in 75% ee. This method was also shown to effectively
cyclize substrates which terminated via alcohol closure to form a 5-membered ring, yielding
bicyclic product 1.125 (75% yield, 79% ee) and tricyclic product 1.126 (76% yield, 64% ee).

’ LPtCl, (10 mol%) Ligand:
| AgBF,4 (22 mol%) o
o TrOMe (2.1 equiv.) : PAr,
I > N
X EtNO,, rt, 6-14 h & Ar =
73% H PAr,
1.122
1.123 1.124

75% ee

Representative Scope:

"J

"’I//

T (111]
O

Ignl
(@]

1.125 1.126
75% yield 76% vyield
79% ee 64% ee

Scheme 1.24. Gagne’s asymmetric cationic Pt(II)-catalyzed polyene cyclization.

33



Cationic Au(l) with a chiral ligand has also been demonstrated by Toste to catalyze the
enantioselective polyene cyclization (Scheme 1.25).1*° Initiated by a 6-exo-dig cyclization, this
methodology worked well in substrate 1.127, which terminated with a carboxylic acid to give
1.128 (87%, 98% ee). Substrates with other electron-rich terminating groups, such as a phenol or
dimethoxyphenyl, cyclized well to provide products 1.129 (95% yield, 92% ee) and 1.130 (92%
yield, 94% ee) with high yields and enantioselectivity.

EtO,C CO,Et  MeO-DTB-BIPHEP(AuCI), (3 mol%)

AgSbFg (3 mol%) EtO,G 0.0
m-xylene, -40 °C EtO,C
(I g
87%
1.127 1.128
COzH 96% ee

Representative Scope:

1.129 1.130
95% yield 98% vyield
92% ee 94% ee

Scheme 1.25. Toste’s asymmetric cation Au(I)-catalyzed polyene cyclization.

Carreira has reported an enantioselective polyene cyclization promoted by the Ir(l)-catalyzed
activation of allylic alcohols (1.131), with the assistance of Zn(OTf)2 (Scheme 1.26).14° A chiral
phosphoramidite ligand (R)-1.132 is used to promote high enantioselectivities. This methodology
provides products with high enantioselectivity (>99% ee) where the polyene cyclization is
terminated by an electron-rich aromatic group, such as 3,5-dimethoxyphenyl (1.134, 90% vyield),
N-Boc indole (1.135, 86% vyield), or N-tosyl pyrrole (1.136, 90% yield). In the transition metal
catalyzed enantioselective polyene cyclizations reported, high levels of enantioinduction are
achieved with the use of bulky ligands and generally require electron rich terminating groups to
achieve high levels of enantioselectivity.
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@ [Ir(cod)Cl]5 (4 mol%)
(R)-1.132 (15 mol%)

Op-N |
- O/
o Zn(OTf), (20 mol%) ; O‘
o DCE,25°C,24h  _~

1.131 69-93% 1.133 (R)-1.132
>99% ee

I....@

Representative Scope:

MeO OMe BOC\N
@ = X &N‘Ts

1.133 1.134 1.135 1.136
90% yield 86% yield 90% vyield
>99% ee >99% ee >99% ee

Scheme 1.26. Carreira’s Ir(I)-catalyzed polyene cyclization.
1.4.3.2 Organocatalyzed asymmetric polyene cyclizations

Organocatalysis has become a recognized method which provides a complementary
approach to transition metal catalysis. Although organocatalysis has gained a recent surge in
popularity, it has been underutilized as an approach in the asymmetric polyene cyclization. Of
those examples reported, the most prevalent mode of initiating the cyclization has been through
the electrophilic activation of the terminal olefin with either a proton or halonium co-ordinated to

a chiral Lewis base.

A Lewis base-assisted Bronsted Acid (LBBA) catalyzed polyene cyclization was reported
by Ishihara (Scheme 1.27).1* Using a chiral Lewis base 1.138 paired with an achiral Bronsted acid
(fluorosulphonic acid), the cyclization of phenol-terminated polyenes, such as 1.137, proceeded to
give cyclized product in good yields (64%) and enantioselectivity (93% ee). This method suffered
from erosion of diastereoselectivity, similarly seen in Yamamoto’s LBA-promoted polyene
cyclization (Scheme 1.20), providing a product mixture in a 90:10 ratio of trans:cis decalins
(1.139:1.140).
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Br SiPh,
G ‘ o)

AN
PP
Br OO SiPhs
H 1.138 (40 mol%) z
5 e o
FSO3H (10 mol%) +
X CHCls, -55 °C, 2-3 days
64% (90:10 trans:cis) H H
1.137 1.139 1.140
93% ee

Scheme 1.27. LBBA-catalyzed polyene cyclization.

Electrophilic halogen sources had previously been used to initiate the polyene cyclization
in a racemic fashion.}#2-144 The first enantioselective halonium-initiated polyene cyclization was
reported by Ishihara, with a chiral iodonium species made from stoichiometric amounts BINOL-
derived Lewis base with N-iodosuccinimide.}* A similar asymmetric, catalytic bromonium-
initiated cyclization was reported by Yamamoto (Scheme 1.28).1'® BINOL-derived Lewis base
1.142 was used catalytically in conjunction with stoichiometric brominating reagent 1.143 to
initiate the cyclization. Complete bicyclization required the addition of a strong acid. This
methodology resulted in bicyclic products from substrates with electron-rich terminating groups
(i.e. 1.145) in good yield (81%) and enantioselectivity (94% ee). Termination by a phenyl ring
resulted in product 1.146 in slightly diminished yields (70%) and enantioselectivity (80% ee) and
a deactivating p-methoxy substituent on the terminating aromatic ring resulted in product 1.147 in

moderate yield (44%) and enantioselectivity (74%).
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R 1. 1.142 (5 mol%), Ar
1.143 (1.05 equiv.), OO
toluene/DCM o ﬁ
-90 °C, 18-24 h O:P—NHTf
N 2. CISO3H, 'PrNO, OO
-78°C,12h A
1.141 o 1.144 '
44-81% 74-94% ee o 1142,
Representative Scope: Ar = 2,6-'Pry-4-(9-anthracenyl)CgH,
OMe OMe o
R MeO OMe M
= N N—Br
Br’
O
1.144 1.145 1.146 1.147 1.143
81% 70% 44%
94% ee 80% ee 74% ee

Scheme 1.28. Yamamoto’s enantioselective bromonium-initiated polyene cyclization.

Denmark demonstrated that an electrophilic sulfur source, generated from a sulfur
phthalimide and chiral Lewis base 1.149, could initiate an enantioselective polyene cyclization
(Scheme 1.29).1%6 With HFIP as a solvent, the bicyclization proceeded in good yields without the
addition of a second acid. Under these conditions, cyclization products with termination by
aromatic groups of strong to weak nucleophilicity were obtained in good yields (78%, 60%, and
59%) and with good enantioselectivity (80%, 80% and 84% ee).

R
PhthSAryl (1.02 equiv.)
1.149 (5 mol%)
>
AN HFIP, rt, 12 h
59-78%
1.148 1.150
. 80-86% ee
Representative Scope:
OMe
R MeO OMe
1.150 1.151 1.152 1.153
78% 60% 59%
80% ee 80% ee 84% ee

Scheme 1.29. Denmark’s enantioselective sulfenium-promoted polyene cyclization.
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Although the focus of this thesis is on cationic polyene cyclizations, MacMillan has
reported a unique example using organocatalysis to induce enantioselectivity in a radical polyene
cyclization (Scheme 1.30).147 In this methodology, chiral imidazolidinone catalyst 1.155
condenses onto the carbonyl of 1.154, initially forming the iminium. After isomerization to the
enamine, oxidation with copper (II) triflate forms the a-imino radical intermediate, which initiates
the cyclization cascade and provides cyclized products (1.156) in good yields (65-77%) and

enantioselectivities (85-90% ee).

1.155-TFA (30 mol%)
Cu(OTf), (2.5 eq.)
NaTFA (2.0 eq.)
TFA (3.0 eq.)

o
PrCN/DME, rt : QO
CHO 65-77% eHO
1.154 1.156 1.155
85-90% ee

Scheme 1.30. Macmillan’s enantioselective radical polyene cyclization.

As discussed in Section 1.3.2, Jacobsen has reported a thiourea-catalyzed polyene
cyclization which incorporates both anion-binding catalysis and cation—rn interactions to effect
enantioselectivity (1.78, Scheme 1.31).11® This methodology incorporates a lactam ring into the

decalin, providing products (1.86) in high yields (51-77%) and enantioselectivity (89-94% ee).

R 1.78 (15 mol%) R
| HCI (25 mol%)
O N 4AMS, TBME, o .
UOH -30 °C, 72-120 h H
1.85 S1-77% 1.86
89-94% ee
catalyst: CF;
Bu s
NS N7 N
H H CFs

Scheme 1.31. Jacobsen’s enantioselective thiourea-catalyzed polyene cyclization.
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Recent interest in the asymmetric polyene cyclization has led to an increased number of
methodologies in this area. However, as shown by the examples above, there continues to be area
for improvement in the development of new initiation methods as well as catalysts to render the

reaction asymmetric.
1.5 Organocatalysis

Organocatalysis is the use of a small organic molecules in substoichiometric amounts to
accelerate a reaction. Although organocatalytic transformations have been reported in chemical
literature for over 100 years, the proline-catalyzed intramolecular aldol addition of the Hajos-
Parrish-Eder-Sauer-Wiechert reaction (Scheme 1.30)'4814° had remained one of very few reports
of asymmetric organocatalysis*®®> until seminal papers in 2000 by MacMillan and List.’® 1%
These reports were the beginning of the conceptualization of organocatalysis as a field of
chemistry, which has grown to solidify its place as one of the main branches of enantioselective
catalysis, along with transition metal catalysis and biocatalysis. The importance of the
contributions in the field of organocatalysis were recognized with the awarding of the Nobel prize
in Chemistry in 2021 to MacMillan and List.

O‘COZH

N
H O
0 Q (S)-proline (1.158)
/N\/ﬁ (3 mol%) -
DMF 0]
OH
(@)
1.157 1.159
98% ee

Scheme 1.32. Proline-catalyzed Hajos-Parrish-Eder-Sauer-Wiechert reaction.

There are two main advantages to organocatalysis. The first is that many organocatalysts
are found in nature (i.e. proline) or are made from easily accessible pieces where the single
enantiomer is found from a biological source. The second advantage is that many organocatalysts
are insensitive to air and moisture, unlike many metal-based catalysts, allowing reactions to be run
under atmospheric conditions. These advantages, along with the interesting reactivity that

organocatalysis can provide, explain the recent rise in investigations towards further applications.
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1.5.1 Amine catalysts

Amine catalysts have been the most widely explored class of organocatalysts.
Condensation of an amine onto a carbonyl initially results in the formation of an iminium ion
(1.161). As shown in Figure 1.14, amine catalysts are known to participate in two different modes
of reactivity with either electrophilic or nucleophilic behaviour. If the carbonyl species is a,p3-
unsaturated, the formation of the iminium ion (1.162) increases the reactivity of the p-carbon
towards a nucleophilic attack or of the entire unit to concerted cycloaddition. This mode is known
as iminium catalysis. Alternatively, in enolizable substrates, formation of the iminium ion (1.164)
can be followed by deprotonation of the a-carbon resulting in a nucleophilic enamine (1.165),
which can add to an electrophilic species. Enamine catalysis has proven to be a useful method for
the enantioselective a-functionalization of carbonyls (or to the y-carbon in systems with further
unsaturation)®®’, with reports of cross aldol coupling,**® intramolecular a-alkylation,*®® Mannich
reactions,'®® Michael additions,®° a-aminations, 6162 g-oxygenations, %31 g-halogenation,66-16°
a-sulphenylation,'’® and a-selenylation.!”* As the work in this thesis focuses on iminium catalysis,

only this branch of organocatalysis will be reviewed.

Iminium formation:

R2 R3
"N” 24 p3
o H  H R-R
- K
1 1
R'" "H H,O R H
1.160 1.161
Iminium catalysis:
R%ﬁ,R3 R%N,R3
i
pwoT J%H
- Nu
N, 162 1.163
Enamine catalysis:
2 3 E'<R?2 _R3 R2+ R3
R\"\],R N) N°
Ho | & ——— . e |
H H Z "H H
R1 R1 R1
1.164 1.165 1.166

Figure 1.14. Iminium and enamine catalysis.
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1.6 Iminium catalysis

Iminium catalysis increases the susceptibility for nucleophilic attack or cycloaddition onto
a,p-unsaturated carbonyls by decreasing the energy of the lowest unoccupied molecular orbital
(LUMO) of the n—system. This results in a smaller energy difference between the LUMO of the
electrophilic a,B-unsaturated iminium and the highest occupied molecular orbital (HOMO) of the
reacting nucleophile or cycloaddition partner, giving a greater gain in stabilization energy through

bond formation (Figure 1.15).

14+ p2
o R\IN,R
ﬁ“ K\H
/ Thy—Lumo
! ] i \
/ — LUMO

l’l ,’I
HOMO -1-}« 4}‘ HOMO -1-%{

nucleophile enal nucleophile o,B-unsaturated

iminium
Figure 1.15. LUMO-lowering concept in iminium-catalyzed nucleophilic addition to a,f3-
unsaturated aldehydes.

Although the piperidine catalyzed Knoevenagel condensation was reported in the late
1800s,'72 with the suggestion that the condensation of the amine and the aldehyde could play an
important role in reactivity,”® iminium ions as a reactive intermediate were not proposed until the
early 1900s with a report of the decarboxylation of acetoacetic acid (1.167) catalyzed by amino
acid and amine salts (Scheme 1.33) .1* A seminal paper was published by Langebeck in 1937,
reporting the addition of water to crotonaldehyde catalyzed by piperidine (1.169) in the first

iminium-catalyzed conjugate addition.”™
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Pollak:

Q@ 0 RNH, Q
_— 2
A, PN

1.167 1.168
Langebeck: O
N
0 H (cat) Q
1.169
H + HO =——= H
AcOH
HO
1.48 1.170

Scheme 1.33. Early examples of iminium reactivity.
1.6.1 Asymmetric iminium catalysis

In the 1980s, Woodward reported the first use of asymmetric iminium catalysis, using
proline (1.172) to effect an asymmetric deracemization and conjugate addition respectively
(Scheme 1.34).17® Shortly after, Yamaguchi published a series of papers on the asymmetric
conjugate addition of malonates (1.174) and nitroesters to a,-unsaturated aldehydes, catalyzed by
proline salts (1.175).177-181

Woodward: O /O
"
N ’(

H H
D- prollne S S
(1. 172)
OBn CH3CN rt OBn
70% 0" OH
1 171 1.173
36% ee

(for both diastereomers)

Yamaguchi: & O
N CO,Rb

H H
0
1.175 (20 mol%
, BuO,C._CO,tBu ( ) BUO,C
H CsF (20 mol%)
COztBU
1.48 1.174 6% 1176
88% ee

Scheme 1.34. Early examples of asymmetric iminium catalysis.
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Following these early reports of asymmetric iminium catalysis, MacMillan reported the
first iminium-catalyzed Diels-Alder reaction in 2000 with imidazolidinone catalyst 1.47 (Scheme
1.35).7® In this report, the iminiums formed with a,B-unsaturated aldehydes proceed to form the
Diels-Alder adduct with unactivated dienes, giving cyclohexane products (1.160) in good yields
(72-90%) and enantioselectivities (83-95% ee). The reversibility of the catalyst/substrate bond
formation allowed facile catalyst turnover and reasonably low catalyst loadings (10 mol%). The
wide applicability of iminium catalysis has since been demonstrated by many reports of iminium-

catalyzed  reactions, including  conjugate  additions,’®®  conjugate  reductions,®

183 185

epoxidations,'® Friedel-Crafts alkylation,”® and dipolar cycloaddition

,T><

1 47 (10 mol%)

R2

{ R2 o HCI(10moI%) 1@’
> R

MeOH/H,0, rt o

'Iéo

cyclopropanations,

16-24 h H
1177 1.178 72-90% 1.179
endo:exo 1:5 to 35:1
83-95% ee

Scheme 1.35. MacMillan’s iminium-catalyzed Diels-Alder reaction.
1.6.1.1 Iminium catalysis with secondary amine catalysts

The most common amine catalysts are secondary amines, with the two major types being
imidazolidinone type catalysts and proline-based catalysts. Some of the catalysts within these two

classes that have been successful in iminium-catalyzed reactions are shown in Figure 1.16.

imidazolidinone catalysts: proline-based catalysts:

1.182

Figure 1.16. Examples of imidazolidinone and proline-based secondary amine catalysts.
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Modifications have been made to the sterics and electronics of the imidazolidinone
catalysts to achieve high reactivity and selectivity in different reactions. To investigate the origins
of enantioselectivity following the success of catalyst 1.47 in the asymmetric Diels-Alder reaction,
DFT calculations were performed on the iminium (1.184).8%8! It was determined that the (E)-
isomer of the iminium (1.184i), with the substrate pointed away from the sterically hindered
geminal dimethyl substitution, was preferred by 1.2 kcal/mol calculated at the B3LYP/6-31G(d)
level of theory (Figure 1.17). As discussed in section 1.3, the lowest energy conformation of the
catalyst has the phenyl group stacked over the iminium, which blocks one face of the activated
substrate. The cycloaddition then preferentially occurs on the opposite face, resulting in high levels

of enantioselectivity.

Q /

N\ + 0 N (2?}(
N)( H/U\H R N

Ph H HX PhrJ

1.47-HX 1.183 | 1.184

(E)-iminium (Z)-iminium
O ./ O /
N N
2y oy
N N
Ph ’)l Ph k‘
1.184i 1.184ii
0 kcal/mol 1.2 kcal/mol

Figure 1.17. Relative energies for most stable iminium conformations with imidazolidinone
catalyst x calculated at B3LYP/6-31G(d) level.

Proline-based catalysts with a carboxyl group (e.g. 1.158 and 1.182) have been postulated
to induce enantioselectivity with directed attack of the nucleophile through an electrostatic
interaction with the carboxylic acid. MacMillan has reported an iminium-catalyzed
cyclopropanation relying on the electrostatic interaction between a sulfur ylide (1.186) and the
acid functionality in catalyst 1.182 to impart enantioselectivity (Scheme 1.36).1% Initial
investigations with proline (1.158) gave product with moderate enantioselectivity. Postulating that
the erosion of enantioselectivity is due to the lack of a strong preference for the (E)- or (Z)-
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iminium, catalyst 1.182 was designed to provide a preference for the (E)-isomer through steric

hindrance of the (Z)-isomer by the phenyl substitution.

Electrostatic S
Interaction ’/S\/U\
R1 (@) _" - R
I, 0 1182 20 mor% ° )
R/\/CHO + /S+\)LR2 . ( mo 0) - bI”IRZ +N:f:
1 - CHCI3, -10 °C N
63-85% OHC
1.185 1.186 1.187
R4, R, = aromatic, aliphatic 89-96% ee

Scheme 1.36. Enantioinduction through electrostatic interaction in the iminium-catalyzed

cyclopropanation.

Jorgensen showed that the addition of bulky aryl groups to the carboxylic acid functionality
of proline and protection of the resulting alcohol resulted in catalyst 1.181, which has a different
mechanism of enantioinduction. Computational modelling of the iminium formed with catalyst
1.181 has shown that the (E)-isomer is favoured, with the bulky diary! silyl ether blocking one face
of the prochiral olefin to nucleophilic attack (Figure 1.18).18¢

Hindered face
of attack

OTMS

‘\ N

Preferred face
of attack

Figure 1.18. Iminium ion with Jorgensen’s catalyst showing favoured face of nucleophilic attack.
1.6.1.2 Hydrazide-type catalysts

Following initial reports of asymmetric iminium catalysis by MacMillan, Tomkinson noted
that most of the methodology reported had required an amine catalyst with a 5-membered ring
scaffold. He hypothesized that the reactivity of these amine catalysts could be increased through
a-heteroatom substitution (also known as the a-effect, where the nucleophilicity of a heteroatom

is increased with the addition of an o-heteroatom).*87-18 This new strategy would also create new
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potential for chiral catalyst designs that varied from previously used 5-membered rings. The
validity of the a-effect in hydrazides has come under more recent scrutiny, as discussed in Section

1.7.1.

In 2003, Tomkinson reported increased reactivity in the iminium-catalyzed Diels-Alder
reaction with amine catalysts containing an a-heteroatom (Scheme 1.37).18 In the Diels-Alder
reaction of cinnamaldehyde with cyclopentadiene (1.188), cycloaddition product (1.189) was
obtained in 22% yield after 48 hours with dimethylamine hydrochloride, a simple secondary amine
catalyst. The addition of an a-oxygen to the catalyst, in N,O-dimethylhydroxylamine, gave a
significant increase in reactivity and resulted in a 65% yield of cycloaddition product in the same
amount of time. Of the acyclic amine catalysts containing an a-heteroatom that were screened, the
best results were obtained with catalyst 1.191, which contains an electron-withdrawing ethyl

carbamate. This catalyst gave a 90% yield of cycloaddition product 1.189 in only 6 hours.1%®

catalyst-HCI (10 mol%)

CHO
| MeOH/H,0
+ e/ CHO + 4 Ph
Ph t B -

CHO
1.188 1.50 1.189-ex0 1.189-endo
catalyst: no catalyst NHMe, MeNHOMe
yield of 1.189 (24 h): 7% yield 22% yield 65% yield

64:36 endo:exo 38:62 endo:exo 34:66 endo:exo

ot Chon ()
catalyst: Q‘COZMe )\N,N\"/OEt N’N\CozEt
H H o H

No
N CO,Et
H
1.190 1.191 1.192 1.193
yield of 1.189 (6 h):  62% vyield 90% yield 38% yield 99% vyield
30:70 endo:exo 33:67 endo:exo 33:67 endo:exo 32:68 endo:exo

Scheme 1.37. Effect of an a-heteroatom substituted catalyst on the iminium-catalyzed Diels-

Alder reaction.

In a later study, Tomkinson investigated the Diels-Alder reaction with 5- and 6-membered
ring hydrazides.’®® He noted that the 6-membered ring hydrazide catalyst 1.193 had increased
reactivity, giving a 99% vyield of cycloaddition product in 6 hours, in comparison to the 5-
membered ring hydrazide 1.192, which gave a 38% yield of cycloaddition product in the same
amount of time. Catalyst 1.193 was demonstrated to be even more reactive than the known proline
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methyl ester (1.190), which gave the Diels-Alder adduct in 62% yield. Due to this surprisingly
high reactivity, the electronic nature of the catalysts was investigated. DFT methods were used to
determine the proton affinity, noting that the addition of an a-heteroatom lowers the proton affinity
for the basic nitrogen. They proposed that enhanced iminium ion formation occurs in the hydrazide
series of catalysts in comparison to their single nitrogen counterparts due to the increased acidity
of the protonated catalyst. Additionally, it was noted that the calculated LUMO for the iminium
ion formed with cinnamaldehyde and catalyst 1.190 was lower than that formed with catalyst 1.192
and higher than that formed with catalyst 1.193, which corresponded to the reactivity trends

observed.

Following the discovery by Tomkinson of highly reactive hydrazide catalysts, several
reports were made of catalysts incorporating chirality into these scaffolds. The catalysts shown in
Figure 1.19 have been reported to effect enantioselectivity in the Diels-Alder reaction!%21% as well

as other chiral hydrazide catalysts with a 5-membered ring scaffold.%7-1%°

NH é&INH L\LEWNHZ
7 79N /
0O N W ,S\
i3n O Et o 0

O

1.194 1.195 1.196
Ogilvie Lee generation 1 Lee generation 2

ipr @ iPr MeOC
\ )L ]
HN~\” “y-NH j\ “ ‘
/ FsC¥ °N” \[r
PR Ph o
1.197 1.198
Suzuki Smith

N
Cbz

Figure 1.19. Chiral hydrazine-based catalysts.

The first asymmetric hydrazide catalyst (1.194) was reported by Ogilvie, which
incorporated a camphor-derived scaffold.!%? 2% In the Diels-Alder reaction of cyclopentadiene
with a,B-unsaturated aldehydes, this catalyst provided products in 78-94% yield with 80-96% ee
(Scheme 1.43). Catalyst 1.194 was proposed to hold the iminium in a rigid conformation, with the
camphor skeleton blocking the cycloaddition onto one face of the olefin and affording high
enantioselectivity. However, catalyst 1.194 proved less reactive than imidazolidinone catalyst 1.48

in the Diels-Alder reaction, requiring longer reaction times (24-48 hours in comparison to 16-24
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hours with catalyst 1.48). Mechanistic studies on the reaction indicated that both the iminium ion
formation and hydrolysis were very rapid processes, with the cycloaddition step being rate-
limiting.?°! In 2008, camphor-derived catalyst 1.195 was reported by Lee, which gave greater
reactivity in the Diels-Alder reaction of o,f-unsaturated aldehydes, providing products in 71-99%
yield in 6-12 hours at 0 °C.!*3 Lee’s second generation hydrazine catalyst (1.196), which was
designed with a less sterically-hindered primary hydrazine, successfully catalyzed the Diels-Alder
reaction with a,-unsaturated ketones, providing cycloaddition products in 70% yield and 88% ee
with cyclopentadiene. 1%

Ogilvie:
1.194 (20 mol%) R cHO
0,
CHO @ TOH (185 mol%) _ y
| H,0, 23 °C
R 24-48 h CHO R
1.199 1.188 78.94% 1.200-endo  1.200-exo
R = Ar, Me I 80-96% ee
1:1.8-1:3.3 endo:exo
Lee, 2008:
1.195 (20 mol%) R cHO
0,
J/ brine, 0 or 23 °C
R 6-24 h CHO R
%
1.201 1.188 71-99% 1.202-endo  1.202-exo
R = Ar, Me, Pr 66-96% ee
0.9:1-2.5:1 endo:exo
Lee, 2010:

Y

toluene/THF,
-20°C, 48 h
1.203 1.188 70% 1.204-endo  1.204-exo

88% ee
98:2 endo:exo

0 1.196 (20 mol%) 0
.\ @ TfOH (16 mol%) 7 Ph, lbu\
| No Ph

Scheme 1.38. Asymmetric hydrazide-catalyzed Diels-Alder reaction of a,B-unsaturated

aldehydes.
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1.6.2 Iminium-catalysis of a-branched enals

The observed increase in reactivity with hydrazide catalysts in the Diels-Alder
reaction prompted our group’s interest in their potential for other iminium-catalyzed reactions,
particularly those requiring substrates where iminium-activation is difficult to achieve. Despite the
rapid expansion in iminium-catalyzed methodology over the past 20 years, there has remained an
obvious limitation with reactions of a-branched enals. Formation of an iminium ion from an a,f3-
unsaturated carbonyl generates allylic-1,3 strain with the substitution a to the carbonyl (Figure
1.20). If this is a hydrogen, the A-1,3 strain isn’t significant and the energy of the iminium is low
enough to provide significant concentration of this reactive intermediate. However, if this
substitution is larger than hydrogen, the A-1,3 strain can disfavour the iminium ion from being
formed.

2° amine catalyst: 1° amine catalyst:

JUR H.*.R
RNH-HX N N

O
| |
R —

Figure 1.20. A-1,3 strain generated with iminium ion formation.

Due to the difficulties in generating the iminium ion, there have only been a couple of
reported iminium-catalyzed reactions of a-branched enals with secondary amine catalysts. Small
substrate scopes for the asymmetric epoxidation?? and cyclopropanation?®® of a-branched enals
have been reported with catalyst 1.181 and a single example (1.208) was reported with high yield
(74%) and enantioselectivity (93% ee) in the vinylogous Michael addition with catalyst 1.207
(Scheme 1.39).204

CHO
j/ \I\;)_ 1.207 ( 15mo|%)

toluene, rt
74% 1.208
1.205 .
1.206 17:1:1:1 dr
93% ee

Scheme 1.39. Vinylogous Michael addition with a-branched enal.
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1.6.2.1 Primary amine catalysts with a-branched enals

Primary amine catalysts have less steric hindrance around the nitrogen and can form lower
energy iminium intermediates. However, there have been few reported iminium-catalyzed reaction
of a-branched enals with primary amine catalysts possibly due to the challenges of asymmetric
catalysis. In general, with primary amines, the (E)-conformation of the iminium is preferred
(1.210i, Scheme 1.40), which minimizes the A-1,3 strain between the catalyst and a-substitution
on the iminium. This complicates enantioinduction with chiral primary amine catalysts, as the bulk

of the catalyst is pointed away from the prochiral centre.

Preferred iminium
conformation

N ~ 4
O RNHyHX | A N
R H —_— H — Tl)\H
1.209 1.210i 1.210ii

Scheme 1.40. Preferred (E)-iminium formed with primary amine catalysts.

To circumvent this issue, primary amine catalysts have been designed with dual
functionality. Ishihara reported a Diels-Alder reaction with a-branched enals,(1.212) catalyzed by
primary amine catalyst 1.213 (Scheme 1.41).2% The preferred iminium conformation is proposed
to be the (Z)-conformer, which allows zm-stacking of the benzyl group with the a,fB-unsaturated
iminium. Steric interactions between the bulky counterion of the co-acid and the a-substitution are
proposed to disfavour the (E)-iminium conformation. Enantioselectivities were later improved in
cycloadditions with cyclopentadiene using binaphthyl catalyst 1.216 (Scheme 1.42).2° Maruoka
has reported the asymmetric Diels-Alder reaction of alkyl and benzyl a-substituted enals (1.218)
using a substituted binaphthyl catalyst (1.219, Scheme 1.43).2%” The iminium ion formation is

proposed to proceed with assistance from the second primary amine for proton transfer.
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’Bu

—(‘NH via:
R3
NH; O , + 1R
, 1213 (10 mol%) CO2R Bn ]
BN COR® X (27.5 mol%) o R1uCHO -
R/ 7 )\CHO solvent R20.C |
56-99% 2
1.211 1.212 1.214
RT=H Alkyl exo:endo 81:19 to 99:1
R? = Aryl 74-92% ee

HX = CGF5803H,
2,4-(NO5),CgH3SO3zH, TsOH
solvent = EtNO,, H,0,
1,4-dioxane, THF

Scheme 1.41. Diels-Alder reaction of a-branched enals with primary amine catalyst 1.213.

“ NH,

ook
1.216 (5 mol%)
: . ;\ozR Tf,NH (9.5 mol%) Z=CHO

cHo  EfCN.—75°C COo,R
1.188 1.215 48-95% 1.217
R = Aryl exo:endo 91:9 to 94:6
86-92% ee

Scheme 1.42. Diels-Alder reaction of a-branched enals with BINOL-derived catalyst 1.216.

Ar Ar = 3,5-ditert-
OO butylphenyl

NH,
CCr

Ar
1.219 (20 mol%)

CHO
@ . R/\n/ TOH (10mol%) 71" 7cHo

\

mesitylene
1.188 1.218 _2(6)7 3’038 h 1220 R
R = alkyl, vinyl, e >20:1 exo:endo
aryl, acetoxy 86-94% ee

Scheme 1.43. Diels-Alder reaction with a-branched enals with alkyl substitution.
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Friedel-Crafts alkylations of indoles with a-branched enals have also been reported,
including the example by Luo shown in Scheme 1.44.298299 |n the alkylation of indole 1.221 with
a-branched enals, the protonation of the enamine resulting after nucleophilic attack was proposed
to be the enantiodetermining step. This enantioselective protonation was also used to induce
asymmetry in the conjugate additions of thiols?!° as well as malononitrile.?!* Melchiorre expanded
on this methodology to promote a cascade with trapping of the enamine by ethyl azodicarboxylate

(1.226), forming products such as 1.228.2*2

I
Ph_«N

Luo: I ~
H
Ph”” YNH, £aCHO
1.223 (10 mol%) R
m \"/ TfOH (12 mol%) N\
PhCl/brine, rt, 5-14 h N
56-80% H
1221 1.222 1.224
R = benzyl, alkyl 75-93% ee
OMe /Z']
N
Melchiorre: i X" "NH, <
N Ety__ZacHO
1.227 (20 mol%) RN~NH
\ CHO TFA (30 mol%) N\ R
+ | + R. 2N >
N - N"""R CHCls, 1t, 48 h N
0,
1.221 1.225 1.226 57% 1.228
R = CO,Et 8:1dr
99% ee

Scheme 1.44. Friedel-Crafts alkylation with a-branched enals.

Limited examples of iminium-catalyzed reactions have been reported with a-branched
enals due to the difficulty in achieving iminium ion formation. Therefore, our group has noted a
need for further investigation into amine catalysts that can promote these reactions to further

explore the potential reactivity with this large class of substrates.
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1.7 Organocatalytic Cope rearrangement

Pericyclic reactions are an important class of reactions that have seen prominent use in total
synthesis.?*®> Our group has been interested in developing iminium-catalyzed sigmatropic
rearrangements, with initial focus on the Cope rearrangement. Although this reaction is thermally
allowed, the high activation barrier requires very high temperatures to allow the reaction to proceed
(i.e. 180 °C for the Cope rearrangement of substrate 1.229, Scheme 1.45).214

Thermal:
\C 180 °C =
é
NG~ 18h S
1.229 1.230
Overman:
via:
Ph Ph
i PdCl,(MeCN), (9 mol%) Ph}@\ +
> LZC|Pd§%
G THF, rt, 20 h X |
86%
1.231 7:3 er 1.232
Gagne:
1 1
R L(AuCl), (5 mol%) R
X_~R? AgSbFg (20 mol%) R? Ar=
1:9 DCM:1,2-DCE, -35 °C
35-94%
1.233 1.234
R', R? = aryl, alkyl 58-93% ee 1.124

Scheme 1.45. Thermal and transition metal-catalyzed Cope rearrangements.

Transition-metals have previously been demonstrated to facilitate the Cope rearrangement,
through alkene co-ordination and activation (Scheme 1.45). In the palladium-catalyzed Cope
rearrangement, Overman proposed that the transfer of stereochemistry from substrate 1.231 to the
product 1.232 suggested a mechanism proceeding through a cationic intermediate with similar
chair topology to the thermal reaction.?!® Prior to our investigation, there had only been a one

example reported for the catalytic asymmetric Cope rearrangement. This report by Gagne had used
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a chiral cationic gold(l) complex to promote the Cope rearrangement.?!® Thermodynamic driving

force for the reaction was provided by the strain release of a cyclopropylidene moiety in 1.233.

Our group had hypothesized that iminium-activation could be used to lower the activation
barrier for the Cope rearrangement (Scheme 1.46). Cope substrates (1.235) were designed with an
electron-withdrawing formyl group at the 2-position of a cyclohexadiene, to allow the formation
of an iminium ion with an amine catalyst. Initial investigation into the iminium-catalyzed Cope
rearrangement with known amine catalysts was unsuccessful. Substrate 1.238 showed no reactivity
with Macmillan’s catalyst, proline, or aniline (Scheme 1.47) due to the significant A-1,3 strain
generated with iminium ion formation. Inspired by reports of the increased reactivity of hydrazide
catalysts, we screened several and found that the reaction proceeded with cyclic hydrazides, with
a correlation between the reactivity of a series of cyclic catalysts (1.192, 1.193, and 1.241) and the
ring size. The 5- and 6-membered ring catalysts 1.192 and 1.193 provided 6% and 28% of product,
respectively, in 24 hours. An increased yield of 83% was provided by the 7-membered ring catalyst
1.241, with complete consumption of starting material. Increasing the ring size by a methylene
unit, to give the 8-membered ring catalyst provided product 1.239 in a slightly increased yield
(89%). However, the 7-membered ring catalyst 1.241 was viewed as having the best balance

between reactivity and accessibility and was thus chosen for further development.?*’ 218

1

R N R\N,R R N 23 R Z
H )
T» 'ﬁ_ _—
R2+2 xS+ R2
N HTON
R3

07 H N H
R3
1.235 1.236 1.237

Scheme 1.46. Iminium-catalyzed Cope rearrangement of 1,5-hexadiene, 2-carboxaldehydes.
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Ph Ph A
N catalyst (50 mol%)
G > A
HCI (50 mol%)

CHO  CD4CN, rt, 24 h CHO
1.238 1.239
Catalyst:
o} /
Ihe O
t
Bn N Bu N COzH
H H NH,
1.180 1.158 1.240
Yield of 1.239: 0% 0% 0%
(e O (2
N~CO,Et _N
N 2 ~CO,Et
N 2 N" “CO,Et
1.192 1.193 1.241
6% 28% 83%

Scheme 1.47. Catalyst screen for the organocatalytic Cope rearrangement.

With the 7-membered ring hydrazide catalyst 1.241, the iminium-catalyzed Cope
rearrangement was shown to be successful with substrates that contained both aromatic and
aliphatic substitution, where some of the resulting products are shown in Scheme 1.48. Under
optimal conditions, substrate 1.238 provided product 1.239 in 90% yield. Aliphatic substitution at
either methylene position provided product in good yields (1.244, 88% yield and 1.245, 66%
yield). Slightly diminished yields were achieved with B-substituted enals (1.246, 49% yield) and
no reaction was observed when the olefin was trisubstituted (1.247, 0% yield). Following the
success in the iminium-catalyzed Cope rearrangement, the 7-membered ring hydrazide catalyst
1.241 was also reported to promote the iminium-catalyzed Michael addition?'® and Diels-Alder

reaction.??0
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N 1.241 (10 mol%)
> N
TfOH (10 mol%)
CHO MeCN,rt, 24 h CHO
1.242 1.243
Representative Scope:
Ph .~ p Bn n-Pent _~ Ph A~ Ph -
N
CHO CHO CHO CHO CHO
1.239 1.244 1.245 1.246 1.247
Yield: 90% 88% 66% 49% N.R.

Scheme 1.48. Iminium-catalyzed Cope rearrangement.
1.7.1 The a-effect in hydrazide catalysts

In initial reports by Tomkinson on the increased reactivity of hydrazide catalysts in the
iminium-catalyzed Diels-Alder reaction (Section 1.6.1.2), it was postulated that the increased
reactivity is due to the increased nucleophilicity of a heteroatom substituted with an a-heteroatom,
known as the a-effect.'89-1% This postulation has been brought under debate by recent work from
Mayr on the validity of the a-effect through observations on the second order rate constants of the
reaction of amine nucleophiles with benzhydrilium ion 1.248 (Scheme 1.49).22* A higher second
order rate constant was observed for the reaction of benzhydrilium ion with hydrazine (k = 96)
than that for simple ammonia (k = 1.0). However, the addition of an alkyl group in methylamine
provides an amine nucleophile with an even greater increase in rate constant (k = 250). In addition,
an electron withdrawing tert-butyl carbamate on the hydrazine gives a nucleophile that results in
a second order rate constant (k = 0.86) which is not significantly different to that of the reaction
with simple ammonia. Therefore, hydrazides are not more nucleophilic than secondary amine

catalysts and the reasons for their increased reactivity must lie elsewhere.
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Scheme 1.49. Comparison of relative second-order rate constants for the reaction amines,

hydrazines, and hydrazides with benzhydrilium ion.
1.7.2 Mechanism of the iminium-catalyzed Cope rearrangement

In our investigation into the mechanism of the iminium-catalyzed Cope rearrangement,
DFT calculations were performed on a truncated iminium (1.250, Figure 1.21) At the M06-2X/6—
311G(d,p) level of theory, the (Z)-iminium is calculated to be the preferred conformation by 2.6
kcal/mol. Interestingly, these results differ from the favoured iminium conformation observed with
other known secondary amine catalysts (as discussed in Section 1.6.1.1). As suggested by the
computational model of the lowest energy conformation (1.250ii), the N-N bond of the hydrazide

catalyst can adopt a twist to more favourably accommodate the A-1,3 strain in the (Z2)-

conformation.
N~co,Et COzEt Q. ‘
1.250i 1.250ii Rl 2
+ 2.6 kcal/mol 0 kcal/mol 4)

Figure 1.21. Computed energies of the iminium at the M06-2X/6-311G(d,p), SCRF=EtOH level

and computational model of 1.250ii.
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Preliminary calculations on the Cope rearrangement of substrate 1.251 suggested that the
iminium-catalyzed reaction proceeds through a stepwise mechanism with a shallow energy
cyclohexyl cation intermediate (1.253, Scheme 1.50). Further computational analysis of the Cope
rearrangement of substrate 1.238, where the formation of product 1.239 conjugates the double
bond with the phenyl group, has suggested that this substrate proceeds through a concerted
rearrangement.??? Evidence towards C-C bond formation being the rate-limiting step in this
reaction has also been provided by *C kinetic isotope effect (KIE) studies.??2 However, in simple

substrates such as 1.251, results indicated the presence of the cyclohexyl cation as previously

observed.
H H H H H
1.241 R R + R! X A
[t IR L el B - A -
OHC H™ IR RN R OHC
1.251 1.252 1.253 1.254 1.255

Scheme 1.50. Proposed mechanism of the iminium-catalyzed Cope rearrangement.
1.8 Iminium-catalyzed polyene cyclization

Preliminary calculations at the B3LYP/6-31G(d) level of theory suggested that the
cyclohexyl cation intermediate in the iminium-catalyzed Cope rearrangement was a shallow
energy minimum (Figure 1.22). The blue pathway corresponding to the reaction of substrate 1.251
with ammonia gave an energy of the intermediate cyclohexyl cation of —0.4 kcal/mol relative to
the first transition state. We hypothesized that this cation could be stabilized by the addition of a
methyl group. In preliminary calculations on the ammonia catalyzed pathway, the addition of a
methyl group (red pathway) stabilized the cation to give an energy for this intermediate of —3.4

kcal/mol relative to the first transition state.?!’
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Figure 1.22. Reaction pathway of an iminium-catalyzed Cope rearrangement calculated at the
B3LYP/6-31G(d) level of theory. Energies in kcal/mol. (Work done by Prof. James Gleason).

With the evidence of this intermediate cyclohexyl cation, we noted the similarities between
the substrates for the Cope rearrangement and the initial ring formation in a polyene cyclization.
We hypothesized that with a stabilized cyclohexyl cation intermediate, a cationic cyclization
cascade could then proceed in substrates with a tethered nucleophilic aromatic ring to trap the
cation. If successful, this would be the first example of an iminium-catalyzed polyene cyclization.
Iminium catalysis would provide an initiation approach that is complementary to current
methodology and these cyclic hydrazide catalysts could provide a scaffold which, with the

incorporation of chiral substitution, has the potential to render the reaction asymmetric.

Nu, Nu.
' Me Nu
® Me :
R! l R! |
N N
R2 R2
1.257 1.258

Scheme 1.51. Proposed iminium-catalyzed polyene cyclization.

In this thesis, we discuss the investigation of the iminium-catalyzed polyene cyclization of

(E)-polyenes. In Chapter 2 we will discuss our development of the racemic iminium-catalyzed
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polyene cyclization. In Chapter 3, we will discuss our initial investigation into the addition of
extended aromatics onto the cyclic hydrazide catalyst scaffold, which has resulted in a more
reactive catalyst. Finally, in Chapter 4, we will discuss our investigation into the asymmetric
reaction with the addition of different aromatic substitution to the cyclic hydrazide catalyst, which

has resulted in a highly enantioselective polyene cyclization.
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Chapter 2. Investigation into the racemic iminium-catalyzed (E)-polyene cyclization

2.1 Introduction

As described in Section 1.7, an iminium-catalyzed Cope rearrangement of 1,5-hexadiene-
2-carboxaldehydes was developed using cyclic hydrazide catalyst 1.241.! Preliminary DFT
calculations suggested that, with substrate 1.251, the reaction proceeds by a stepwise mechanism
with a shallow energy cyclohexyl cation intermediate. We hypothesized that, if the cyclohexyl
cation was stabilized with a methyl group and a nucleophile was incorporated into the substrate,
the ring opening to give the Cope product could be outcompeted by nucleophilic trapping. We
envisioned that those substrates bearing a tethered, nucleophilic aromatic ring (2.1) would result

in a cationic cascade giving us the first iminium-catalyzed polyene cyclization (Scheme 2.1).

(A

R N N™ “Co,Et R
1.241 (10 mol%)

A
v

TfOH (10 mol%)
CHO MeCN,rt, 24 h CHO
1.242 1.243

Iminium-catalyzed Cope rearrangement:

Mechanism of the iminium-catalyzed Cope rearrangement:

H H H H H
1.241 R 1 + R! X N
| — l{l+ | —> '? > l{l+ —>
+ 2 S N
OHC R RN~ R® OHC
1.251 1.252 1.253 1.254 1.255
Proposed iminium-catalyzed polyene cyclization:
R R R
1.241 - R ‘ .
T T :
OHC R2 NP OHC i
21 2.2 23

Scheme 2.1. Iminium-catalyzed Cope rearrangement and proposed iminium-catalyzed polyene
cyclization with 1,5-hexadiene-2-carboxaldehyde highlighted in blue.
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2.2 Initial work on the iminium-catalyzed polyene cyclization

Initial work on the iminium-catalyzed polyene cyclization was done by Dr. Dainis Kaldre
and Dr. Samuel Plamondon. For initial investigation into the viability of the reaction, model (E)-
polyene substrate 2.4 was designed with a 3,5-dimethoxyphenyl as a terminating group (Scheme
2.2). The trapping of the cation is an electrophilic aromatic substitution, which is expected to
proceed more readily with electron-rich aromatic rings. The 3,5-dimethoxy substitution on the
terminating phenyl ring makes it electron-rich and localizes the electron density at the desired site
of reactivity, favouring the second ring closure onto the intermediate cyclohexyl cation.

In addition to investigating the cyclization of substrates with an internal (E)-olefin (e.g.
2.4), we were also interested in investigating the cyclization of substrates containing the internal
(2)-olefin. We hypothesized that the two isomers would lead to the corresponding trans- or cis-
decalin (e.g. 2.5 or 2.7), according to the Stork-Eschenmoser hypothesis.

(E)-olefin model substrate:

MeO OMe MeO OMe
Q[gj """"""""" ~
OHC OHC z

G

24 25
(2)-olefin model substrate: MeO OMe

OMe
A L J e >
OHC
OHC™ OMe H
2.6 2.7

Scheme 2.2. Model substrates for the iminium-catalyzed polyene cyclization.

The polyene cyclization was initially examined under the optimum conditions for the Cope
rearrangement using 7-membered ring hydrazide catalyst 1.241 as the TfOH salt in MeCN.2 Under
these conditions, substrate 2.4 afforded a 25% yield of cyclized product 2.5, as determined by 'H
NMR (Table 2.1, entry 1). In an attempt to improve the reaction, MeNO> was screened as a solvent,
as it had been the optimal solvent in the hydrazide-catalyzed Diels-Alder reaction.® This solvent
switch was found to provide a 55% yield of product 2.5, as determined by *H NMR (entry 2).
However, these conditions led to undesired side products which proved to be inseparable. The
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hydrochloride salt of catalyst 1.241 was then screened under the same conditions (entry 3) and was
found to give clean bicyclic product 2.5, isolated in a 55% yield. Alternate solvent conditions of
15% 'PrOH/DCM, which had been optimized by MacMillan for prior iminium-catalyzed
reactions,* gave a slightly decreased isolated yield of product (49%, entry 4). The 6-membered
ring hydrazide catalyst 1.193 gave product in a lower yield (41%) under the same solvent and co-
acid conditions (entry 5). No reaction was observed when N-methylated hydrazide catalyst 2.8, as
the triflic acid salt, was used in place of catalyst 1.241 (entry 6), suggesting that iminium ion
formation was crucial for reactivity as opposed to an acid-catalyzed reaction. The cyclization of
(E)-olefin substrate 2.4 results in the trans-decalin product and the stereochemistry at the a-
position to the aldehyde is set post-cyclization, through hydrolysis of the resulting enamine. Due
to this, the product 2.5 was isolated as a mixture of epimers at this position with a ratio of 4:1 and
the major isomer being the thermodynamically preferred equatorial aldehyde.

Table 2.1. Iminium-catalyzed polyene cyclization of model (E)-polyene substrate 2.4 (work done
by Dr. Dainis Kaldre).

MeO OMe MeO OMe
catalyst (20 mol%)
acid (10 mol%)

y

rt, 0.5M, 5 h |
OHC OHC g
24 25
4:1 dr at RCHO
Catalyst:
” CO,Et N CO,Et 'il CO,Et
1.241 1.193 2.8
) 'H NMR Isolated
Entry Catalyst Solvent Acid ) )
Yield (%) Yield (%)
1 1.241 MeCN TfOH 250 -
2 1.241 MeNO> TfOH 55 -
3 1.241 MeNO> HCI 66 55
4 1.241 15% 'PrOH/DCM HCI - 49
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5 1.193 MeNO: HCI 56 41

6 2.8 MeNO: TfOH N.R.

[a] After 24 h.

With these optimized conditions in entry 3, (Z)-olefin substrate 2.6 was found to cyclize to
the cis-decalin product 2.7 in 70% vyield (Scheme 2.3).> The products were isolated as a
thermodynamic mixture of epimers at the position a to the aldehyde in a thermodynamic ratio of
1:1. With the reaction conditions optimized for the model substrates, we were interested in
investigating the scope and limitations of the polyene cyclization with substrates that contained

different aromatic groups.

MeO OMe
OMe

1.241 (20 mol%)

_ HCI (20 mol%)
—>
MeNOz, rt, 5h OHC

OHC™ X OMe 70% H
2.6 2.7

1:1 dr at RCHO

Scheme 2.3. Preliminary results for iminium-catalyzed (Z)-polyene cyclization.
2.3 Substrate synthesis

The initial synthesis of the model substrates had been developed by Dr. Dainis Kaldre and
optimized by Dr. Samuel Plamondon. The initial route provided model (E)-olefin substrate 2.4 in
8 steps with 20% overall yield (Scheme 2.4). The synthesis began with 1-bromo-3,5-
dimethoxybenzene (2.9). Addition of an allyl Grignard followed by a hydroboration/oxidation was
performed in 73% yield over two steps and the resulting alcohol was then oxidized with DMP to
provide aldehyde 2.11 in 91% yield. From aldehyde 2.11, the internal (E)-olefin was synthesized
through a stabilized Wittig olefination, giving product 2.12 in 92% yield. The ester was reduced
with DIBAL-H in 97% yield and followed by an Appel reaction to provide bromide 2.13 in 82%
yield. Addition of the dianion of methallyl alcohol displaced the bromide to give a 51% yield of
alcohol 2.14 and a final oxidation with DMP buffered with pyridine provided final substrate 2.4 in
82% yield. Although the overall synthesis of this substrate was high yielding, it proceeded through
multiple linear steps and built out from the terminal aromatic. To examine a substrate scope, we

needed easy access to substrates with different terminating groups, which required the design of a
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modular route to synthesize these polyenes. The development of this new route and all further

experimentation in this chapter was completed by the author.

1. (i) BH3, THF,
O°Ctort

B 7] (i) NaOH, H,0,,

MeO OMe allyl bromide, Mg, MeO OMe THF/H,0, 60 °C

I, (cat.), THF 73% (2 steps)

0°Ctort 2. DMP, DCM
Br A 91%
2.9 - 2.10 B
MeO OMe Ph3pﬁ/002Et MeO OMe 1. DIBAL-H, DCM
97% ‘
>  EtO,C >
DCM, rt 2. PPhs, Bry, 0 °C
OHC 92% 82%
2.1 2.12
MeO OMe
OMe
”BuLl
_TMEDA, _ DMP, pyr.,
Et20/DCM DCM OHC
-78 °C 82% 2.4
51% 8 steps, 20% overall yield

Scheme 2.4. Initial synthesis of model (E)-polyene substrates (work done by Dr. Samuel
Plamondon).

2.3.1 Modular substrate synthesis

A retrosynthesis was designed to synthesize (E)-polyene substrates in a modular fashion
(Scheme 2.5). The final step in this synthesis would cross-couple the terminating aromatic ring
with a halide synthesized from an Appel reaction on alcohol 2.15. This route would provide a
simple method to access a wide variety of terminating groups from a common intermediate. We
initially envisioned that alcohol 2.15 could be made through a Kocienski rearrangement® of
lithiated dihydrofuran (2.18) and iodide 2.17. lodide 2.17 could be obtained from known diol 2.19
through mono-TBS protection followed by an Appel reaction.
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R Kocienski

Rearrangement R
| QO
TBSO N °
Cross X

Coupling 2.15 2.16

Ho/\"/\/OH — TBSO/\"/\/' + @_Li
217

219 218

OHC

Scheme 2.5. Initial retrosynthetic analysis of (E)-polyene substrates.

The desired diol can be synthesized beginning with itaconic acid (2.20, Scheme 2.6). Fisher
esterification of itaconic acid gave the dimethyl ester in 96% yield. A subsequent DIBAL-H
reduction of the ester resulted in the known diol 2.19 in 89% yield. Mono-TBS protection of diol
2.19 proceeded well, with deprotonation by sodium hydride in THF at —78 °C giving the
monoanion, followed by addition of TBSCI. However, there was no preference shown for
protection of the allylic alcohol over the homo-allylic alcohol and a mixture of the two products
was obtained. To aid in separation, MnO> oxidation was performed on the mixture to selectively
oxidize the undesired unprotected allylic alcohol. However, due to these separation difficulties,
product 2.21 was obtained in a poor yield of 20%. From alcohol 2.21, the desired iodide 2.17 was
obtained in 99% vyield through an Appel reaction.

0 i. NaH, THF,
0, OH _ o
HO)J\”/\"/OH 1. HySO,, MeOH, A, 96%__ HO/\"/\/ 78°C
o 2. DIBAL-H, toluene/THF ii. TBSCI
2.20 0°C, 89% 2.19 20%
oH FPhsla |
TBSO/\"/\/ imidazole TBSO/\"/\/
2.21 DCM, rt 2.17
99%

Scheme 2.6. Synthesis of iodide 2.17.

85



With iodide 2.17 in hand the Kocienski rearrangement was attempted under standard
conditions (Scheme 2.7).% Unfortunately, metal-halogen exchange of iodide 2.17 followed by
attempted cross-coupling with lithiated furan in the presence of either CuBr-DMS or CuCN failed
to give the desired product 2.15. In both cases, the major product obtained was dehalogenated
iodide. The accepted mechanism of the Kocienski rearrangement proceeds through formation of a
higher order cuprate and subsequent cross-coupling/opening of the lithiated dihydrofuran followed
by alkylation of the resulting vinyl cuprate with Mel.5” We suggest that this reaction does not
proceed due to the terminal olefin in iodide 2.17, which could co-ordinate to the metal centre
following the addition to the Cu(l) species in step ii, as shown below, preventing the co-ordination

of the lithiated dihydrofuran and poisoning the catalyst.

i. tBuLi (2 equiv.), THF, -78°C

ii. CuBr-DMS or CuCN,
| -78°C to 0°C
TBSO/\"/\/ 3¢ > TBSO X OH
iii. 2.18, -78°C to 0°C

2.17 iv. Mel, -78°C to rt 2.15
Mechanism: o 9. 2.
i L it oL
CuL - I;/)_L' R(;Cu/ 2H R C/L
RI+ Buli —— | RCuL| Li* ——— y —| Jci
Z 0 O
Following step ii: + Mel

\‘“Clu R X
X

Scheme 2.7. Attempted Kocienski rearrangement with iodide 2.17.

With the lack of desired reactivity in the Kocienski rearrangement, we concluded that this
would not be a viable route to (E)-polyene substrates. A second retrosynthetic analysis was
designed (Scheme 2.8), which incorporated a late-stage coupling of the aromatic group through a
Suzuki cross-coupling. The aromatic cross-coupling partner 2.23 could be made from the
hydroboration of commercially available styrenes. We envisioned that this could be cross-coupled
to vinyl iodide 2.22 to provide the internal (E)-olefin. lodide 2.22 could be made from alcohol 2.24
through oxidation and a-methylenation of the resulting aldehyde. Finally, alcohol 2.21 could be

made through a carboalumination-iodination of 1-hexynol (2.25).
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a-methylenation

: / N@
. R
— OHCW' R,B

OHC
21 \ 2,22 2.23
Suzuki
Cross-Coupling U

HO
HOW' — \/\/\
2.24 2.25

Scheme 2.8. Second retrosynthetic analysis of (E)-polyene substrate synthesis.

Negishi carboalumination conditions® were used to convert 1-hexynol to the vinyl iodide
2.24. The addition of Cp2ZrCl, and AlMes, followed by quenching with iodine gave product in
good yield (95%). However, product 2.24 was obtained as an inseparable mixture with the opposite
regioisomer (2.26) in an 18:1 ratio. Gratifyingly, it was found that, although the carboalumination
of 1-butynol (2.27) also resulted in a similar mixture of regioisomers, the mixture could be
separated by column chromatography. The resulting vinyl iodide 2.28 proved to be relatively

unstable to light which, combined with a difficult separation, resulted in a moderate yield of 37%.

i. CpoZrCl,, AlMes,
DCM, 0°C to rt

HO » HO + HO
\/\/\ L THE WI M/\

" |
2.25 -40°Ctort 2.24 2.26
95% (18:1 rr)

i. szerlz, A|M63

HO/\/// DCM, 0°C to rt . Ho/\)\/l

ii. 15, THF,
2.27 -40°C to rt 2.28

37%

Mechanism: cl Me

1 _ClI.
CpaZiCly + AlMe; <—== Cp 7] MeZ‘AIMeQ: CpaZre.,  AlMe;
~ |-
| R=
I, Me AlMe, _Cl. cl
>=/ - — + Cp,ZrCl, == Me CpZZr\CI.-‘AIMezf Me;GCz"CI,}NMez

R =/ R—==

R

Scheme 2.9. Carboalumination-iodination of 1-hexynol and 1-butynol.
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Vinyl iodide 2.28 is two methylene units shorter than vinyl iodide 2.24, so revisions needed
to be made to the original retrosynthesis (Scheme 2.10). To install the two-carbon unit, the alcohol
could first be converted to bromide 2.29, which could then be displaced with triethyl
phosphonoacetate to form HWE reagent 2.30. The terminal olefin of 2.31 could then be installed
through an HWE reaction with formaldehyde.

(0]
1
EtO),P__CO,Et
Appel ( VAR N 2 _
A | .---PF.).--> /\)\/| ............... » EtOZCY\)\/I
HO Br base
2.29 o-P(OEl)2 2.30

! CH,0
Y

EtOQC“/\)\/l
2.31

Scheme 2.10. Revised synthesis of iodide coupling partner.

With vinyl iodide 2.28 obtained as a single regioisomer, an Appel reaction was performed
to convert the alcohol to bromide 2.29, which was used in the next step after filtration through a
silica plug. Deprotonated triethyl phosphonoacetate was alkylated with bromide 2.29, forming an
HWE reagent. An in situ HWE reaction was then performed with formaldehyde to result in a,p-
unsaturated ester 2.31 in 58% yield over three steps. Ester 2.31 was then reduced with DIBAL-H
in 93% vyield and protected as the TBS ether in 93% yield to give the iodide coupling partner 2.32.

(0]
Il
i (EtO),P~__CO,Et
NaH, DMSO
0°Cto50 °C
PPhs, Br, ii. formaldehyde, K,COs5
/\)\/ DCM, 0 °C /\)\/ DMSO/H,0, 60 °C
| —— | >
HO Br 58% over 3 steps
2.28 2.29
1. DIBAL-H, THF, 93% |
2. TBSCI, imidazole
2.31 DCM, 93% 2.32

Scheme 2.11. Synthesis of iodide coupling partner.
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In the final steps of the substrate synthesis, iodide 2.29 was coupled to the aromatic
terminating group (Scheme 2.12). The aromatic coupling partners were formed from the
hydroboration of vinyl arenes using 9-BBN to obtain a single regioisomer. This was then coupled
with vinyl iodide 2.32 under standard Suzuki cross-coupling conditions (Pd(dppf)Cl. with sodium
hydroxide). To enable isolation of clean coupled products, TBAF-mediated deprotection yielded
alcohols 2.34-2.45 in 49-86% over two steps. Final substrates 2.4 and 2.46-2.56 were then obtained
through oxidation to the resulting aldehydes with DMP buffered with pyridine in yields of 66-
82%.

1.i. 9-BBN, THF, 0°C to rt

ii. 2.32, Pd(dppf)Cl, (10 mol %),
NaOH (10 equiv. Ar Ar
AT 10 equive) HO\/@L/[ DMP, pyr. |
2. TBAF, THF DCM OHC

2.33 49-86% 0°Ctort
over 2 steps 66-82%

Ar = 3,5-dimethoxyphenyl 2.34,70% 2.4,76%
375-d|methy|pheny| 2.35, 82% 2.46, 66%
2-methyl-5-methoxyphenyl 2.36, 70% 2.47, 81%
2-methyl-3-methoxyphenyl 2.37, 67% 2.48,74%
3,4,5-trimethoxyphenyl 2.38, 86% 2.49, 75%
2,3,4-trimethoxyphenyl 2.39, 72% 2.50, 69%
1-naphthyl 2.40, 51% 2.51,70%
2-thiophene 2.41, 59% 2.52, 74%
4-methyl-3-thiophene 2.42, 62% 2.53,73%
N-tosyl-2-pyrrole 2.43, 54% 2.54,80%
2-benzofuran 2.44, 49% 2.55, 82%
4-methoxyphenyl 2.45,60% 2.56, 78%

Scheme 2.12. Final steps in the synthesis of (E)-polyene substrates.
2.4 Solvent screen

In the polyene cyclization of model substrate 2.4, the highest yields of product 2.5 were
obtained using MeNO; as solvent in comparison to that obtained with MeCN or 15% 'PrOH/DCM.
Initial investigations into different substrates found that the substrate scope was limited by the
nucleophilicity of the terminating group as well as the solvent conditions. For substrates with
strongly nucleophilic terminating groups, such as model substrate 2.4, the reaction performs well
in MeNO.. However, under the same conditions (Table 2.2, Entry 1), substrates with less
nucleophilic terminating groups (e.g. 2.46) resulted in a mixture of bicyclic product with undesired
side products (44:56 ratio of 2.57: undesired side products). The side products in the cyclization

of 2.46 in MeNO: were not characterized as the mixture was inseparable. However, we presume
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that they are a mixture of olefins seen in product 2.58 (Scheme 2.13) as a monocyclic olefin
product has been isolated in the cyclization of substrates with terminating groups of lower
nucleophilicity performed in MeNO.. When EtOH was used as a solvent, a similar ratio of desired
product to undesired side product was obtained (Entry 2, 43:57 ratio of 2.57 to undesired side
products). In this instance it was possible to isolate one of the major side products which turned
out to be ether 2.60 derived from trapping of the intermediate cyclohexyl cation with EtOH
(Scheme 2.14).

To identify conditions for the complete bicyclization of 2.46, a solvent screen was
performed in collaboration with Dr. Samuel Plamondon (who performed a more thorough solvent
screen with the (Z)-polyene substrate). With DCM as the solvent, there was no reaction observed
after 48 hours (Entry 3). In the (Z)-polyene cyclization, a mixture of HFIP/DCM was found to
provide clean bicyclic product® and when HFIP was added in a solvent mixture of 5% HFIP/DCM,

bicyclic product 2.57 was obtained in a >99:1 ratio with undesired side products (Entry 4).

Table 2.2. Solvent screen for polyene cyclization of 2.42.

1.241 (20 mol%)
HCI (20 mol%)

solvent, 0.25 M,

OHC i, 5 h OHC ﬁ
2.46 2.57
Entry Solvent 2.57: undesired side products!
1 MeNO; 44:56
2 EtOH 43:57"!
3 DCM N.R.[
4 5% HFIP/DCM >00:1

[a] Ratios determined by integration of aldehyde peak ratios in crude *H NMR. [b] Ratio of
corresponding acetals 2.59 and 2.60 determined from aromatic peak ratios in crude *H NMR. [c]
After 48 h.
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1.241 (20 mol%)
HCI (20 mol%)

MeNO,, 0.25 M,

OHC . 5 h OHC |f|
2.46 2.57 2.58
(not isolated) (not isolated)

Scheme 2.13 Possible side products from the polyene cyclization of substrate 2.46 in MeNO..

1.241 (20 mol%) OEt
HCI (20 mol%) EtO
> +
EtOH, 0.25 M, EtO
OHC rt, 5 h OEt
OEt
2.46 2.59 2.60
(not isolated) 46%

Scheme 2.14 Isolated product from solvent trapping of substrate 2.46 with EtOH.

HFIP is a polar protic solvent with unique properties in comparison to other alcoholic
solvents, such as 'PrOH. It is a very polar solvent, with a relative polarity of 0.969 in comparison
to 1 for H.O and the much lower 0.546 for 'PrOH.® In addition, the trifluoromethyl groups on HFIP
withdraw electron density from the alcohol, rendering it less nucleophilic than 'PrOH. These
properties have made HFIP a popular solvent in reactions with cationic intermediates, where it has
been proposed to either aid in stabilization of the cationic charge or increase the persistence of
cationic species.’®! The use of HFIP in electrophilic sulfur and halogen-initiated polyene
cyclizations has been shown to decrease the formation of undesired side products.!?23 In these
examples, the non-polar substrates are proposed to have a solvophobic effect with the HFIP,
promoting highly organized chair-like conformations and lowering the entropic barrier towards
cyclization. However, these reactions were run in undiluted HFIP, which would be significantly
more polar than a 5% HFIP/DCM mixture.

Recent work has shown evidence of the participation of HFIP in proton transfer to help
lower the activation barrier for these transformations.'* Participation of HFIP in proton transfer
could be invoked to enhance iminium ion formation in the iminium-catalyzed polyene cyclization.
However, based on side products obtained from premature termination of the cyclization in other
solvents, we propose that the main role of HFIP is in the stabilization of the intermediate

cyclohexyl cation to give a decreased propensity for alternate termination pathways. In
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investigations done on the (Z)-polyene cyclization, it was found that concentrations of HFIP higher
than 5% led to substrate degradation and lower yields of product.® The pKa of HFIP is 9.3% in
comparison to 17.1 of 'PrOH,® and it is possible that the increased acidity of a solvent mixture
containing higher concentrations of HFIP promoted acid-mediated degradation of the substrate.

2.5 Substrate scope

Under these optimized conditions, (E)-polyene substrates cyclized to give trans-decalin
products shown in Figure 2.1 in good yields.!” Decalin products were obtained as a thermodynamic
mixture of diastereomers at the epimerizable position o to the aldehyde, as seen previously in the
cyclization of model substrate 2.4. This ratio (C3-B:a) was determined by integration of aldehyde
peaks in the 'H NMR. The trans- to cis-decalin ratio was also determined by integration of
respective aldehyde peaks in the *TH NMR. For products 2.67 and 2.68, the aldehyde peaks for the
trans- and cis-decalin products overlapped and therefore, the trans- to cis-decalin ratio could not

be determined.

Under the optimal conditions, model substrate 2.4 cyclized to give 2.5 in 72% vyield.
Substrate 2.46, with 3,5-dimethyl substitution, resulted in clean bicyclic product 2.57 in 75% yield.
Substrates terminated by an aromatic ring with one methyl and one methoxy group were cyclized
in good vyields, with 2-methyl, 5-methoxy substitution giving product 2.61 in 72% vyield and 2-
methyl, 3-methoxy substitution giving product 2.62 in 75% yield. Substrates with three methoxy
substituents cyclized to give 2.63, with 3,4,5-trimethoxy substitution, in 69% yield and 2.64, with
2,3,4-trimethoxy substitution, in 70% yield. Termination by a naphthyl ring gave high yield of
product, providing 88% of 2.65. Finally, termination by heterocycles was also well tolerated. The
cyclization terminated with thiophene at the 3-position provided product 2.66 in 81% yield and at
the 2-position provided product 2.67 in 43% yield. Heterocyclic substrates, such as 2.53, that were
prone to acid-mediated polymerization resulted in slightly lower yields of products due to the
mildly acidic cyclization conditions. The closure of N-tosyl pyrrole at the 3-position provided
product 2.68 in a slightly lower yield of 65%. Termination with benzofuran at the 3-position also
worked well, providing product 2.69 in 82% yield. Although they were not included in the study,
cyclization onto furan, pyrrole at the 2-position, and indole would be expected to work well (with
the same potential lower yield resulting from acid-mediated polymerization as with thiophene) as

they are more reactive to electrophilic substitution than thiophene.
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R
1.241 - HCI (20 mol%)
’ ol
OHC 5% HFIP/DCM OHC

T

2.1 rt, 5-6 h 23
MeO OMe MeO
OHC” :_E OHC” :=E OHC =
H H H
2.5: 72%, 95:5 trans:cis, 2.57: 75%, 94:6 trans:cis, 2.61: 72%, 94:6 trans:cis,
6:1 C3-B:a 5:1 C3-B:a 4:1 C3-B:a
OMe OMe
OMe MeO OMe OMe
OHC = OHC = OHC =
H H H
2.62: 75%, 96:4 trans:cis, 2.63: 69%, 95:5 trans:cis, 2.64: 70%, 89:11 trans:cis,
3:1 C3-Bia 4:1 C3-B:a

4:1 C3-B:a

(] g S
(1 Q@
OHC : OHC = OHC 2
H H H
2.65: 88%, 94:6 transicis,  2.66: 81%, 94:6 transcis, 2.67: 43%, 4:1 C3-ua
4:1 C3-B:a 4:1 C3-B:a

s NTs °
B OHC =
OHC q g
2.68: 65%, 4:1 C3-B:a 2.69: 82%, 91:9 trans:cis,
4:1 C3-B:a

Figure 2.1. Substrate scope of the racemic (E)-polyene cyclization.

In the polyene cyclizations of (E)-olefin substrates, slight erosion of stereoselectivity was

observed, with most products observed in approximately a 95:5 trans- to cis-decalin ratio. The
amount of cis-decalin observed was slightly higher in substrates with less nucleophilic terminating
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groups. The lowest observed ratio was 89:11 trans- to cis-decalin seen in cyclized product 2.64. A
similar observation was made in the cyclization of (Z)-olefin substrates, studied by Dr. Samuel
Plamondon, which led to products with a small amount of the trans-decalin isomer.!” The amount
of isomerization showed the same dependence on the nucleophilicity of the terminating group,
with less nucleophilic terminating groups leading to a slightly lower ratio of cis- to trans-decalin
products. The lowest observed ratio was 90:10 cis- to trans-decalin, seen in the cyclized product
2.71 of 2,3,4-trimethoxyphenyl| terminated substrate 2.70 (Scheme 2.15).

OMe
OMe OMe
OMe
1.241 (20 mol%)
_ OMe HCI (20 mol%) > OMe
5% HFIP/DCM OHC
OHC” X rt,5h H
2.70 85% 2.7
90:10 cis:trans
1:1.6 C3-B:a

Scheme 2.15. Cyclization of (Z)-polyene substrate 2.70.

To help understand the results of the polyene cyclization, one can examine the electrophilic
substituent constant (¢*), a parameter that has been calculated from the solvolysis of substituted t-
cumyl chlorides and can be correlated to the reactivity in electrophilic aromatic substitution
reactions of substituted aromatic rings (Figure 2.2).° The methoxy substitution is inductively
withdrawing at all positions on the aromatic ring. However, the resonance donates electron density
to the ortho- and para- positions. This is reflected in ¢*, which for a para-methoxy substituent is
—0.778, indicating that it will react much faster in an electrophilic aromatic substitution than
unsubstituted benzene (¢* = 0). A meta-methoxy substituent has a ¢* of 0.047, showing that it
decreases the nucleophilicity of the aromatic ring for the desired position of reactivity. In contrast,
methyl substitution is inductively donating, directing electron density to the ortho- and para-
positions. This is reflected in ¢* where a para-methyl substituent gives a ¢* of —0.311. Due to the
inductively donating character of alkyl substitution, a methyl group will also slightly activate the

meta-position, resulting in ¢* of —0.066.
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Figure 2.2. Electrophilic substitution constants for methoxy substitution.

The polyene cyclization is terminated through electrophilic substitution of the aromatic
ring and so the kinetics of aromatic trapping can be correlated to ¢*. Model substrate 2.4 is
nucleophilic at the reacting site as it has one methoxy substituent para- to the desired site of
reactivity as well as a methoxy substituent at the ortho-position that gives similar electronic effect
to the para-methoxy but with additional steric hindrance (Figure 2.3). This substrate would be
expected to react quickly in an electrophilic aromatic substitution and resulted in a 95:5 trans- to
cis-decalin ratio of product 2.5. Substrate 2.46 has two activating methyl substituents ortho- and
para- to the desired site of reactivity. The inductively donating methyl substituents are not as
activating as the resonance donating methoxy substituents. However, this terminating aromatic
ring would still be expected to react relatively quickly in an electrophilic aromatic substitution and
resulted in a 94:6 trans- to cis-decalin ratio of product 2.57. Substrate 2.50 has two deactivating
methoxy substituents meta- to the desired site of reactivity. In addition, the free rotation of the
para-methoxy substituent is limited due to two meta-methoxy substituents, thus preventing
necessary orbital alignment for resonance donation. Without resonance donation, the methoxy is
considered an inductively withdrawing substituent. Therefore, due to the lower nucleophilicity of
this terminating aromatic group, it would be expected to react slower in an electrophilic aromatic
substitution than substrates 2.4 and 2.46. Slow trapping by the terminating groups gives a higher
probability that alternate pathways will be followed instead, including those that lead to the cis-
decalin product as discussed in later sections. This was reflected in the lower trans- to cis-decalin
ratio of 89:11 of product 2.64.
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Figure 2.3. Terminating groups for substrates 2.4, 2.46, and 2.50.
2.6 Less nucleophilic substrates

Under the standard conditions for the polyene cyclization, substrate 2.56 gave no desired
product and only starting material was recovered (Table 2.3, Entry 1). This substrate is terminated
by an aromatic ring with a methoxy substituent meta- to the desired site of reactivity and therefore
is less nucleophilic at this position. Greater reactivity was observed in the iminium-catalyzed Cope
rearrangement with either TFOH (pKa -14) or HCIO4 (pKa -10) as the co-acid.? Therefore, attempts
to increase the reactivity in the cyclization of substrate 2.55 were performed using HCIO4 as a
stronger co-acid. Although some reactivity was observed, these conditions only resulted in
undesired monocyclic side products. When the reaction was run in MeNO>, a non-nucleophilic
polar solvent, the major product was isolated after reduction to the corresponding alcohol, giving
2.72in 16% yield (Entry 2). This product is the result of either elimination at the cyclohexyl cation
intermediate followed by sequential protonation/elimination steps or sequential 1,2 hydride shifts
to give the thermodynamically favoured enal (prior to reduction). When run in EtOH, a
nucleophilic solvent, the intermediate cyclohexyl cation was trapped with the solvent, resulting in
of ethyl ether 2.73 in 44% vyield (Entry 3). A stronger co-acid results in a weakly co-ordinating
counter anion, which gives greater cationic character to both the iminium and the cyclohexyl cation
intermediates. However, in the reaction of 2.56, alternate pathways with low activation barriers
(e.g. solvent trapping or elimination) competed with the slow trapping of the aromatic ring.
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Table 2.3. Attempts at polyene cyclization of substrate 2.56.

OMe
1.241 (20 mol%)
acid (20 mol/o); product
solvent
OHC
2.56
Entry Acid Solvent Product
1 HCI 5% HFIP/DCM N.R.
2 HCIO4 MeNO; HO
ALY
2.72, 16% OMe
OEt
3 HCIO4 EtOH OHC
2.73, 44%!®! OMe

[a] After NaBH4 reduction. [b] After hydrolysis of ethyl acetal with CHCIs/H2O/TFA.
2.6.1 Ether-bridged substrates

With the observation that an aromatic terminating group with moderate to strong
nucleophilicity was required, substrates were designed with an ether-bridge ortho- to the desired
site of reactivity (2.74, Scheme 2.16). In these substrates, we presumed that the ether bridge would
increase the nucleophilicity of the terminating aromatic ring. Substrates with skeletal ethers have
previously been reported in synthetic polyene cyclization methodologies, either terminating by the
aromatic ring® to give a ring system similar to product 2.75 or proceeding first through a formal
1,3-rearrangement prior to terminating with the resulting phenol?! to give a ring system similar to
product 2.76.
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Scheme 2.16. Proposed cyclization of ether-bridged substrates.

We envisioned that these ether-bridged substrates could also be made through a modular
route (Scheme 2.17). In the final steps, the a,B-unsaturated aldehyde could be installed through
reduction of ester 2.77 to the aldehyde, followed by a-methylenation. The ether-bridge in ester
2.77 could be made through a Mitsunobu reaction between allylic alcohol 2.78 and phenols with
varying substitution. Allylic alcohol 2.78 could be made through a cross-coupling reaction
between vinyl iodide 2.79 and alkyl halide 2.80. Vinyl iodide could then be made through a

hydrometallation-iodination from commercially available 2-butynol (2.81).

R cross-coupling

R
N ' — J/\ILO' — ]
OHC/Q\L/O EtO,C ‘\ OH
2.77

_ EtO,C
\ 274 Mitsunobu 2.78
a-methylenation

Scheme 2.17. Retrosynthetic analysis of ether-bridged substrates.

In the synthesis of vinyl iodide 2.79, we initially performed a hydrozirconation with
Cp2ZrCl2 and DIBAL-H to generate zirconocene hydrochloride in situ, followed by trapping of
the resulting alkenyl metal species with iodine (Scheme 2.18). This hydrometallation-iodination

suffered from low regioselectivity, providing desired vinyl iodide 2.82 in a 1.4:1 ratio with its
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regioisomer 2.83. A difficult separation of these regioisomers resulted in an isolated yield of 13%
of the desired vinyl iodide 2.82. The hydrometallation of 2.81 lacks a strong steric bias for the
addition of the metal to either carbon of the alkyne. We attempted to increase this steric bias by
initially protecting the alcohol as the bulky silyl ether 2.84. In the hydrometallation-iodination of
silyl ether 2.84, the regioselectivity was slightly improved, providing a mixture of desired vinyl
iodide 2.79 and its regioisomer 2.85 in a 2:1 ratio. However, these products were inseparable by

column chromatography.

i. szZfClz,
DIBAL-H,
THF,
O°Ct rt J\/\
/\ OH 2 "oyt g/\OH
ii. Io
I
2.81 (1.4:171m) 2.82 2.83
13%
i szZrC|2,
TBSCI DIBAL-H,
imidazole, THF, J\/\
DCM 0°Ctort N
281 ——> /\OTBS —_— | X OTBS + OTBS
79% i. 1o i
2.84 (2:11r) 2.79 2.85

(not isolated)

Scheme 2.18. Synthesis of vinyl iodide coupling partner.

As the regioisomeric products were separable, the hydrometallation-iodination was
performed on 2-butynol. To minimize volatility issues, protection of the alcohol as the silyl ether
was performed prior to concentration of the solution of isolated product 2.82, providing product
2.79 in 15% yield over two steps (Scheme 2.19). A Negishi cross-coupling was then performed
between vinyl iodide 2.78 and the zinc halide formed from ethyl iodobutyrate to provide (E)-olefin
in 86% yield. Deprotection of the silyl ether with TBAF gave the alcohol coupling partner 2.86 in
76% vyield. A Mitsunobu reaction was then performed between a phenol and the allylic alcohol
2.86. With phenol itself, this proceeded to give ester 2.87 in 85% yield while reaction with 3,5-
dimethylphenol yielded ester 2.88 in 88% yield. Reduction of the ester with DIBAL-H proceeded
to give alcohols 2.89 and 2.90 in 81% and 89% yield, respectively. This was followed by oxidation
with DMP buffered with pyridine to give aldehydes 2.91 and 2.92 in 74% and 68% Yyields,
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respectively. An a-methylenation by pyrrolidine-mediated aldol condensation with formaldehyde

provided final ether-bridged substrates 2.93 and 2.94 in 80% and 81% yields, respectively.

1.1. CpoZrCl,, DIBAL-H,

THF, 0 °C to rt 1.1L.Et0,C7 "1, ZniCu
ii. I3, THF, ii. Pd(PPhj3),, toluene/NMP
—40°Ctort
/\ OH - > IJ\/\OTBS = -
2.TBSCI, 2. TBAF, THF, 76%
2.81 imidazole, THF 2.79
15% over 2 steps
R1
DIAD, PPh,
| ArOH | 1.DIBAL-H, THF
OH o e} >
Et02C DCM, 0°C EtOZC 2. DMP, pyr., DCM
2.86 2.87,R"=H, 84%
2.88, R" = 3,5-dimethyl, 88%
R' R'
pyrrolidine, CH,O
J/\L propionic acid /Q\L
| PrOH, H,0 |
o) 2 o)
R? OHC
1. R? = CH,OH 2.93, R"=H, 80%
2.89,R"=H, 81% 2.94 R' = 3,5-dimethyl, 81%
2.90, R" = 3,5-dimethyl, 89%

2.R?=CHO
2.91,R'=H, 74%
2.92, R' = 3,5-dimethyl, 68%

Scheme 2.19. Synthesis of ether-bridged substrates 2.93 and 2.94.

The polyene cyclization of ether-bridged substrates was attempted under the standard
conditions (Scheme 2.20). No bicyclic product was obtained with substrate 2.93, terminated by a
phenyl ring, or substrate 2.94, terminated by a 3,5-dimethylphenyl ring, with mostly starting
material observed after 24 hours. When the reaction was run with EtOH as a solvent, no bicyclic
product was observed in the reaction of 2.93, and only EtOH trapped product 2.97 was isolated in
a 34% yield after hydrolysis of the ethyl acetal.
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1.241 (20 mol%)
L\L HCI (20 mol %)
| .
(0]
OHC 5% HFIP/DCM OHC

H
2.93, R=Hor t, 24 h 2.95 R=H or
2.94, R = 3,5-dimethyl 2.96, R = 3,5-dimethyl
1.1.241 (20 mol%) OFt

HCI (20 mol %)
293 EtOH, rt - o
2. TFA/CHCI3/H,0 OHC
34% over 2 steps 297

Scheme 2.20. Unsuccessful polyene cyclizations of ether-bridged substrates.

The lack of expected reactivity can be explained by the alignment of the lone pair orbitals
in the transition state for the closure of the second ring (Figure 2.4). A substrate with methoxy
substitution para- to the site of desired reaction on the aromatic ring will lead to transition state
2.98. The free rotation about the C-O bond of the aromatic ring and the methoxy oxygen allows
proper orbital alignment for participation of the oxygen lone pair in resonance stabilization, as
shown in the Newman projection below. A substrate with an ether bridge ortho- to the site of
desired reaction will lead to transition state 2.99, where the rotation about the C-O bond between
the aromatic ring and the oxygen is restricted due to the chair-like conformation of the substrate.
The restricted conformation places the orbitals of the lone pair electrons on the oxygen out of
alignment for resonance donation, as shown in the Newman projection below. Without this
resonance stabilization, only the inductively electron-withdrawing character of the oxygen is

present, and the ether bridge lowers the nucleophilicity of the terminating aromatic.
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Figure 2.4. Orbital alignment and resonance donation in the transition state of a substrate with a

methoxy-substituted arene vs. an ether-bridged substrate.
2.7 Proposed mechanism of the iminium-catalyzed polyene cyclization

Preliminary calculations on the Cope rearrangement had suggested that the reaction
proceeded through a stepwise mechanism through a shallow energy intermediate cyclohexyl
cation. The addition of a methyl group to the Cope substrate was shown to stabilize this
intermediate. In the polyene cyclization, we propose that the reaction proceeds through a similar
stepwise pathway (Figure 2.5). In the first step of our proposed mechanism, catalyst 1.241
condenses onto the aldehyde of the substrate to form the initial iminium 2.100. This iminium then
undergoes the first ring closure to give the intermediate cyclohexyl cation 2.2. The second ring
closure results in the arenium ion 2.103 and then deprotonation gives enamine 2.104. Hydrolysis
releases the catalyst as well as the final decalin product 2.3. DFT calculations have further
corroborated a stepwise pathway with substrates terminated by less nucleophilic aromatic rings
and have suggested a concerted pathway following the first transition state for substrates

terminated by strongly nucleophilic aromatic rings, as will be discussed in Chapters 3 and 4.
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Figure 2.5. Proposed mechanism for the iminium-catalyzed polyene cyclization.

Experimental evidence of a stepwise pathway has also been observed. Monocyclic
products isolated from the solvent trapping of substrates with less nucleophilic terminating groups
in nucleophilic solvents as well as products from elimination in non-nucleophilic solvents suggest
the presence of a cyclohexyl cation intermediate. Additionally, the small amount of isomerization
to the cis-decalin products observed is further evidence of a cyclohexyl cation intermediate. We
presume that the mechanism of isomerization is through a ring flip of the chair-like cyclohexyl
cation intermediate (2.2), where trapping of the ring-flipped intermediate (2.105) would lead to
the cis-decalin product 2.106 (Scheme 2.21). The activation barrier for trapping of the initial
cyclohexyl cation intermediate 2.2 by the arene would be lower for more nucleophilic terminating
groups and would therefore proceed more readily. In substrates with less nucleophilic terminating
groups, the barrier would be higher, giving a greater propensity for the ring flip to occur and
resulting in a higher amount of cis-decalin product from the (E)-olefin cyclization. Alternatively,
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bond rotation of the aryl ethyl group would lead to an intermediate which would place the aryl

group above the cyclohexyl cation and would also result in the cis-decalin product upon trapping.

R
R —\ R
Zy 1.244 \ 7 //|
A | H* + N
OHC | 4 OHC™ ™72
2.1 N 2.3
_R1 ‘RZ 2.2 ] .

2.105

Scheme 2.21. Proposed mechanism of isomerization in the iminium-catalyzed (E)-polyene

cyclization.
2.8 Conclusions

Ethyl 1,2-diazepane-1-carboxylate (1.241) has proven to successfully catalyze the first
iminium-catalyzed polyene cyclization. Polyene substrates were synthesized that contained a
similar 1,5-hexadiene with a pendant formyl group at the 2-position as substrates for the iminium-
catalyzed Cope rearrangement, with the addition of an aromatic ring as the terminating group. We
have proposed a stepwise mechanism of the iminium-catalyzed polyene cyclization which
proceeds through the formation of an intermediate cyclohexyl cation from the initial ring closure
and is be trapped by the terminating group. Solvent choice was important in the cyclization of
substrates that had less nucleophilic terminating groups to minimize the formation of monocyclic
side products. Through a solvent screen, the optimized solvent mixture of 5% DCM/HFIP was
discovered, with which the scope of the iminium-catalyzed polyene cyclizations was expanded to
include substrates with terminating groups with strong to intermediate nucleophilicities, including

several heterocycles.

This methodology provides a complementary approach to other reported polyene

cyclization methodology, where most of the current methodology relies on initiation through
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electrophilic activation of an alkene or epoxide. Iminium catalysis promotes the polyene
cyclization without the use of strong acids and does not require substitution of the initiating olefin,
providing access to decalin systems without gem-dimethyl substitution. Limitations of the
methodology include the increased isomerization to the cis-decalin systems and decreased
reactivity with substrates terminated by less nucleophilic aromatic rings. Chapter 3 will investigate
the incorporation of extended aromatics onto the hydrazide catalyst, which stabilizes cationic

intermediates and transition states and overcomes some of these limitations.
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Chapter 3. Exploration of cation—m interactions in the iminium-catalyzed (E)-polyene
cyclization

3.1 Chiral catalyst design

In Chapter 2, it was demonstrated that cyclic hydrazide catalyst 1.241 could mediate the
iminium-catalyzed polyene cyclization of 1,5-hexadiene, 2-carboxaldehyde substrates with a
terminating aromatic ring. The 7-membered ring scaffold of the hydrazide catalyst provided an
opportunity for the design of a chiral catalyst for the asymmetric reaction. When considering
catalyst designs for the asymmetric version, we initially looked at the transition state leading to
the first ring closure (3.1 and 3.2, Scheme 3.1) that forms the first stereocenter in the decalin
product ((S,S)-2.3 or (R,R)-2.3). The second stereocenter is set by the trans-decalin like transition
state of the second ring closure (3.5 and 3.6). The prochiral carbon on the polyene substrates is
distanced from the catalyst and the flatness of the ring system has required bulky catalysts to
provide remote induction of stereochemistry in previously reported examples of enantioselective
polyene cyclizations (seen in Section 1.4.4). In the iminium-catalyzed polyene cyclization, there
were several considerations in the design of a chiral catalyst. The first is the preferred conformation
of the iminium ion. Computational analysis of the reaction with catalyst 1.241 had shown a
preference for the (Z)-iminium, although it is possible that addition of steric bulk in a chiral catalyst
would alter this preference. Additionally, the a,p-unsaturated iminium can be found in the s-cis or
s-trans conformations. If one of these conformations is strongly preferred, then the
enantioselectivity of the first ring closure depends on the facial selectivity of the addition to the
terminal olefin. However, if both the s-cis and s-trans conformations are viable, enantioinduction

becomes more difficult.

In the design of a chiral catalyst, there were three positions on the cyclic hydrazide scaffold
that were considered for chiral substitution (highlighted in blue, Scheme 3.1). These positions, at
the carbon a to the free N-H (RY), the carbon a to the carbamate (R?), and on the carbamate (R®),
were chosen due to their proximity to the bond formation in the first ring closure and thus were
more likely to provide a discriminating interaction between diastereomeric conformations of this
transition state. The other positions on the 7-membered ring were not considered for addition of

chirality as they are further removed from the substrate.
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: OHC )

(S,8)-2.3 (R,R)-2.3
Scheme 3.1. Positions of possible chiral substitution on the 7-membered ring hydrazide catalyst.
3.2 Asymmetric iminium-catalyzed Cope rearrangement

In the proposed mechanism of the asymmetric Cope rearrangement of model substate 3.7,
following the formation of the o,fB-unsaturated iminium ion (3.9), the reaction proceeds through
closure of the ring to cyclohexyl cation 3.10 (Scheme 3.2). Due to the shared structural feature
with the (E)-polyene cyclization of an enantiodetermining ring closure from the donation of the 7t-
electrons from an (E)-olefin, we hypothesized that similar catalyst scaffolds would provide optimal

enantioselectivity in both reactions. Therefore, in the initial investigation of the asymmetric (E)-
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polyene cyclization, 7-membered ring catalysts with chiral substitution a to the carbamate were

synthesized and screened.

> N
CHO CHO
17 3T8
- - — + 4 — -
" "Ph 7 ~Ph AN Ph
—_— —_—
X
R1+/ R1 | R1+/
‘N N iy
2 ]
| R® 39 L R® 340 L R2 311

Scheme 3.2. Mechanism of Cope rearrangement of substrate 3.7.

Chiral catalysts, shown in Scheme 3.3, were synthesized for the induction of asymmetry in
the iminium-catalyzed Cope rearrangement (work done by Dr. Dainis Kaldre). These catalysts
were screened in the Cope rearrangement of substrate 3.7 to effect the enantioselective formation
of product 3.8. Chiral substitution at position R® gave very little enantioinduction, with the
addition of a menthyl carbamate on catalyst 3.12 providing product 3.8 in 10% ee. Very little
enantioinduction was also achieved with catalysts where the stereocenter was next to R?, such as
the ethyl substituent in 3.13 providing product in 10% ee and bulkier phenyl substitution in 3.14
providing product in 9% ee. Out of the catalysts screened, those with substitution at R? gave the
highest achieved enantioselectivity. Ethyl substitution in catalyst 3.15 provided product 3.8 in 28%
ee and benzyl substitution at this position in catalyst 3.16 gave a similar 33% ee. With more
sterically hindered phenyl substitution o to the carbamate in catalyst 3.17, the highest
enantioselectivity was observed, with product 3.8 obtained in a 47% ee. Finally, rigid bicyclic

catalyst 3.18 provided a 76% yield of product 3.8. However, no enantioselectivity was observed.
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[a] After 24 h. [b] After 48 h. [c] After 72 h.

Scheme 3.3. Catalyst screen for the asymmetric iminium-catalyzed Cope rearrangement. (Work
done by Dr. Dainis Kaldre).

It was interesting that catalyst 3.17 provided the highest enantioselectivity as, out of the
substitution possibilities considered, it had a stereocenter furthest removed from the iminium. It
was proposed that the bulky phenyl substituent in catalyst 3.17 geared the carbamate forward,
partially blocking one face of the a,B-unsaturated iminium to induce enantioselectivity. Further
attempts to increase the enantioselectivity were made by introducing larger substitution at this
position. However, the addition of mesityl or naphthyl substitution in catalysts 3.19 and 3.20
resulted in no catalyst reactivity. Presumably these catalysts were too bulky to allow iminium ion
formation.

110



3.3 Initial work on the asymmetric iminium-catalyzed polyene cyclization

Initial screening of chiral catalysts for the asymmetric (E)-polyene cyclization was done
by Dr. Dainis Kaldre and Dr. Samuel Plamondon. For the initial screening of chiral catalysts, the
polyene cyclization was performed on model substrates 2.4 and 2.6, with nucleophilic terminating
aromatic rings. As in the racemic iminium-catalyzed polyene cyclization, these substrates were
chosen for screening due to the low activation barrier expected for the trapping of the aromatic
ring, which reduces the possibility of reversibility in the first ring closure and potential
equilibration.

Phenyl catalyst 3.17, which had achieved the highest enantioselectivity in the asymmetric
Cope rearrangement, provided product 2.5 in 36% yield and 51% ee (Scheme 3.4). This catalyst
gave similar results for both the (E)- and (Z)-polyene substrates, with the cyclization of the model
(2)-polyene substrate giving product 2.7 in 52% vyield and 48% ee. Interestingly, the
enantioselectivity of the cyclization for the two substrates diverged when investigating 6-
membered ring catalysts. With phenyl substituted 6-membered ring catalyst 3.21, the trans-decalin
product 2.5 was obtained from (E)-polyene 2.4 in 7% ee, whereas the cis-decalin product 2.7 was
obtained from (Z)-polyene 2.6 in 68% ee.

MeO OMe OMe

catalyst (20 mol%)
HCI (20 mol%)_

EtOH, 1, 48h  onc

OHC
2.4
OMe
catalyst (20 mol%)
_ HCI (20 mol%)=
EtOH, rt, 48 h
OMe OHC
OHC X
wPh wPh
Catalyst:
N' “CO,Et "cogE
3 172 3 21
Yield of 2.5 (%ee): 36% (51) 42% (7)
Yield of 2.7 (%ee): 52% (48) 61% (68)

[a] Evaluated as opposite enantiomer.
Scheme 3.4. Initial asymmetric polyene cyclization. (Work done by Dr. Samuel Plamondon).
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The 6-membered ring catalysts can adopt more rigidly defined conformations, which
should be beneficial in asymmetric synthesis. In the (Z)-polyene substrates, the steric bulk of the
aryl ethyl group (R) lies in an axial configuration in the transition state leading to the first ring
closure (Figure 3.1). In contrast, in the (E)-polyene substrates, the aryl ethyl group lies in an

equitorial configuration, placing it further removed from potential steric interactions with the
catalyst.

With (Z)-polyene substrates:

Major TS: Minor TS:
B Bk B BE:
Me Me
~ '—\ \—— 2
OR \N . VS. R o \N .
N/ N/
o> ¢ >
EtO EtO
With (E)-polyene substrates:
Major TS: Minor TS:
B Bk B 1+
Me_ R Me
- ——\ R \__ ~

o \ N+ VS.
T o>
EtO

Y
Et(?/Ph»

Figure 3.1. Comparison of the transition state for the first ring closure for (Z)- and (E)-polyene

substrates with catalyst 3.21.
3.4 Asymmetric (Z)-polyene cyclization

With the 6-membered rings providing promising enantioselectivities in the (Z)-polyene
cyclizations, Dr. Samuel Plamondon undertook further investigation.! Through this investigation,
it was discovered that catalyst 3.23 effected the asymmetric cyclization of (Z)-polyene substrates
(3.22) to give products ((S,R)-2.106) in yields of 55-83% and up to 94% ee (Scheme 3.5). Based
on DFT calculations, evidence was found in the major transition state for an electrostatic
interaction between the carbonyl of catalyst 3.23 and the axial C-H of the electron-poor substrate.

This interaction was blocked by the aryl ethyl group of the substrate in the transition state with the

112



s-cis iminium conformation. In the polyene cyclization of (E)-olefin model substrate 2.4 with
bicyclic catalyst 3.23, this stabilizing interaction could occur in the first transition state in both s-

cis and s-trans conformations, and product 2.5 was obtained in a significantly lower 28% ee

(Scheme 3.6).
..\\\\
(\II\I\«NBn

N
H e} R
3.23 (20 mol %)

P R Hel (10 mol%)

—

2% HFIP/DCM or EtOH
OHC 0°Cor-10°C OHC h
3.22 55-83% (S,R)-2.106

up to 94% ee
Major TS:

Me

H N+

o= >

Bn/

Scheme 3.5. Asymmetric iminium-catalyzed (Z)-polyene cyclization. (Work done by Dr. Samuel

Plamondon).

MeO OMe MeO OMe
3.23 (20 mol%)

HCI (10 mol%)

L
v

EtOH, rt )
OHC 35% OHC E‘
2.4 2.5
28% ee

Scheme 3.6. Iminium-catalyzed cyclization of (E)-polyene substrate 2.4 with bicyclic hydrazide

catalyst 3.23. (Work done by Dr. Samuel Plamondon).
3.5 Incorporation of extended aromatics into chiral catalysts

Based on preliminary results from the asymmetric iminium-catalyzed (E)-polyene
cyclization, we hypothesized that the 7-membered ring hydrazide catalyst with substitution o to
the carbamate would provide the highest levels of enantioselectivity. In the asymmetric Cope

rearrangement, it had been found that any increases in steric bulk from a phenyl substituent had
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shut down the reactivity of the catalyst presumably due to the difficult iminium ion formation.
However, we hypothesized that the iminium ion formation would not be as hindered in the
asymmetric polyene cyclization as substrates lacked the gem-dimethyl substitution as seen in Cope
substrate 3.7.

A successful catalyst had been designed for the (Z)-polyene cyclization which had induced
high levels of enantioselectivity through a stabilizing interaction between the catalyst and substrate
in the lowest energy conformation of the first transition state. With this success, and drawing
inspiration from the enzymatic polyene cyclization, we hypothesized that we could effect
enantioselectivity in the iminium-catalyzed (E)-polyene cyclization through selective stabilization
in the first transition state. We postulated that the incorporation of extended aromatics in the
catalyst could differentiate the energies of diastereomeric conformations of the first transition state
by either electronic or steric effects (Figure 3.2), rendering the reaction asymmetric. As we were
looking to provide selective stabilization of cationic charge in the substrate, the initial catalyst
design incorporated an extra carbon into the side chain to decrease the distance between the

aromatic and the substrate.

Major TS: Minor TS:
B T+ B BE:
Me_ R Me
= '-\ R \—_ -\

_EtO,C, \’N+ ve: #AEtOQC\ \,N,,
) )
s o \\“‘

Figure 3.2. Potential mode of enantioinduction in 7-membered ring hydrazide catalyst with

extended aromatic substitution.
3.5.1 Initial synthesis of chiral catalysts

Chiral 7-membered ring hydrazide catalysts shown in Scheme 3.3, were previously
synthesized by Dr. Dainis Kaldre and Dr. Nicklas Haggman.?2 The syntheses initially developed
to build catalysts with bulky substitution at the carbon a to the free N-H (e.g. 3.14) as well as a to
the carbamate (e.g. 3.16 and 3.17) built out from the substitution. As an example, the original

synthesis of catalyst 3.16 was 8 steps from commercially available epoxide 3.24, which
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incorporated the benzyl substitution (Scheme 3.7). The N-N bond of this catalyst was formed by
an electrophilic amination with oxaziridine that proceeded in a 55% vyield to give hydrazide 3.26.
Further functionalization of the terminal alkene, followed by ring closure and protecting group
manipulations resulted in the final catalyst in a 10% overall yield.

O«
N—Boc
EtOzc/I/

NH, CO,Et
Ph\/<? — >  Ph A~ . (0Beaquv)
—_—
3.24 3.25 toluene(,) rt, 1h
55%
Ph
-NHBoc o/
Hl — K
PhANANF — N™ “co,kt
3.26 3.16
8 steps
10% overall yield

Scheme 3.7. Original synthesis of catalyst 3.16. (Work done by Dr. Nicklas Haggman).

This route would be difficult to modify to allow the incorporation of different aromatic
substitution on the catalyst, as the installation of the benzyl group was early in the synthesis and
prior to the ring closure. Therefore, a modular route would be needed to screen different aromatic
substitution at this position. All further catalyst design and experimental work has been performed

by the author.
3.5.2 Modular synthesis of catalysts with extended aromatic systems

A retrosynthetic strategy was designed to enable modular synthesis of catalysts containing
a variety of large aromatics substitution adjacent to the carbamate (e.g. catalyst 3.27 or 3.28). To
allow a range of catalysts to be prepared with maximum efficiency, a late-stage cross-coupling of
the aromatic group was planned (Scheme 3.8). The halide coupling partner 3.29 was envisioned to
be made from an Appel reaction on alcohol 3.30, where a known synthesis had already been

developed for the asymmetric iminium-catalyzed Diels-Alder reaction.®
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Cross-

Couplmg OH

i w — O'" p— O"'"/
; “N_

” Nvco,R N “Cbz
Cbz Cbz
3.27 3.28 3.29 3.30

Scheme 3.8. Retrosynthetic analysis for the modular synthesis of catalysts 3.27 and 3.28.

The synthesis of intermediate alcohol 3.30 began with a proline-catalyzed a-hydrazination
of aldehyde 3.31 with dibenzyl azodicarboxylate to install the stereocenter (Scheme 3.9). In situ
reduction of the resulting alcohol was required to prevent racemization. This reaction was
optimized to provide product 3.32 in 64% yield and >99% ee. A TBAF-mediated intramolecular
closure of the hydrazide onto the bromide formed the 7-membered ring of intermediate alcohol
3.30. An Appel reaction then provided the bromide coupling partner 3.33 in 77% yield.
Electrophile-electrophile cross-coupling conditions developed by the Weix group* were employed
to install the aromatic ring. Under these conditions, the cross-coupled products were formed but
these co-eluted with the dehalogenated hydrazide. Deprotection of the benzyl carbamates under
acidic conditions gave the free hydrazine as its salt, followed by protection of the less hindered
nitrogen as the tert-butyl carbamate resulted in products 3.34 and 3.35. The free base of the
unprotected hydrazine is known to quickly oxidize to the corresponding hydrazone. Phenyl cross-
coupled product 3.34 was obtained in 17% yield over these three steps and the naphthyl cross-
coupled product 3.35 was obtained in 37% yield. Protection of the more hindered nitrogen as the
ethyl carbamate led to products 3.36 and 3.37 in 87% and 98% yield, respectively, and the
deprotection of the tert-butyl carbamate led to the final catalysts 3.16 and 3.38 in 93% and 83%

yield, respectively.
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i. L-proline (20 mol %)
CbzN=NCbz

Br: W\
MeCN M OH  TBAF
B~ CHO i NaBH,, EtOH N THF
3.31 : 4 3.32 HN” “Cbz o
64% >99% ee | 92%
Cbz
1. ArBr, Nil, (9 mol %),
1,10-phenanthroline (9 mol %)
OH Br Nal (25 mol %), Zn dust (2 eq.),
./ CBry, PPhy O..m/ DMPU, 60 °C
—_—_——— -
_N_ THOF NN 2. Hy, Pd/C (10 mol %), AcCl, MeOH
N™ “Cbz 7% | Cbz 3. Boc,0, Et;N, DCM, 0 °C
Cbz Cbz
3.30 3.33
Ar
/ Ar Ar
an EtO,CCl, o/ o/
N-NH NaHCO3, CHCl N TFA/DCM N
L. —_—
! o N7 NN
Boc " “CO,Et N "CO,Et
Boc
3.34, Ar = phenyl,17% 3.36, Ar = phenyl 87% 3.16, Ar = phenyl,93%
3.35, Ar = naphthyl, 37% 3.37, Ar = naphthyl, 98% 3.38, Ar = naphthyl, 83%

over 3 steps
Scheme 3.9. Synthesis of benzyl and naphthyl catalysts 3.16 and 3.38.

In the investigation of extended aromatic moieties in the chiral hydrazide catalyst, we
attempted the synthesis outlined above with 9-bromoanthracene in the cross-coupling step. Under
the Weix cross-coupling conditions, no desired product was obtained (Scheme 3.10). Increasing

the temperature led to the dehalogenated product which results from Zn insertion into the alkyl

halide bond and quenching upon workup.

Nil, (9 mol %), O
1,10-phenanthroline (9 mol %) Q

}3r Nal (25 mol %), Zn dust (2 eq.),
O"'" 9-bromoanthracene, DMPU O"'"
-N & > N
\ “Cbz 60-80 °C W b
Cbz Cbz
3.33 3.39

Scheme 3.10. Failed electrophile-electrophile cross-coupling attempt to synthesize anthracene

catalyst.
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The proposed mechanism of the Weix electrophile-electrophile cross-coupling reaction
begins with the oxidative addition of the aryl bromide by a Ni(0) species. This is then followed by
the addition of an alkyl radical formed from the reductive cleavage of the alkyl halide bond through
a radical chain mechanism.> The steric bulk of the anthracene could disfavour the oxidative
addition into the aryl bromide as well as the addition of the alkyl radical. Heating up the reaction
promoted the insertion of Zn into the alkyl halide bond, eventually leading to dehalogenated
material after work-up. For further screening of cross-coupling conditions, alkyl iodide 3.40 was
synthesized to allow for a more favourable oxidative addition into the alkyl halide bond (Scheme
3.11).

OH |
o..n\/ NIS, PPh; o..\.\/
é
N THF _N_
N™ “Cbz 46% N™ “Cbz
Cbz Cbz
3.30 3.40

Scheme 3.11. Synthesis of alkyl iodide 3.40.

Initially, we attempted cross-coupling conditions that avoided the oxidative addition of
palladium into the anthracenyl bromide bond by forming the aryl zinc reagent. This was then cross-
coupled to the alkyl iodide using conditions that have been developed by Fu to avoid B-hydride
elimination of the palladium alkyl species.® However, under these conditions, no desired product
was obtained and only dehalogenated anthracene and starting iodide were observed (Scheme 3.12).
Conditions were then screened for the Negishi cross-coupling of the alkyl zinc species with 9-
bromoanthracene. Zinc/copper couple was used as an activated zinc reagent to reliably generate
the aliphatic zinc species. The cross-coupling performed with palladium and an SPhos ligand was
unsuccessful. Fortunately, switching to RuPhos as the ligand provided desired cross-coupled

product 3.39, albeit in a low yield of 28%.
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Br i. ‘BuLi, ZnClp, THF OOO

—-78°Ctort

OO0 mm= (O
ii. 3.40, Pd(dba), (2 mol %), _N

[HPCy;]BF,4 (8 mol %),
NMI (1.2 equiv.), 3.39
THF/NMP, 80°C

i. Zn/Cu,

toluene/NMP, 60 °C
3.40 > 3.39

ii. Pd(dba), (10 mol%)
RuPhos (20 mol%)
9-bromoanthracene

80 °C
28%

Scheme 3.12. Negishi cross-coupling of anthracenyl bromide with iodide 3.40.

With conditions now developed to synthesize cross-coupled product 3.39, we attempted to
remove both benzyl carbamates. Unfortunately, hydrogenolysis with either Pd/C or Pd(OH)./C
under acidic conditions and long reaction times led only to a small amount of mono-deprotected

product in addition to decomposition of the substrate (Scheme 3.13).

H,, Pd/C or Pd(OH),/C o..m
3.39 X - _NH

N\
MeOH, AcCl H - 2HCI
3.41

Scheme 3.13. Unsuccessful deprotection of Cbz groups in hydrazide 3.39.

To circumvent the need for deprotection of the very hindered benzyl carbamate protected
hydrazide 3.39, we performed protecting group manipulations prior to the coupling step (Scheme
3.14). As in the previous synthesis, deprotection of the benzyl carbamates of intermediate 3.30
under acidic conditions followed by protection of the less hindered nitrogen as the tert-butyl
carbamate resulted in 3.42 in 85% yield over two steps. Protection of the more hindered nitrogen

as the ethyl carbamate gave alcohol 3.43 in 96% yield and an Appel reaction provided iodide
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coupling partner 3.44 in 64% vyield. The optimized Negishi cross-coupling conditions with

anthracenyl bromide led to product 3.45 in 44% yield and deprotection of the tert-butyl carbamate

led to the final anthracene catalyst 3.46 in 76% yield.

OH 1. Hj,, Pd/C (10 mol %)

o..m/ AcCl, MeOH
’N‘Cb 2. Boc,0, Et3N

\~ Cbz ;
Cbz DCM, 0 °C
3.30 85% over 2 steps
‘/OH I, imidazole
O"" PPhs, THF N
EE—
/N\ 0, -
N™co,Et 64% EOC
345 3.44

OOQ

it TFA/DCM
N 76%
N™ “Co,Et
Boc
3.45

OH  Et0,CCl,

O-m\/ NaHCOs, CHCls
_NH 96% -

Boc
3.42

i. Zn/Cu,
toluene/NMP, 60 °C
>

“CO,Et ii. Pd(dba), (10 mol %)

RuPhos (20 mol%)
9-bromoanthracene, 80 °C
44%

g
O
Q..m

N “CO,Et

3.46

Scheme 3.14. Synthesis of anthracenyl catalyst 3.46.

As will be discussed in Section 3.4, the addition of extended aromatic substitution o to the
carbamate resulted in a more reactive catalyst. In an attempt to further increase reactivity, catalyst
3.47 was synthesized, with anthracenyl substitution o to the free N-H and closer to the substrate
after iminium formation. In the initial synthesis of catalyst 3.47, it was realized that the protecting
group strategy was going to be a challenge. Synthesizing this catalyst with the same strategy as in
the synthesis of catalyst 3.46 would have required the addition of a tert-butyl carbamate to a very
hindered position (Scheme 3.15). Attempts to add a tert-butyl carbamate to a similar position in a
6-membered ring by Dr. Samuel Plamondon had been unsuccessful. This nitrogen has been
protected with benzyl chloroformate (as will be shown in Chapter 4). However, after coupling with
anthracenyl bromide, the benzyl carbamate in 3.50 is very hindered. The deprotection of a
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hindered benzyl carbamate at a similar position in hydrazide 3.39 had not been successful.

Therefore, a different synthetic strategy was developed for catalyst 3.47.

N,
O ” CO,Et
' 3.47

Hindered Boc Protection:

OH OH

o/ o/
_NH , = e > -N_

N '}‘ Boc
(':ozEt/\’ CO,Et
3.48 3.49

Hindered Cbz Deprotection:

/N\ -------------- > O ’N\
O N""~co,Et N" "COEt
Cbz '
3.50 3.47

Scheme 3.15. Unrealized synthetic routes to catalyst 3.47.

The deprotection of dibenzyl carbamates from catalyst 3.39 had been unsuccessful, as the
sterically hindered environment of the hydrazide had prevented hydrogenation on a metal surface.
Alternatively, the removal of di-tert-butyl carbamates proceeds through protonation of the
carbamate, which is easier to perform in a sterically hindered environment. So a retrosynthetic
analysis of catalyst 3.47 was designed that included a late-stage deprotection of di-tert-butyl
carbamates (Scheme 3.16). The alkyl halide cross-coupling partner 3.51 could be made following
a similar procedure from hydrazide 3.52 as designed for previous catalysts. The initial o-

hydrazination to provide 3.52 would proceed with di-tert-butyl azodicarboxylate.
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i \/\/\I \\\\
H’ “CO,Et —— Q —

Ve I'3 oc
Ring ’ oc
Closure 3.51 3.52 Boc

Scheme 3.16. Retrosynthetic analysis of anthracenyl catalyst 3.47.

The initial a-hydrazination of aldehyde 3.31 with di-tert-butyl azodicarboxylate proceeded
to give bromide 3.52 in 88% vyield (Scheme 3.17). The additional steric bulk of the tert-butyl
carbamates reduced the enantioselectivity of the reaction and, after TBAF-mediated ring closure
in 95% yield, alcohol 3.53 was isolated in 77% ee. An Appel reaction resulted in the desired cross-
coupling partner 3.54 in 85% yield. Following the previously optimized Negishi cross-coupling
conditions resulted in a complicated product mixture. To isolate the desired product, removal of
the di-tert-butyl carbamates followed by a selective mono-protection of the less hindered nitrogen

as the ethyl carbamate resulted in final catalyst 3.47 in a 17% yield over three steps.

i. L-proline (20 mol %)
BocN=NB Br. W\
AN Oli;/IeCN > \/\/\| " oH TBAF
Br CHO > _—

e /N\
3.31 ii. NaBHﬁ, EtOH 3.52 Hl}l Boc g?ol/:
88% Boc °
1.1i. Zn/Cu,

toluene/NMP, 60 °C
ii. Pd(dba), (10 mol %)

PR 1, imidazole / RuPhos (20 mol%)
O"'" PPhg, THF O"'" 9-bromoanthracene, 80 °C
_— -
N N
-N. 85% N, _

N Boc b N"Bog 2. TFA/IDCM
Boc Boc 3. EtO,CCl, Et3N,

3.53 3.54 DCM, 0 °C
77% ee 17% over 3 steps

OOQ

/N ~
ol — N CO2Et
NH - :
\ Q)
CO,Et

Scheme 3.17. Synthesis of anthracenyl catalyst 3.47.

122



3.5.3 Catalyst screening

Catalysts 3.16, 3.38, 3.46, and 3.47 were investigated in the polyene cyclization of model
(E)-olefin substrate 2.4 (Table 4.1).” For catalyst screening, 2% HFIP/DCM was used as a solvent
system, as it had provided clean bicyclic product with high enantioselectivity in the asymmetric
(2)-polyene cyclization. Enantiomeric excess was measured by reduction to corresponding
primary alcohol and analysis by chiral HPLC. Catalyst 3.16, with benzyl substitution o to the
carbamate, gave bicyclic product 2.5 in 19% ee (Entry 1). This was slightly lower than the
enantioselectivity obtained with catalyst 3.16 in the asymmetric Cope rearrangement (33% ee),
with MeCN as the solvent. However, we will show in Chapter 4 that enantioselectivity in the
asymmetric (E)-polyene cyclization with other chiral hydrazide catalysts is largely affected by
solvent polarity, and it is possible that this also applies with this catalyst. Increasing the number
of fused aromatic rings from one in benzyl substitution to two in naphthyl substitutition with
catalyst 3.38 gave a small increase in enantioselectivity (25% ee, Entry 2). This increase was
presumably due to the additional steric bulk of the naphthyl compared to the benzyl substitution.
Increasing the number of fused aromatic rings from two in naphthyl substititution to three in
anthracene substitution with catalyst 3.46 gave product 2.5 with negligible enantioselectivity
(Entry 3). We have postulated that previous catalysts with steric bulk at this position have provided
enantioselectivity through gearing of the carbamate, which then provides a steric interaction with
the substrate. With catalyst 3.46, any selectivity gained by the steric interaction of the substrate
with the carbamate was negated by the stabilizing interaction of the cationic substrate with the

anthracene substitution.

The yield of cyclized product 2.5 was higher in the reaction with catalyst 3.46 (67%) than
with catalyst 3.16 (16%) or catalyst 3.38 (43%). This could be due to increased stabilization of
cationic intermediates with the anthracene substitution. Stabilization of cationic intermediates
would lower the probability of alternate outcomes, such as elimination after the initial ring closure.
However, the screening for enantioselectivity was done at small scale (~10 mg) and monitored by

taking aliquots for *H NMR. Therefore, significant conclusions cannot be taken from the yields.

Interestingly, the rate of reaction was drastically increased with catalyst 3.46, with the
reaction complete in only 4 hours, in comparison to 72 hours with catalysts 3.16 and 3.38. We then

hypothesized that, if this initial increase was the result of a stabilizing interaction between the
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catalyst and substrate, moving the anthracene substitution closer to the substrate would potentially
provide a further increase in reactivity. Accordingly, catalyst 3.47 provided a further increase in
reactivity, with the reaction being complete in only 1 hour, although with negligible
enantioselectivity (6% ee). As will be discussed in Chapter 4, the flat environment of the
anthracene doesn’t provide any steric differentiation between diastereomeric conformations of the

first transition state, which has proven necessary for high enantioselectivity.

Table 3.1. Screening of chiral hydrazide catalysts 3.16, 3.38, 3.46, and 3.47 in the asymmetric
iminium-catalyzed (E)-polyene cyclization.

OMe

MeO OMe MeO
catalyst (20 mol%)
HCI (20 mol%) >~

| 2% HFIP/DCM
OHC OHC H

s

N™ “COEt N™ “Cco,Et N™ “COEt O N™ “CoEt
3.16 3.38 3.46 3.47
Entry Catalyst Time (h) Yield (%) % ee of 2.5
1 3.16 72 16 19[°]
2 3.38 72 43 25
3 3.46 4 67 2
4 3.47 1 66 olbl

[a] Enantiomeric excess measured by reduction to corresponding primary alcohol and analysis by
chiral HPLC. The % ee shown is the aggregate of C3 epimers for the major trans decalin isomer.
[b] Enantiomeric excess values normalized to catalyst enantiopurity, assuming no non-linear

effects.

124



3.6 Extended substrate scope

The high reactivity of catalyst 3.47 was intriguing and we wondered whether this catalyst
might be useful in expanding the substrate scope of the polyene cyclization. Attempts to achieve
the bicyclization of substrate 2.56 with the simple 7-membered ring catalyst 1.241 had been
unsuccessful. The low reactivity of a less nucleophilic terminating group had only resulted in
prematurely trapped monocyclic products. The reactivity of the second ring closure was related to
o*, as discussed in Section 2.5, where the methoxy susbtituent meta- to the site of desired reactivity
slightly deactivates the ring to electrophilic aromatic substitution (om" = 0.047). With more reactive
catalyst 3.47, we again attempted this reaction (Scheme 3.18). Gratifyingly, we were able to obtain
a 62% yield of bicyclic product 3.55 in only 2 hours. The enantioselectivity achieved in the

bicyclization was also negligible and product 3.55 was obtained in 0% ee.
OMe OMe

3.47 (20 mol%)
HCI (20 mol%)
r

2% HFIP/DCM 2
OHC rt, 2 h OHC =

T

2.56 62% 3.55
o, =0.047 0% ee

Scheme 3.18. Polyene cyclization of substrate 2.56 with catalyst 3.47.

With the increased reactivity of catalyst 3.47 established, we were interested in
investigating the extended substrate scope and limitations. Substrates with less nucleophilic
terminating groups were synthesized by the same route as previous polyene substrates (Scheme
3.19). The hydroboration product of the corresponding styrene was cross-coupled under Suzuki
conditions with iodide 2.29. After TBAF deprotection of the cross-coupled product, alcohols 3.56-
3.62 were obtained in 49-78% yield. Oxidation with DMP buffered with pyridine provided the
final substrates 3.63-3.69 in 36-78% yield. Alcohol 3.60, with a Boc-protected aniline terminating
group, proved to be slightly unstable to oxidative conditions and resulted in a lower yield of
product (36% of 3.67).
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1.i. 9-BBN, THF, 0°C to rt

ii. 2.32, Pd(dppf)Cl, (10 mol %),
- A
SUAT NaOH (10 equiv.) . O\/OUr DMP, pyr. | r
2. TBAF, THF H X DCM OHC™ X

2.33 49-78% 0°Ctort
over 2 steps 36-78%

Ar = 4-methylphenyl 3.56, 53% 3.63, 78%

phenyl 3.57, 49% 3.64, 76%

4-biphenyl 3.58, 72% 3.65, 76%

3,5-difluorophenyl 3.59, 51% 3.66, 77%

4-(N-Boc)aniline 3.60, 78% 3.67, 36%

4-chlorophenyl 3.61, 72% 3.68, 78%

4-tert-butylbenzoate 3.62, 55% 3.69, 73%

Scheme 3.19. Synthesis of substrates with less nucleophilic terminating groups.

The cyclization of substrates with less nucleophilic terminating groups was investigated
with catalyst 1.241 as well as catalyst 3.47 (Table 3.2).” In the cyclization of substrate 3.63, with
a moderately nucleophilic 4-methyl substituted terminating group, a low yield of product 3.70
(36%) was obtained with catalyst 1.241 in 24 h. However, with catalyst 3.47, 78% yield of product
3.70 was obtained in only 3 hours. A simple phenyl terminated substrate 3.64 gave no reaction
using catalyst 1.241 but gave a good yield of product 3.71 (58%) with catalyst 3.47. Substrates
3.65, 3.66, and 3.67 gave similar results with catalyst 1.241, with no bicyclization product
obtained. Due to the longer reaction times required with catalyst 3.47 with these substrates, there
was incomplete conversion due to catalyst decomposition.2 However, acceptable yields of product
were still obtained, with 52% of product 3.72, 39% of product 3.73, and 40% of product 3.74. The
reactivity limits of catalyst 3.47 were hit when the terminating group has more strongly
deactivating substituents, such as the 4-chloro- or 4-ester substitution seen in substrates 3.68 and
3.69. With these substrates, no desired bicyclic products 3.75 or 3.76 were obtained with either
catalyst 1.241 or catalyst 3.47.
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Table 3.2. Extended substrate scope of iminium-catalyzed (E)-polyene cyclizations using catalyst
1.241 and catalyst 3.47.

R R
catalyst (20 mol%)
HCI (20 mol%)

2% HFIP/DCM

21

N Tl

Catalyst 1.241 Catalyst 3.47

Substrate
Entry Product Time  Yield Time Yield
(om* or op*)@

3.63
(-0.066) 24 h 36% 3h 78%
OHC |f|
3.70
3.64
2 24 h - 5h 58%
0) OHC z
H
3.71
Ph
3.65
3 (0.109) 24 h - 5h 5204[0]
' OHC £
H
3.72
3.66
24 h - 5h 399!l
(—0.073) OHC
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NHBoc

3.67
5 011 24 h - 5h 40%!1
' OHC =
H
3.74
Cl
3.68
6 (0.399) 24 h - 24 h -
' OHC =
H
3.75
CO,'Bu
3.69
7 24 h - 24 h -
(0.366)M!
OHC =
H
3.76

[a] For use of om™ and op* in electrophilic substitution see Ref. ° [b] 72% conversion at 5 h. [c]
Additional deactivating character from the ortho fluoro- substituent not taken into account. [d]
50% conversion at 5 h. [e] Ref. . on" value for ethyl carbamate. [f] 52% conversion at 5 h. [g]

om' value for ethyl ester.

As seen in Chapter 2, the cyclizations of (E)-olefin substrates result in trans-decalin
products and (Z)-olefin substrates result in cis-decalin products. However, due to the stepwise
nature of the reaction, some erosion of stereospecificity occurs and small amounts of cis-decalin
product are obtained from the (E)-polyene cyclization. The largest amount of isomerization was
observed in substrate 2.50, with two methoxy substituent at the meta- to the desired site of
reactivity. With catalyst 1.241, product was obtained in a 90:10 trans- to cis- decalin ratio. With
catalyst 3.47, although a slightly lower yield was obtained (64% compared to 81% with catalyst
1.241), the stereoselectivity was improved; the product was obtained in a 95:5 trans- to cis- decalin
ratio (Scheme 3.20).
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OMe OMe
catalyst (20 mol%)
OMe HCI (20 mol%) . OMe
2% HFIP/DCM 2
OHC OHC Ifi
2.50 2.64
Catalyst
1.241 81%, 90:10 trans:cis
3.47 64%, 95:5 trans:cis

Scheme 3.20. Stereospecificity in polyene cyclization of substrate 2.50.
3.7 Mechanistic investigation
3.7.1 Reaction profiles

We were interested in investigating the difference in reactivity between catalyst 1.241 and
3.47, so we performed DFT calculations on four substrates that represented the range of reactivities
of the polyene cyclization (Table 3.3). A 4-cyanophenyl substrate (as an analog of 4-ester substrate
3.69, Entry 1) would not be expected to produce bicyclic product with either catalyst. 4-methoxy
substrate 2.56 produced bicyclic product only with more reactive catalyst 3.47 (Entry 2). 4-methyl
substrate 3.63 produced bicyclic product with catalyst 3.47 and slowly with catalyst 1.241 (Entry
3). Finally, 3,5-dimethyl substrate 2.46 produced bicyclic product in a short time frame with
catalyst 1.241 and would have been expected to provide product readily with catalyst 3.47 (Entry
4). Calculations were performed at the M06-2X/6-311G(d,p) level of theory, using the PCM
solvation model for EtOH. We had previously found that the M06-2X functional performed well
in predicting reactivity and selectivity in both the Cope rearrangement and polyene cyclization.®
11 Preliminary DFT calculations were performed by the author, final optimizations and energies
were calculated by Prof. James Gleason.
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Table 3.3. Free energies of transition states and intermediate cations for several substrates at the
M06-2X/6-311G(d,p), SRCF=EtOH level of theory.™

Substrate
Entry Terminating Catalyst TS1 Cation 1 TS2 Cation 2
Group

CN
. 1{@/ 1.241 10.1 7.9 18.0 17.1
360 3.47 7.6 4.0 14.5 14.3

, p/OMe 1.241 9.3 6.0 12,5 11.2
) 3.47 7.0 2.2 9.0 7.9
; 7{©/ 1.241 8.8 5.5 10.6 8.0
563 3.47 6.8 1.6 71 4.6
\ 1.241 8.8 6.1 8.4 45
3.47 6.6 2.2 41 0.4

2.46

[a] Energies in kcal/mol.

The reaction profile, shown in Figure 3.3, displays the energetic pathway for the reaction
of substrate 2.56 with both catalyst 1.241 and catalyst 3.47 (Table 3.3, Entry 2) as well as the
reaction of substrate 3.63 with catalyst 1.241 (Entry 3, 1.241). As discussed in Section 2.7, and
shown by the reaction profile, the reaction proceeds in a stepwise fashion. Following the formation
of the iminium ion, the first step is the addition of the central olefin onto the a,B-unsaturated
iminium to afford a cyclohexyl cation. The second step is the trapping of the cation by the
terminating aromatic ring. A deprotonation to rearomatize the aromatic ring then results in the
enamine product and hydrolysis of the enamine results in the final trans-decalin product. For the
reaction of substrates 2.56 and 3.63 with catalyst 1.241, the activation barrier for the first step is
similar. With both substrates, the activation barrier for the aromatic trapping is higher in energy
than that for the first ring closure. The activation barrier with substrate 2.56 was calculated to be
1.9 kcal/mol higher in energy than with substrate 3.63 because of a deactivating methoxy

substituent meta- to the site of electrophilic addition on the aromatic ring. Due to the challenges in
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modelling a bimolecular proton transfer, the activation barriers for the deprotonation of the
arenium intermediate were not calculated. Therefore, the rate-limiting step was determined to be
either the electrophilic aromatic substitution or the deprotonation of the arenium intermediate. The
reaction proceeds with substrate 3.63 but not with substrate 2.56. As the activation barrier for the
second ring closure is calculated to be lower in energy with substrate 3.63, two possibilities are
considered. The first is that the activation barrier for the deprotonation of substrate 3.63 is lower
in energy than that with substrate 2.56. This might be the case if the relative activation barriers for
deprotonation are similar in magnitude. The second possibility is that, if the aromatic trapping is
the rate-determining step with substrate 2.56, the energy of this barrier is higher than the activation

barrier for the deprotonation of substrate 3.63.

We have previously observed that computed energies in the iminium-catalyzed Cope
rearrangement were underestimated when compared to kinetic studies.!! Therefore, while it is
possible that the absolute energies for the cationic intermediates and transition states here may be
underestimated, the relative energies are still instructive. In addition, it was determined that the
rate-limiting step for the Cope rearrangement was the ring formation, not iminium ion formation
or hydrolysis. Therefore, we assume that the ring formation will also be higher in energy than these
steps in the polyene cyclization. Although the activation barrier for deprotonation of the arenium
intermediate was not calculated, we expect that the calculated energies of this transition state
would correlate to the relative energies of the arenium intermediate. The reaction proceeds when
the energy of this intermediate is less than 8.0 kcal/mol, indicating that the following deprotonation
step is also kinetically accessible. Assuming that the deprotonation of the arenium intermediate
does not affect reactivity trends, we have determined the limits of reactivity with an activation

barrier for the electrophilic aromatic substitution of ~10.5-11.0 kcal/mol.

In comparing the blue vs. red pathway in Figure 3.3, the incorporation of anthracene into
catalyst 3.75 is shown to stabilize all intermediates along the reaction pathway. There is a moderate
amount of stabilization for the iminium ion (2.1 kcal/mol) and the first transition state (2.3
kcal/mol) as well as greater stabilization at the intermediate cation (3.8 kcal/mol) and the second
transition state (3.5 kcal/mol). The energy barrier for the second ring closure is calculated to be
9.0 kcal/mol with catalyst 3.47, which now falls within the range of reactivity. With an energy
barrier of 10.6 kcal/mol for the second step with p-methyl substrate 3.63 and catalyst 1.241 (green
pathway), the reaction proceeded slowly. In contrast, energy values calculated with catalyst 3.47
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gave a drop of energy for the activation barrier for the electrophilic aromatic substitution to 7.1

kcal/mol (Table 3.3, Entry 3) and the reaction proceeded quickly.
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Figure 3.3. Reaction profile for substrates 2.56 and 3.63 calculated at the M06-2X/6-311G(d,p),
SCRF=EtOH level of theory.

As shown in Table 3.3, the limit of reactivity with an activation barrier of 10.5-11.0
kcal/mol for the second ring closure correlates well with reactivity across several substrates. The
4-cyanophenyl substrate, a model for substrate 3.69, was calculated to have a slightly higher barrier
with catalyst 1.241 (10.1 kcal/mol) compared to that with catalyst 3.47 (7.6 kcal/mol) for the first
cyclization. The second step is significantly higher in energy with catalyst 1.241 (18.0 kcal/mol)
than those substrates that showed reactivity. With catalyst 3.47, while the second step is lower in
energy (14.5 kcal/mol), it is still higher than that observed for reactivity, and it was expected that
the bicyclization would not proceed. Substrate 2.46, which had shown high reactivity with catalyst

1.241, has a sufficiently low activation barrier (8.4 kcal/mol) for the reaction to proceed.

For all of the substrates shown, the anthracene catalyst 3.47 has a stabilizing effect on the
first transition state (2.0-2.5 kcal/mol), cyclohexyl cation intermediate (3.8-3.9 kcal/mol), second
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transition state (3.5-4.3 kcal/mol), and arenium intermediate (2.8-4.1 kcal/mol). Stabilization is

also expected to occur in the transition state for the deprotonation of the arenium intermediate.
3.7.2 Conformational analysis of catalyst 3.47

Conformational analysis of the intermediate cation of substrate 2.56 with anthracene
catalyst, 3.47, was performed computationally (Figure 3.4). The conformation where the substrate
is directly above the anthracene ring is preferred, as the conformation with the substrate distal to
the anthracene is higher in energy by 2.1 kcal/mol and the conformation with the anthracene turned
away from the substrate is higher in energy by 4.1 kcal/mol. This suggests stabilization by cation—
T interactions between the anthracene substitution and the catalyst. This energy difference between
the preferred proximal and turned conformations is roughly similar to the stabilization of the cation
moving from catalyst 1.241 to 3.47. Additionally, the proximal conformation was preferred in both
transition states as well as the second cation, suggesting that cation—m stabilization occurs

throughout the reaction process.

Proximal: 2.2 kcal/mol Distal: 4.3 kcal/mol Turned: 6.3 kcal/mol

Figure 3.4. Conformational analysis of the intermediate cation of substrate 2.56 and catalyst 3.47

shows cation—r stacking is preferred.
3.8 Correlation of reactivity to o*

With the polyene substrates shown in Table 3.2, we observed a correlation between the ¢*
values for the substituents on the aryl terminating groups m- or p- to the reacting site and the
reactivity of the substrates. The values of * have previously been used to predict reactivity
patterns in electrophilic substitutions of aromatic rings,® and we suggest that they can also be used

to estimate reactivity in the iminium-catalyzed (E)-polyene cyclization.
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We have estimated limits of reactivity of the catalysts 1.241 and 3.47 as a relation to the
o" of the terminating aromatic ring, to aid in the quick assessment of the viability of the reaction
with a given substrate. The reactivity limit for catalyst 1.241 lies within the nucleophilicities of
the methyl substituted aryl ring in substrate 3.63 (-0.07) and the unsubstituted aromatic ring in
substrate 3.64 (0). With this catalyst, the reaction with a simple phenyl terminated substrate or
aromatics with even slightly deactivating substitution would not be expected to proceed. In
contrast, with catalyst 3.47 the reaction of the simple phenyl terminated substrate 3.64 proceeds in
short reaction times, as well as that of the p-methoxy phenyl terminated substrate 2.55 (c* constants
up to about +0.05). For substrates with ¢* constant of up to +0.11, the reaction proceeds with
longer reaction times. Substituents above a ¢* parameter of +0.11, such as the chloro- and ester

substituents with o* ~ +0.3 in substrates 3.68 and 3.69 do not react with this catalyst.
3.9 Conclusions

In this chapter, we have designed a modular route to hydrazide catalysts that has improved
upon previous syntheses of chiral hydrazide catalysts and has allowed easy substitution with
various aromatic rings. Through our investigation of the incorporation of extended aromatics into
the chiral hydrazide catalyst, we have discovered catalyst 3.47, that provided the bicyclized
product 3.55 from substrate 2.56 in 62% yield in only 2 hours. This substrate is terminated by an
aromatic ring of weak nucleophilicity and had only resulted in undesired monocyclic side products
with catalyst 1.241. With this more reactive catalyst (3.47), we have expanded the scope of the
iminium-catalyzed (E)-polyene cyclization to substrates that contain weakly nucleophilic
terminating groups in yields of 39-78%. The reactivity of these substrates was found to correlate
to the o* of the terminating aromatic ring. Reactivity limits of both catalysts have been estimated
based on these * values, which have been suggested as a quick method to approximate the

viability of a given substrate in the reaction.

DFT calculations were performed on the reaction profile with catalyst 1.241 and catalyst
3.47 and different substrates that showed a range of reactivity. Evidence was found for the
stabilization of cationic species with this catalyst through potential cation—r interaction, which was

corroborated with a conformational analysis of catalyst 3.47.

Although the reactivity in the polyene cyclization was increased with catalyst 3.47, product
was obtained with negligible enantioselectivity. In Chapter 4, we further investigate this result
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through computational analysis and synthesize catalysts with less rigid aromatic substitution to

achieve a highly asymmetric reaction.
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Chapter 4. Asymmetric iminium-catalyzed (E)-polyene cyclization

4.1 Introduction

As shown in Chapter 3, the addition of extended aromatic substitution a to the free N-H on
7-membered ring catalysts (e.g. catalyst 3.47) resulted in increased reactivity in the iminium-
catalyzed polyene cyclization. Evidence of a stabilizing interaction between the aromatic group at
this position and the substrate was suggested with DFT studies. Unfortunately, catalyst 3.47
afforded product with virtually no enantioselectivity. In our efforts to render the reaction
asymmetric, we sought to retain this stabilization while creating a favourable steric environment

for enantioinduction.
4.2 DFT-mediated catalyst design

For our investigation into viable catalyst designs for the asymmetric reaction, we initially
sought to determine the reasons for low enantioselectivity with catalyst 3.47. DFT calculations
were run to identify the lowest energy conformations of the transition state leading to the closure
of the first ring, which sets the first stereocenter. There are four low energy conformations of this
transition state which come from the attack of the central olefin onto the iminium in both the s-
trans and s-cis conformations and the substrate both proximal and distal to the carbonyl of the
catalyst. As seen in Figure 4.1, the proximal s-trans transition state and the distal s-cis transition
state would lead to the same enantiomer ((R,R)-3.71) and the proximal s-cis transition state and

the distal s-trans transition state would lead to the opposite enantiomer ((S,S)-3.71).

Of the four possible conformations, the proximal s-trans transition state was calculated to
be the lowest in energy. The proximal s-cis conformation was the lowest energy conformation
which would lead to the opposite enantiomer of product 3.71 and was higher in energy than the
proximal s-trans conformation by 1.6 kcal/mol. These proximal transition states were both lower
in energy than their distal counterparts, where the distal s-cis conformation was calculated to be
3.1 kcal/mol higher in energy and the distal s-trans conformation was calculated to be 2.3 kcal/mol

higher in energy.
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Figure 4.1. Low energy conformations of the transition state for the initial ring-closure in the
reaction of substrate 3.64 with catalyst CO,Me-3.47. Calculations at the M06-2X/6-31G(d),
SRCF = EtOH level of theory.

For preliminary calculations, the M06-2X/6-31G(d) level of theory with the PCM solvation
model for EtOH was chosen as this functional has been demonstrated to perform well when
predicting relative reactivity and stereoselectivity of cyclic hydrazide catalysts in both polyene and
Cope reactions.!? The basis set was chosen to use less computational resources for screening
purposes. As the first ring closure sets the first stereocenter, the relative energies calculated are
expected to correlate to the enantioselectivity that has been observed experimentally. However, as
seen with the energies calculated for catalyst 3.47, calculations at this level of theory overestimated
the difference in transition state energies so that they could not be correlated to experimental

results.
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In a study by Dougherty on the computational analysis of cation—= interactions, the M06-
2X functional was found to overestimate binding energies. Conversely, the M06 functional was
found to reproduce experimental results for the binding of different cations to benzene with more
accuracy.® The diastereomeric conformations of the first transition state shown in Figure 4.1 were
re-optimized and the energies calculated at the M06/6-31G(d,p), SRCF = EtOH level. These
calculations provided energetics that more closely correlated to the lack of enantioselectivity seen
with catalyst 3.47, with a calculated energy difference between the proximal s-trans and proximal
s-cis transition states of 0.1 kcal/mol. However, with further exploration into the addition of
sterically bulky substitution on the aromatic rings of the catalyst, energies calculated with this
functional failed to explain experimentally observed selectivity. Although the energy differences
calculated with MO06-2X functional could not be used for quantitative prediction of
enantioselectivity, when used qualitatively the differences aligned with changes observed in

enantioselectivity. Therefore, they are shown in this chapter for comparative purposes.

In the proximal s-trans and proximal s-cis conformations of the first transition state, the
anthracene lies below the substrate and provides a stabilizing interaction with the building cationic
charge (as discussed in Chapter 3). As seen in the computational models of these two
conformations (Figure 4.2), the flat environment of the anthracene does not provide any sterically
differentiating interactions. Therefore, we suggest that the lack of enantioselectivity isn’t
surprising as the anthracene has a similar observed interaction with the substrate in both

conformations.
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Figure 4.2. Computational models of proximal s-cis and proximal s-trans conformations of the
first transition state in the reaction of substrate 3.64 with catalyst CO-Me-3.47. Calculations run
at the M06-2X/6-31G(d), SRCF = EtOH level of theory.

4.3 Substituted anthracene catalyst

The anthracene substitution in catalyst 3.47 had provided an increase in reactivity with
evidence of stabilization of cationic intermediates and transition states. However, it had not
provided product with any significant enantioselectivity. We had hoped to retain the reactivity
gained by stabilization of cationic intermediates and transition states by the anthracene
substitution, while additionally achieving enantioselectivity through destabilization of the minor

conformation of the transition state leading to the first ring closure.

When considering which substitution pattern to pursue, we investigated the ease of
synthesizing substituted anthracenyl bromide coupling partners. The simplest synthetic route
considered began with the substitution of anthracene through a Friedel-Crafts alkylation with tert-
butyl chloride. The Friedel-Crafts alkylation on anthracene gave a mixture of the 2,6- and 2,7-di-
tert-butyl substitution patterns.* However, 2,7-di-tert-butyl anthracene (4.2) could be separated by
recrystallization in 29% overall yield (Scheme 4.1). Following the Friedel-Crafts alkylation, 2,7-
di-tert-butyl anthracene was selectively brominated with NBS to afford 9-bromo-2,7-di-tert-

butylanthracene (4.3) in 33% yield after recrystallization.
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Scheme 4.1. Synthesis of 9-bromo-2,7-di-tert-butylanthracene.

In addition to being the simplest Co-symmetric substitution pattern on anthracene to
synthesize, computational modelling of catalyst 3.47 (Figure 4.2) suggested that substitution at the
2,7-positions of the anthracene substitution would provide steric interference with the side chain
in the proximal s-cis conformation of the first transition state. We hypothesized that this steric
interaction could potentially provide selective destabilization of this conformation, leading to
cyclized product with high enantioselectivity. Therefore, the synthesis of catalyst 4.4 was

continued with 2,7-di-tert-butyl substituted anthracene.

In the final steps of the synthesis, 9-bromo-2,7-di-tert-butylanthracene was coupled to
iodide 3.54 following conditions that had been optimized in the synthesis of catalyst 3.47 (Scheme
4.2). After deprotection of the tert-butyl carbamates under acidic conditions and protection of the
less hindered nitrogen as the ethyl carbamate, catalyst 4.4 was obtained in a 17% yield over 3

steps.
1.i. Zn/Cu, toluene/NMP,
60 °C
ii. Pd(dba), (10 mol %) tBu O O
/' RuPhos (20 mol%) N
Oy ERe = (s
[ W\l
N, 2. TFA/DCM o \ tBu '
-N

3. Et0,CCl, Et;N, DCM N-NH
17% over 3 steps CIIOZEt 4.4

tBu

tBu
Scheme 4.2. Synthesis of 2,7-di-tert-butylanthracene catalyst 4.4.

The polyene cyclization of model (E)-olefin substrate 2.4 was investigated with catalyst
4.4 (Scheme 4.3). In the solvent mixture of 2% HFIP/DCM, the starting material was completely
consumed in one hour, which was similar reactivity as seen with the unsubstituted anthracene
catalyst 3.47. Under these conditions, product 2.5 was obtained in 44% yield and 5% ee. The
catalyst was also screened with EtOH as a solvent, as this had provided significantly increased

enantioselectivity with catalysts that will be discussed in later sections. In EtOH, the reaction took
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5 days to complete and provided lower yields of product 2.5 (19%) with no increase in

enantioselectivity (2% ee).

MeO OMe 4.4 (20 mol%)
HCI (20 mol%)
solvent, rt
OHC OHC g
2.4 2.5
Solvent (time) Yield (% ee)
2% HFIP/DCM (1 h)  44% (5)
EtOH (5 d) 19%181 (2)

[a] After hydrolysis of ethyl acetal with CHCI3/H,O/TFA.

Scheme 4.3. Polyene cyclization of 2.4 with catalyst 4.4.

Computational modelling had suggested that the addition of bulky tert-butyl substitution
at the 2,7-positions on the anthracene would destabilize the proximal s-cis conformation of the
first transition state and increase the preference for the conformation leading to the major
enantiomer. However, it is possible this bulky substitution negates the stabilizing interaction of
the proximal transition states and the distal transition states are preferred instead. Enantioinduction
is difficult to achieve if these distal conformations are preferred, as there is little differentiation
between the s-cis and s-trans iminium ions. Therefore, we suggest that the lack of
enantioselectivity observed with catalyst 4.4 is likely due to the competing steric and electronic
effects of the bulky tert-butyl substituents and the anthracene.

4.4 m-Terphenyl catalyst

As the addition of bulky substitution to the flat environment of the anthracene afforded
product with negligible enantioselectivity, we considered the addition of aromatic substitution that
was less rigid. We hypothesized that m-terphenyl substitution, such as that seen in catalyst 4.5
(Figure 4.3), could potentially provide a steric environment which would favour one conformation
of the transition state leading to the first ring closure. In preliminary DFT studies, the proximal s-
trans conformation of the first transition state was calculated to be lower in energy than the
proximal s-cis conformation by 1.5 kcal/mol, which was not significantly different than the energy

difference calculated for catalyst 3.47. However, in the proximal s-trans conformation of the
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transition state with catalyst 4.5, the computational model showed a promising rotational

preference for the phenyl groups of the m-terphenyl moiety.

There are four possible rotational isomers for the phenyl groups of the m-terphenyl moiety,
as shown in Figure 4.3. In DFT studies performed with m-terphenyl catalysts, the energies of these
four rotamers were calculated. In the proximal s-trans conformation of the first transition state in
the reaction of substrate 3.64 with catalyst 4.5, the lowest energy rotamer found was that with the
m-terphenyl moiety in a cage-like conformation around the substrate. The rotamer that was found
to be second highest in energy had the phenyl groups of the m-terphenyl moiety twisted clockwise.
This rotamer was calculated to be 0.8 kcal/mol higher in energy than the cage-like rotamer, as the
phenyl group near to the carbamate participates in a half-cage conformation around the substrate
and the other phenyl group presumably provides a slight steric interaction. The third highest energy
rotamer found had the phenyl groups twisted counter-clockwise and was calculated to be 2.3
kcal/mol higher in energy. Presumably, this rotamer provides an unfavourable steric interaction
between the phenyl group closest to the carbamate and the substrate. The highest energy rotamer
formed an inverse cage and was calculated to be 3.1 kcal/mol higher in energy. Presumably, this
inverse cage-like rotamer provides an unfavourable steric interaction between the substrate and
both phenyl groups in the m-terphenyl moiety. It is also possible that the rotation of the phenyl
groups towards the cationic substrate provides a higher level of stabilization than when the phenyl
groups are twisted outwards. The cage-like rotamer of the m-terphenyl moiety places the n—cloud
of all three aromatic rings in closer proximity to the cationic substrate. Therefore, this rotamer has
the potential to provide a stronger cation—r interaction than the rotamers with phenyl rings twisted
outwards. Another factor in the consideration of energy differences between rotamer
conformations is the confined pocket that is created for the substrate in the cage-like rotamer,

which would potentially allow ring closure to be entropically more favourable.
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Figure 4.3 Rotational isomers of m-terphenyl moiety as calculated in the proximal s-trans
conformation of the first transition state of substrate 3.64 with catalyst CO.Me-4.5. Calculations
run at the M06-2X/6-31G(d), SRCF = EtOH level of theory. Free energies in kcal/mol.



As described above, in the lowest energy conformation of the first transition state, the
proximal s-trans conformation, the m-terphenyl substitution prefers the cage-like rotamer around
the substrate. In contrast, in the proximal s-cis conformation, the cage-like rotamer of the m-
terphenyl substituent would interfere with the side chain of the substrate (Figure 4.4). Instead, the
preferred rotation of the m-terphenyl substituent is twisted counter-clockwise, resulting in a higher
energy conformation. With this potential for more favourable interactions between the substrate
and the m-terphenyl moiety in the proximal s-trans conformation, we proceeded to synthesize this

catalyst and examine it experimentally.

proximal s-trans proximal s-cis
0 kcal/mol +1.5 kcal/mol
Figure 4.4. Computational model of proximal s-trans and proximal s-cis conformations of the
first transition state of substrate 3.64 with m-terphenyl catalyst CO,Me-4.5. Calculations run at
the M06-2X/6-31G(d), SRCF = EtOH level of theory.

4.4.1 Synthesis of m-terphenyl catalyst

For catalyst 3.47, with anthracene substitution a to the free N-H, the synthetic route had
proceeded with the initial cross-coupling of anthracene to a di-tert-butyl carbamate protected
hydrazide. This was then followed by global carbamate deprotection and subsequent mono-
protection of the less hindered nitrogen to afford the final catalyst. This synthetic route was not
ideal, as the proline-catalyzed a-hydrazination that had afforded the stereocenter proceeded with
lower enantioselectivity with di-tert-butyl azodicarboxylate (77% ee) than with dibenzyl

azodicarboxylate (>99% ee). Therefore, the synthesis of m-terphenyl catalyst 4.5 was designed to
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proceed from intermediate alcohol 3.30 which could be prepared with high enantioselectivity
(Scheme 3.9).

The deprotection of benzyl carbamates under acidic hydrogenation conditions followed by
protection of the less hindered nitrogen as the ethyl carbamate resulted in hydrazide 4.7 in 76%
yield over two steps (Scheme 4.4). Protection of the more hindered nitrogen as the benzyl
carbamate afforded alcohol 4.8 in 95% yield and an Appel reaction resulted in the bromide
coupling partner 4.9 in 95% vyield. Cross-coupling with m-terphenyl bromide using Weix
electrophile-electrophile cross-coupling conditions, followed by deprotection of the benzyl
carbamate provided terphenyl catalyst 4.5 in 22% yield over two steps. The yields for the cross-
coupling step were generally low. However, in comparison to the Negishi cross-coupling
developed for catalysts 3.46 and 3.47, it required a lower equivalence of the synthetically
expensive alkyl halide as it was used in equimolar amounts with the cross-coupling partner.

Therefore, for the purposes of synthesizing catalysts to be screened, it was continued to be used.

/OH 1. Hy, Pd/C (10 mol %) /OH CbzCl. /OH
O'"“ AcCl, MeOH O"‘“ NaHCOj;, CHCI, O“‘" CBr,, PPhg
= > —_—
’}J'N‘Cbz 2. Et0,CCI, EtaN ,}rNH 95% ’}J'N‘Cbz ;HO/F
Cbz ODCM’ 0°C CO,Et CO,Et 5%
3.30 76% over 2 steps 4.7 4.8
1. 5'-bromo-m-terphenyl,
Nil, (9 mol %), O
5 1,10-phenanthroline (9 mol %),
/" Nal (25 mol %), Zn dust (2 eq.), Pl
oll\\\ DMPU, 60 °C OII\\\ L O N’N
) > 3 = "CO,Et
N Nichz 2. Hy, PA(OH),/C (10 mol %) N NH H 2
CO,Et THF CO,Et O
4.9 22% over 2 steps 4.5

Scheme 4.4. Synthesis of m-terphenyl catalyst 4.5.
4.4.2 Screening of m-terphenyl catalyst

Under the standard catalyst screening conditions, with 2% HFIP/DCM as a solvent, it was
found that the cyclization of model (E)-polyene substrate 2.4 with m-terphenyl catalyst 4.5 gave
product 2.5 in 78% vyield with negligible enantioselectivity (Scheme 4.5). We had assumed that
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the asymmetric (E)-polyene cyclization would show a similar solvent dependence to the
asymmetric (Z)-polyene cyclization, where the enantioselectivity in 2% HFIP/DCM was only
slightly attenuated in comparison to that found in EtOH. However, when the polyene cyclization
with catalyst 4.5 was run in EtOH, although the yield was decreased (32%) it resulted in a
significant increase in enantioselectivity to provide product 2.5 in 28% ee. As mentioned in
Chapter 3, significant conclusions could not be taken from yields in reactions screening for
enantioselectivity as these were done at small scale (~10 mg) and monitored by taking aliquots for
H NMR.

MeO OMe OMe
4.5 (20 mol%)
HCI (20 mol%)

solvent, rt, 24 h o
OHC OHC

24

Solvent
2% HFIP/DCM 78% (2
EtOH 329%!al

)
(28)

[a] After hydrolysis of ethyl acetal with CHCI3/H,O/TFA.

Scheme 4.5. Asymmetric polyene cyclization of 2.4 with m-terphenyl catalyst 4.5.

In 2% HFIP/DCM, m-terphenyl substitution had not provided the desired increase in
enantioselectivity that we were hoping to achieve. Although the enantioselectivity had increased
when the reaction was run in EtOH, it was still relatively low. We presumed that the steric
environment with catalyst 4.5 did not provide a significant difference in energies of diastereomeric
conformations of the first transition state that would provide high enantioselectivity. We
hypothesized that catalysts designed with bulkier substitution would destabilize the minor

transition state and provide a desired increase in enantioselectivity.
4.5 Substituted m-terphenyl catalysts

In our initial investigations into bulkier aromatic substitution, we looked at substitution of
the m-terphenyl moiety of catalyst 4.5. DFT calculations were run on the m-terphenyl catalyst with
methy| substitution at the 2,6-positions, 4-position, and 3,5-positions. With methyl substitution at
the 2,6-position of the terphenyl in catalyst 4.10, the distal conformations of the first transition

state were preferred (Figure 4.5). The lowest energy conformation was the distal s-trans
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conformation, with both the proximal s-trans and the distal s-cis conformations having similar
energies that were calculated to be 1.3 kcal/mol higher. This was a smaller energy difference than
that calculated for unsubstituted m-terphenyl catalyst 4.5 (1.5 kcal/mol). Therefore, catalysts with
this substitution pattern were not synthesized as the preference for the s-cis and s-trans iminium

ions is difficult to control in the distal conformations.

Catalyst:

N
N “co,Me

CO,Me-4.10

distal s-trans proximal s-trans distal s-cis
0 kcal/mol +1.3 kcal/mol +1.3 kcal/mol

Figure 4.5. Computational model of distal s-trans, proximal s-trans, and distal s-cis
conformations of the first transition state of substrate 3.64 with 2,6-dimethyl m-terphenyl catalyst
CO2Me-4.10. Calculations run at the M06-2X/6-31G(d), SRCF = EtOH level of theory.

In computational models of the catalysts with methyl substitution at the 4-position and at
the 3,5-positions of the m-terphenyl, the proximal s-trans conformation was calculated to be the
lowest energy conformation of the first transition state (Figure 4.6). The proximal s-cis

conformation was calculated to be the lowest energy conformation leading to the opposite
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enantiomer. With methyl substitution at the 4-position of the m-terphenyl in catalyst CO,Me-4.11,
there was a calculated energy difference between these two conformations of 1.7 kcal/mol. With
3,5-dimethyl substitution in catalyst CO.Me-4.12, a slightly larger energy difference of 2.0
kcal/mol was calculated, and so this catalyst was synthesized and examined experimentally.

@’ . MeOZC

\\“

proximal s-trans proximal s-cis
0 kcal/mol
Q 14 Q
catalyst: CO,Me-4.11 CO,Me-4.12
AAGH +1.7 kcal/mol +2.0 kcal/mol

Figure 4.6. Calculated energy differences between proximal s-trans and distal s-cis
conformations of the first transition state of substrate 3.64 with methyl substituted m-terphenyl
catalysts. Calculations run at the M06-2X/6-31G(d), SRCF = EtOH level of theory.

4.5.1 Synthesis of substituted m-terphenyl catalysts

Substituted m-terphenyl catalysts were synthesized by the same route as m-terphenyl
catalyst 4.5 (Scheme 4.6). m-Terphenyl bromides were synthesized through a Suzuki cross-
coupling of 1,3,5-tribromobenzene with respective phenyl boronic acids to give separable mixtures
of the mono-, di-, and tri-substituted products in a statistical ratio (details in experimental). Cross
coupling of the intermediate bromide 4.9 with m-terphenyl bromides was performed under Weix
electrophile-electrophile cross-coupling conditions. The benzyl carbamate of the cross-coupled
products was then deprotected by hydrogenation, providing substituted m-terphenyl catalysts 4.12-
4.19in 11-32% yield over two steps.

149



1. ArBr, Nil, (9 mol %),
1,10-phenanthroline (9 mol %)

Br Ar
Wi Nal (25 mol %), Zn dust (2 eq.), o/
O" DMPU, 60 °C _ ' = A N-Ne
N T -NH H COqEt
I}l Cbz 2. H,, Pd(OH),/C (10 mol %) l\ll
CO,Et THF CO,Et
4.9

4.12, R = 3,5-dimethylphenyl, 31%
4.13, R = 3,5-di-tert-butylphenyl, 32%
4.14, R = 3,4,5-trimethoxyphenyl, 27%

R 4.15, R = 2-napthyl, 1%
R 4.16, R = 3,5-trifluoromethylphenyl, 17%
Ar = 4.17, R = 3,5-di-tert-butoxyphenyl, 13%

4.18, R = 3,5-diTBSphenyl, 13%
4.19, R = 3,5-diadamantylphenyl, 23%

Scheme 4.6. Final steps in the synthesis of substituted m-terphenyl catalysts.
4.5.2 Screening of substituted m-terphenyl catalysts

In comparison to the activation barrier for the first transition state with m-terphenyl catalyst
4.5, the addition of methyl substitution at the 3,5-positions in m-terphenyl catalyst 4.12 was
calculated to increase the AAG* by 0.5 kcal/mol. When this catalyst was screened with model
substrate 2.4 in EtOH, it resulted in cyclized product 2.5 in 41% yield and 53% ee (Scheme 4.7),
which was a 25% ee increase from that achieved with catalyst 4.5. This result indicated that the
addition of steric bulk was having the desired effect of destabilizing the minor conformation of the
first transition state. With this promising result, we increased the steric bulk further and synthesized
catalyst 4.13, with zert-butyl substitution at the 3,5-positions of the m-terphenyl. We found that
this increase in steric bulk provided a further increase in enantioselectivity, providing product 2.5

in 50% yield and 73% ee.
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OMe

_N_
AFQ COzEt

(20 mol%)
HCI (20 mol%)

EtOH, rt, 8 h

MeO OMe

OHC

Ty D,

Bu
Catalyst: 4.12 4.13
Yield of 2.5 (% ee): 41% (53) 50% (73)

[a] After hydrolysis of ethyl acetal with CHCI3/H,O/TFA.

Scheme 4.7. Screening of chiral catalysts with alkyl substituted m-terphenyls.

To investigate whether cation—n interactions were strongly influencing the
enantioselectivity through selective stabilization of the major conformation of the first transition
state, we synthesized catalysts 4.14, 4.15, and 4.16 (Scheme 4.8). Catalyst 4.14, with three
electron-rich methoxy substituents, and catalyst 4.15, with naphthyl groups, contain aromatic
groups with more negative quadrupole moments than simple alkyl-substituted phenyl.>
Therefore, if cation—n interaction was strongly influencing the enantioselectivity, these catalysts
would be expected to provide products in higher enantioselectivities. Catalyst 4.14 provided
product 2.5 in 57% yield and 56% ee, which was similar that obtained with catalyst 4.12 (a catalyst
with similar steric influence). Naphthyl substitution in catalyst 4.15 provided product in 51% yield
and with higher enantioselectivity than phenyl substitution (45% ee vs. 28% ee). However, the
naphthyl group is a larger substituent and is more comparable in size to catalyst 4.12, which gave
product with similar enantioselectivity. Catalyst 4.16 was substituted with 3,5-trifluoromethyl
groups, which are expected to have a similar steric interaction as a methyl substitution but with
strongly electron-withdrawing character. The corresponding quadrupole moment would be more
positive, leading to weaker cation—r interaction. This catalyst provided product 2.5 in 60% yield

and with significantly decreased enantioselectivity (15% ee).
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While increasing the strength of the cation—r interaction did not have any significant
improvement on enantioselectivity, the negative effect of electron-withdrawing substituents
suggests that decreasing the strength of the cation—r interaction has a detrimental effect. We
propose that the cage-like conformation of the m-terphenyl catalyst around the substrate is
favoured with moderate cation—n interactions present, while bulky substitution destabilizes the
minor diastereomeric conformation of the first transition state. It is possible that there is less
preference for this proximal conformation with a cage-like m-terphenyl moiety when there is

weaker cation—r interaction, such as that achieved with catalyst 4.16.

d N' "CO,Et

(20 mol%)
HCI (20 mol%)

EtOH, rt, 24 h
OHC OHC

MeO  OMe O
. v
0

MeO OMe

Me CF3
- O O O
OMe CF3
Catalyst: 4.14 415 4.16
Yield of 2.5 (% ee):  57%0 (56) 51% (45) 60% (15)

[a] After hydrolysis of ethyl acetal with CHCI3/H,O/TFA.
[b] After 48 h.

Scheme 4.8. Screening of m-terpheny| catalysts with electronically varied substitution.

Different large substituents were investigated with catalysts 4.17, 4.18, and 4.19 (Scheme
4.9). Catalyst 4.17, with 3,5-di-tert-butyl ethers, was synthesized to investigate the addition of
electron-rich substituents that also provided steric bulk. This catalyst resulted in product 2.5 in
25% yield and 43% ee, lower than the 73% ee obtained with tert-butyl catalyst 4.13. The ether C-
O bond in catalyst 4.17 presumably allows the rotation of the tert-butyl group away from the
substrate, whereas in catalyst 4.13 the tert-butyl group is fixed, presumably in a position where it

provides a more significant steric interaction with the minor transition state. Catalyst 4.18, with
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3,5-di-TBS substitution, provided product 2.5 in 57% vyield and with a slightly diminished
enantioselectivity (66%) in comparison to tert-butyl catalyst 4.13. As C-Si bonds are longer than
the C-C bonds in tert-butyl substitution, the silyl group would be expected to provide additional
effective steric bulk. However, the C-Si bond to the terphenyl would also be increased in length,
potentially providing a less ideal steric environment to effect enantioselectivity. Attempts to
synthesize catalysts that had larger silyl groups (i.e. TIPS or TBDPS) were unsuccessful due to the
difficulties in putting two bulky substituents meta- on the aromatic ring of the terphenyl. Bulky
adamantyl groups in catalyst 4.19 provided product 2.5 in 29% yield and with significantly reduced
enantioselectivity (46% ee). The adamantyl groups have the same number of C-C bonds from the
initial carbon as the tert-butyl groups in catalyst 4.13. However, these are pinned back in the

adamantyl cage, which potentially provided a less favourable steric environment to effect

_N_
AFQ CO,Et

enantioselectivity.

OMe

MeO OMe (20 mol%)
HCI (20 mol%)
EtOH, rt, 8 h
OHC OHC
2.4
O'Bu TBS Ad
0oy ws—C) o)
O'Bu TBS Ad
)Y D=, D=,
O'Bu TBS Ad
Catalyst: 417 4.18 4.19
Yield of 2.5 (% ee): ~ 25% (43) 57% (66) 29%01 (46)

[a] After hydrolysis of ethyl acetal with CHCI3/H,O/TFA.
[b] After 24 h.

Scheme 4.9. Screening of m-terphenyl catalysts with bulky substitution.
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4.6 Investigation into bulkier carbamates

With the success of 3,5-tert-butyl substitution on the m-terphenyl moiety of catalyst 4.13
in inducing higher levels of enantioselectivity, we proceeded to investigate whether different
protecting groups on the nitrogen would have a further impact. Based on models of the lowest
energy conformations of the first transition state with catalyst 4.5, we hypothesized that a bulkier
protecting group might provide a steric interaction with the aryl ethyl chain of the substrate in the
minor conformation (proximal s-cis, Figure 4.4), which would lead to an increased preference for
the major conformation. Therefore, catalysts 4.20 and 4.21 were synthesized that have either a Piv

or Boc protecting group, respectively (Figure 4.7).

Figure 4.7. Chiral catalysts with bulkier protecting groups.
4.6.1 Synthesis of 3,5-tert-butyl-m-terphenyl catalysts with bulkier carbamates

Catalysts 4.20 and 4.21 were synthesized by a similar route as catalyst 4.13, starting from
intermediate alcohol 3.30 (Scheme 4.10). Deprotection of benzyl carbamates under acidic
hydrogenation conditions followed by protection of the less hindered nitrogen with either PivCl or
Boc20 resulted in amide 4.22 in 87% yield or hydrazide 4.23 in 71% yield over two steps.
Protection of the more hindered nitrogen as the benzyl carbamate afforded hydrazides 4.24 and
4.25in 99% and 98% yields, respectively. An Appel reaction then resulted in the bromide coupling
partners 4.26 and 4.27 in 76% and 84% yield. Cross-coupling with the 3,5-tert-butyl-m-terphenyl
bromide using Weix electrophile-electrophile cross-coupling conditions, followed by deprotection
of the benzyl carbamate provided catalysts 4.20 and 4.21 in 19% and 11% yield, respectively, over

two steps.
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OH 1. Hy, Pd/C (10 mol %) OH bzl OH

o“‘\\/ ACCI, MeOH ‘ On\\\/ NaHCOS, CHC|3 OH\\\/ CBF4, PPh3
- > —_—
-N 2. PivCl or Boc,0, -NH _N THF

N™ “Cbz < N N™ “Cbz
ébz EtsN, DCM, 0 °C é é
3.30 Over 2 steps:
R = Piv, 4.22, 87% R = Piv, 4.24, 99%
R =Boc, 4.23, 71% R = Boc, 4.25, 98%

1. ArBr, Nil, (9 mol %),
Br 1,10-phenanthroline (9 mol %),

7 Nal (25 mol %), Zn dust (2 eq.), /Ar

o

O DMPU, 60 °C D""\ N
N'N‘ ,' -NH Ar N r

N"""Cbz 2. H, PA(OH),/C (10 mol %) N N
R THF R Over 2 steps:
R = Piv, 4.26, 76% R = Piv, 4.20, 19%
R = Boc, 4.27, 84% R = Boc, 4.21, 11%
Bu

Scheme 4.10. Synthesis of 3,5-tert-butyl-m-terphenyl catalysts with bulkier protecting groups.
4.6.2 Screening of 3,5-tert-butyl-m-terphenyl catalysts with bulkier carbamates

Following the synthesis of catalysts 4.20 and 4.21, they were investigated in the polyene
cyclization of model (E)-olefin substrate 2.4 (Scheme 4.11). Catalyst 4.20 provided product 2.5 in
30% yield and 66% ee, where as catalyst 4.21 provided product 2.5 in 62% yield and 75% ee. The
enantioselectivities observed with these catalysts were not significantly different from that

observed with catalyst 4.13.
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catalyst (20 mol%) OMe
MeO OMe  “LicI (20 mol%)
EtOH,rt, 6h
OHC OHC H
2.4 2.5
Catalyst Yield™@! (% ee)
4.20 3090l (66)
4.21 62% (75)

[a] After hydrolysis of ethyl acetal with CHCI3/H,O/TFA.
[b] After 30 h.

Scheme 4.11. Asymmetric cyclization of model substrate 2.4 with catalysts 4.20 and 4.21.

In computational models of the proximal s-trans and s-cis conformations of the first
transition state with unsubstituted m-terphenyl catalyst 4.5 (Figure 4.4), preference is shown for
the carbamate rotamer that points the carbonyl towards the substrate. In this conformation, the
bulk of the carbamate is pointed away from the substrate and back towards the 7-membered ring.
Therefore, it is possible that the protecting groups in these catalysts were not large enough to
interact with the substrate, resulting in a similar effective steric environment as that with ethyl

carbamate catalyst 4.13, which had provided similar enantioselectivities.
4.7 Alternate catalysts
4.7.1 4-Substituted m-terphenyl catalysts

The calculated difference in AAG* for the first transition state between 4-methyl substituted
m-terphenyl 4.11 and 3,5-dimethyl substituted m-terphenyl 4.12 had been small (0.3 kcal/mol,
Figure 4.6). Therefore, there was a possibility that catalysts where the m-terphenyl was substituted
at the 4-position would provide similar selectivity as catalysts substituted at the 3,5-positions of
the m-terphenyl moiety. To investigate this possibility, we synthesized 4-methoxy substituted m-
terphenyl catalyst 4.28 and 4-tert-butyl substituted m-terphenyl catalyst 4.29. These were
synthesized by the same route as catalyst 4.13, where the Weix electrophile-electrophile cross-
coupling of the m-terphenyl bromides with alkyl bromide 4.9 followed by deprotection of the
benzyl carbamate resulted in catalyst 4.28 in 22% yield and catalyst 4.29 in 13% yield over two
steps (Scheme 4.12).
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1. ArBr, Nil, (9 mol %),
Br 1,10-phenanthroline (9 mol %)

W Nal (25 mol %), Zn dust (2 eq.), W
O" DMPU, 60 °C _ ' =
N > _NH Ar n-N

N""Cbyz 2. Hy, Pd(OH),/C (10 mol %) N N CO.Et
CO,Et THF, rt CO,Et
4.9
R
R 4.28, R = 4-methoxyphenyl, 22%
Ar = 4.29, R = 4-tert-butylphenyl, 13%

Scheme 4.12. Synthesis of 4-substituted m-terphenyl catalysts 4.28 and 4.29.

Following the synthesis of catalysts 4.28 and 4.29, they were investigated in the polyene
cyclization of model (E)-olefin substrate 2.4 (Scheme 4.13). Catalyst 4.28 provided product 2.5 in
38% yield and 56% ee, which was no different than the enantioselectivity observed the 3,4,5-
trimethoxy substituted m-terphenyl catalyst 4.14. Increasing the steric bulk at the 4-position to tert-
butyl groups in catalyst 4.29 provided product 2.5 in 52% yield and 50% ee. The lower
enantioselectivity achieved with this catalyst in comparison to the 3,5-di-tert-butyl substituted m-

terphenyl catalyst 4.13 aligns with the lower AAG* determined by DFT calculations.

_N_
AFQ COzEt

MeO OMe (20 mol%) OMe
HCI (20 mol%)
EtOH,rt, 24 h
OHC OHC
2.4
MeO By

9 Y

Ar =
OO OO
Catalyst: 4.28 4.29
Yield of 2.5 (% ee): 38% (56) 52% (50)

[a] After hydrolysis of ethyl acetal with CHCI3/H,O/TFA.

Scheme 4.13. Screening of asymmetric (E)-polyene cyclizations with catalysts 4.28 and 4.29.
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4.7.2 6-Membered ring m-terphenyl catalyst

The increased rigidity of a 6-membered ring catalyst scaffold is generally beneficial in
asymmetric catalysis as it is expected to orient substitution on the ring more consistently than a 7-
membered ring. Therefore, we were interested in investigating the asymmetric reaction with 6-
membered ring hydrazide catalyst 4.34, which is expected to hold the aromatic substitution in a
more defined conformation. The synthesis of catalyst 4.34 proceeded through the same route as
catalyst 4.13, with one methylene unit less in the hydrazide ring (Scheme 4.14). Dibenzyl
carbamate 4.30 was obtained from Dr. Samuel Plamondon. Hydrogenation of the benzyl
carbamates under acidic conditions and subsequent protection of the less hindered nitrogen
provided hydrazide 4.31 in 32% yield over two steps. Protection of the more hindered nitrogen as
the benzyl carbamate provided alcohol 4.32 in 88% yield, which was followed by an Appel
reaction to give bromide coupling partner 4.33 in 80% yield. Cross-coupling with 3,5-di-tert-butyl
substituted m-terphenyl bromide followed by deprotection of the benzyl carbamate afforded the

final catalyst 4.34 in 20% yield over two steps.

OH . OH OH
\\\\| 1. Hy, Pd/C (10 mol %) “\\| CbzCl, ‘\\\\|
O‘ AcCl, MeOH o NaHCOj,, CHCl, o CBry, PPhy
N-Ncbz 2. EtO,CCl EtN \-NH 88% NNcbz  THF
| o | [
Cbz DCM, 0 °C CO,Et CO,Et 80%
4.30 32% over 2 steps 4.31 4.32

1. ArBr, Nil, (9 mol %),
Br 1,10-phenanthroline (9 mol %) Ar

oﬂ\\\l Nal (25 mol %), Zn dust (2 eq.), ‘\\J \/D
DMPU D —
No > = Ar N
N N N" "CO,Et
4.34

\ Cbz 2. Hy, Pd(OH),/C (10 mol %)
CozE! THE Soset
4.33 20% over 2 steps

- D

Scheme 4.14. Synthesis of 6-membered ring catalyst 4.34.
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Catalyst 4.34 was investigated in the polyene cyclization of model (E)-olefin substrate 2.4 and
provided product 2.5 in 66% yield but with negligible enantioselectivity (Scheme 4.15).
Preliminary DFT calculations suggested that 6-membered ring catalysts prefer the chair
conformation where the aromatic substitution is in the axial position, in comparison to the pseudo-
equitorial position that is the preferred conformation of the 7-membered ring catalysts. In this
conformation of the 6-membered ring, the axial positioning places the m-terphenyl closer to the
catalyst ring, providing a different steric environment around the substrate than that provided by
the 7-membered ring catalyst. In catalyst 4.34, this altered steric environment would potentially
provide preferred conformations of the first transition state with the substrate distal to the aromatic
substitution or with the m-terphenyl substitution twisted away from the substrate, both which

would provide a lower preference for the s-trans or s-cis iminium ion.

MeO OMe i. 4.34 (20 mol%) MeO OMe
HCI (20 mol%)
EtOH, rt, 21 h -
ii. CHCI3/H,O/TFA
OHC 66% OHC 1
2.4 2.5
0% ee

Scheme 4.15. Polyene cyclization of model substrate 2.4 with catalyst 4.34.
4.8 Optimization with 3,5-di-tert-butyl m-terphenyl catalyst 4.13

Under chiral catalyst screening conditions, catalyst 4.13 had provided cyclized product 2.5
from model (E)-polyene substrate 2.4 with the highest enantioselectivity. Therefore, further
conditions were screened to optimize the selectivity with this catalyst. Initially, solvents were
screened with the HCl salt of catalyst 4.13 (Table 4.1). It was found that higher enantioselectivity
was achieved in polar solvents. The initial reaction had been run in EtOH (relative polarity of
0.654) and had provided product 2.5 in 48% yield and 73% ee (Entry 1). The addition of water to
EtOH in a concentration of 10% H>O/EtOH provided product 2.5 in 56% yield and with a slight
increase in enantioselectivity to 75% ee (Entry 2). However, the reaction was difficult to perform

as the catalyst had limited solubility under these conditions. With MeNO,, a slightly less polar

solvent (relative polarity of 0.481), the enantioselectivity was significantly lower and resulted in
product 2.5 in 63% yield and 38% ee (Entry 3). The solvent mixture of 2% HFIP/DCM provided
product 2.5 in 32% yield and a similar diminished enantioselectivity of 29% ee (Entry 4). Very
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non-polar solvents, such a toluene (Entry 5) and cyclohexane (Entry 6) with relative polarities of
0.099 and 0.006, respectively, gave product 2.5 in yields of 70% and 48%. Low enantioselectivities
were achieved in these non-polar solvents, with a slight preference for the opposite enantiomer (-
29% and -27% ee, respectively). Additionally, in non-polar solvents there was significantly less

reactivity, with the reaction taking 5-7 days to complete.

Table 4.1. Solvent screen with catalyst 4.13.

MeO OM
MeO OMe 4.13 (20 mol%) ° ©
HCI (20 mol%)
solvent g
OHC OHC H
24 25
Entry Solvent Relative Polarity’  Reaction Time®  Yield of 2.5 ee (%)

1 EtOH 0.654 8h 48%!"] 73
2 10% H,O/EtOH 28h 56%"! 75
3 MeNO, 0.481 5 days 63% 38
4 2% HFIP/DCM 7 days 32% 29
5 toluene 0.099 7 days 70% -29
6 cyclohexane 0.006 5 days 48% -27

[a] After hydrolysis of ethyl acetal with CHCIs/H2O/TFA.

The results from this initial solvent screen indicated that polar solvents were necessary to
obtain high enantioselectivity with catalyst 4.13. As the substrate is a long, non-polar carbon chain,
polar solvents are expected to promote substrate folding to give a closed conformation, potentially
one that is pre-aligned for reactivity. The long reaction times and reversal of the major enantiomer
obtained in the cyclization of 2.4 in non-polar solvents indicate that enantioinduction is occurring

through a different interaction.

For catalyst screening, HCI (pKa -8.0) was initially used as a co-acid as it had provided
clean product in the original racemic iminium-catalyzed polyene cyclization. To optimize for
enantioselectivity, the effect of the co-acid on the asymmetric reaction was investigated (Table
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4.2). Acids were screened that were stronger (Tf2NH, pKa -11.9) and weaker (TFA, pKa -0.25)
than HCI. It was found that the enantioselectivity was not strongly dependant on the co-acid.
TfNH, a stronger co-acid, provided product 2.5 in 69% yield and a faster reaction time (3 hours)
with slightly diminished enantioselectivity (67% ee, Entry 2). TFA, a weaker co-acid, provided
product 2.5 in 48% vyield and a slower reaction time (6 days), but with slightly higher
enantioselectivity (80% ee, Entry 3).

Table 4.2. Co-acid screen with catalyst 4.13.

MeO OMe 4.13 (20 mol%) MeO OMe
HX (20 mol%)
EtOH g
OHC OHC H
2.4 2.5
Entry Acid pKa®10 Reaction Time”  Yield of 2.5 ee (%)
1 HCI -8.0 (H20) 8h 48% 73
2 Tf>NH -11.9 (DCE) 3h 69% 67
3 TFA -0.25 (H20) 6 days 48% 80

[a] After hydrolysis of ethyl acetal with CHCI3/H2O/TFA.

The role of the acid in these reactions is to protonate the carbonyl oxygen to facilitate
iminium ion formation. The counteranion balances cationic charge or stabilizes partial cationic
charge along the reaction pathway. A strong acid results in a weakly co-ordinating/nucleophilic
counteranion which donates less electron density in an ionic bond and, in turn, provides more
cationic character to the participating cation. In the reaction with TfoNH as the co-acid, the weakly
co-ordinating counteranion would give more cationic character to the initial o,f-unsaturated
iminium, the intermediate cyclohexyl cation, as well as the arenium ion. This would result in the
observed increase in reactivity. A weak acid results in a strongly co-ordinating/nucleophilic
counteranion after deprotonation, and the converse argument can be made for the observed reduced
reactivity with TFA as a co-acid. Trapping of cationic intermediates with more nucleophilic

counteranions is also a consideration. Although trifluoroacetate trapped products were not isolated,
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it is possible that the reduced reactivity with TFA arises from an equilibrium of counterion trapped

products with cationic intermediates.

As EtOH had provided the highest enantioselectivity in a solvent screen with the HCI salt
of catalyst 4.13, a second solvent screen was performed with other protic solvents using TFA as a
co-acid (Table 4.3). With this solvent screen, we were interested in determining whether the protic
character of the solvent or the polarity was influencing the enantioselectivity. Both 1,2-ethanediol
(Entry 2) and 1,3-propanediol (Entry 3) resulted in irreversible formation of the acetal and gave
no desired reactivity. MeOH, with a relative polarity higher than EtOH (0.762), provided 59% of
product 2.5 in only 24 hours but with slightly diminished enantioselectivity (75% ee, Entry 4).
'PrOH (Entry 5) and 'BuOH, (Entry 6), with lower relative polarities of 0.546 and 0.389, provided
product 2.5 in 51% and 53% yields with lower enantioselectivities (72% and 53% ee, respectively).
The results from this screen provided EtOH as the optimal solvent in this reaction, with the polarity

of the solvent being an influencing factor on the enantioselectivity.

Table 4.3. Screening of alcoholic solvents with catalyst 4.13.

M M
MeO OMe 413 (20 mol%) °0 OMe
TFA (20 mol%)
solvent g
OHC OHC H
2.4 2.5
Entry Solvent Relative Polarity’ Reaction Time’ Yield of 2.5l  ee (%)

1 EtOH 0.654 6 days 48% 80
2 1,2-ethanediol 7 days - -
3 1,3-propanediol 7 days - -
4 MeOH 0.762 24 h 59% 75
5 iPrOH 0.546 11 days 51% 72
6 tBuOH 0.389 9 days 53% 53

[a] After hydrolysis of corresponding acetal with CHCIz/H.O/TFA.
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4.9 Investigations into substrate scope
4.9.1 Phenyl-terminated substrate

With the increased reactivity of anthracene catalyst 3.47, we had successfully cyclized
substrates with less nucleophilic terminating groups. In our initial investigations into the scope of
the asymmetric reaction, we sought to determine whether m-terphenyl catalysts would show
similar reactivity. For this investigation, we screened m-terphenyl catalysts in the polyene
cyclization of substrate 3.64, which is terminated by a less nucleophilic phenyl ring (Table 4.4).
In the reaction with 3,5-dimethyl substituted m-terphenyl catalyst 4.12 as the HCI salt, run in the
solvent mixture of 2% HFIP/DCM, no bicyclic product 3.71 was observed and only a minimal
amount of starting material was consumed (Entry 1). With the same catalyst, the reaction run in
EtOH resulted in monocyclic EtOH trapped product, with no observed bicyclic product 3.71 (Entry
2). With 3,5-di-tert-butyl-m-terphenyl catalyst 4.13 as the HCI salt, the reaction was run in 'PrOH
to reduce solvent trapping (Entry 3). However, the major product observed in this reaction was
'PrOH trapped monocyclic product and no desired bicyclic product 3.71 was observed. To increase
the reactivity of catalyst 4.13, the Tf2NH salt was screened. In MeNOo, the reaction resulted in no
desired product and only monocyclic side products resulting from elimination were observed
(Entry 4). In MTBE, product 3.71 was isolated in 13% yield with low enantioselectivity (12% ee,
Entry 5). We investigated whether a stronger cation—r interaction would stabilize the intermediate
and allow the desired bicyclization to proceed by examining catalyst 4.15 in this reaction (Entry
6). Although the TFA salt of catalyst 4.15 provided product 3.71 in a low yield (20%) when run in

MeNO, it provided low enantioselectivity (4% ee).
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Table 4.4. Screening of conditions for cyclization of substrate 3.64.

N,
AF\Q COzEt

H

(20 mol%)
acid (20 mol%)

solvent, rt
OHC OHC

e R e
v O OGO

Catalyst: 4.12

B

Entry Catalyst Solvent Acid  Reaction Time Yield of 3.71  ee (%)
1 4.12 2% HFIP/DCM HCI 24 h - -
2 4.12 EtOH HCI 24 h - -[e]
3 4.13 iPrOH HCI 48 h - -[e]
4 4.13 MeNO:> Tf,NH 30 min. - -
5 4.13 MTBE Tf2NH 5 days 13% 12
6 4.15 MGNO2 TFA 18 h 20% 4

[a] Only alcohol trapped monocyclic product was observed.

We had demonstrated that EtOH provided product with the highest enantioselectivity in
the cyclization of substrate 2.4 with catalyst 4.13, with less polar solvents having a detrimental
effect (Tables 4.1 and 4.3). Although the asymmetric reaction of substrate 3.64 was attempted in
EtOH, the solvent trapping outcompeted the intramolecular trapping of the cyclohexyl cation by
the terminating group. Low enantioselectivity was observed in bicyclic product 3.71 obtained from

the reaction in non-nucleophilic solvents, MTBE and MeNO>. However, it was unclear whether
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the low enantioselectivities observed in these reactions were innate to the substrate or due to

solvent effects.
4.9.2 Analysis of EtOH-trapped products

As seen in Section 1.4.4, in LBA-catalyzed polyene cyclizations, the addition of a strong
acid after the catalyst is necessary to complete the second ring closure. Prior to the addition of the
strong acid, a mixture of monocyclic olefins is observed. The acid protonates these olefinic
intermediates, which allows the intramolecular trapping of the resulting cation by the terminating
group.

In the asymmetric iminium-catalyzed (E)-polyene cyclization of the model substrate 2.4,
EtOH had provided significantly higher enantioselectivity. However, with substrates that
contained less nucleophilic terminating groups, the major product isolated was the result of EtOH
trapping of the cyclohexyl cation intermediate. We envisioned that with EtOH trapped products
(e.g. 4.35, Scheme 4.16), a second step of the addition of a strong acid would reionize the ethyl
ether and allow for intramolecular trapping by the aromatic terminating group. As the first
stereocenter of the decalin product is set by the initial ring closure, which is followed by EtOH
trapping, we assumed that the enantioselectivity achieved would be maintained in the bicyclic

product after reionization and second ring closure.

Prior to investigating the reionization of EtOH trapped product 2.73, we examined the
enantioselectivity of the EtOH trapping with catalyst 4.13 to ensure that the second cyclization
would provide bicyclic product in high enantiomeric excess (Scheme 4.16). EtOH trapped product
4.35, which had been obtained after cyclization of substrate 2.56 with catalyst 4.13 in EtOH, was
isolated in 68% yield but with low enantioselectivity of 28% ee.!* As the EtOH trapping wasn’t
highly enantioselective, we did not proceed with attempts to re-ionize this species.

OMe
i. 4.13 (20 mol%)
HCI (20 mol OA)) OEt
EtOH, 48 h
ii. CHCI3/H,O/TFA OHC
OHC 68%
2.56 2.73 OMe
28% ee

Scheme 4.16. Enantioselectivity of ethanol trapping with substrate 2.56.
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In this reaction, the initial ring closure sets the first stereocenter. However, for the
enantioselectivity achieved in this step to be transferred to the product this must be the rate-limiting
step. The low enantioselectivity observed in the EtOH trapping suggests that the first ring closure
is not the rate-limiting step and that there is an element of reversibility in the reaction.

4.9.3 3,5-Dimethylphenyl-terminated substrate

The cyclization of model (E)-polyene substrate 2.4, which was terminated by a 3,5-
dimethoxyphenyl ring, had proceeded with high enantioselectivity to give product 2.5 with catalyst
4.13.in EtOH. Low yields of bicyclic product 3.71 with low enantioselectivity had resulted from
the cyclization of substrate 3.64 with m-terphenyl catalysts in MTBE or MeNOz. However, as this
substrate was terminated by an unsubstituted phenyl ring, it was unclear whether the low
enantioselectivity was attributed to the lower nucleophilicity of the terminating group, the lack of
3,5-substitution on the terminating group, or the solvent system.

To investigate the scope of the bicyclization with catalyst 4.13 in EtOH, we needed a
substrate that was terminated by an aromatic ring that was less nucleophilic than that in model
substrate 2.4, but still nucleophilic enough so that the second ring closure could compete with
EtOH trapping. Substrate 2.46 had provided a nearly equimolar amount of EtOH trapped product
to bicyclic product with catalyst 1.241 (Section 2.4) and so we assumed that we would obtain some
yield of bicyclic product in the asymmetric reaction. In addition, substrate 2.46 is terminated by a
3,5-dimethylphenyl ring, which would allow us to investigate whether high levels of
enantioselectivity with substrate 2.4 were due to the steric environment achieved with substitution
at the 3,5-positions. Therefore, the asymmetric reaction of substrate 2.46 was run with catalyst
4.13. The resulting product 2.57 was obtained in a 36% yield with low enantioselectivity (34% ee,
Scheme 4.17).

Me Me i 4.13 (20 mol%)
HCI (20 mol%)
EtOH, rt, 21h

v

ii. CHCI3/H,O/TFA
OHC 36% over 2 steps  OHC H
2.46 2.57
34% ee

Scheme 4.17. Asymmetric cyclization was substrate 2.46.
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4.9.4 DFT investigation of reaction mechanism

To investigate the origins of the diminished enantioselectivity in the polyene cyclization of
substrate 2.46, we performed DFT calculations on the reaction profiles of substrates 2.4 and 2.46
with catalyst 4.13. Final calculations were run with a larger basis set to provide greater accuracy,
at the M06-2X/6-311G(d,p) level of theory and using the PCM solvation model for EtOH.

The calculated reaction profile for substrate 2.4 gave an activation barrier for the first ring
closure in the proximal s-trans conformation of 4.8 kcal/mol (relative to the initial iminium, Figure
4.8). The activation barrier for the proximal s-cis conformation, which leads to the opposite
enantiomer, was calculated to be 3.6 kcal/mol higher in energy (8.4 kcal/mol). At this level of
theory, the calculations suggested that the bicyclization is a concerted, asynchronous process*?
with a AAG* that is somewhat consistent with the experimentally observed enantioselectivity.
Absolute stereochemical assignment of enantioenriched product 2.5 has been done by Dr. Samuel
Plamondon,*? and the results obtained are consistent with the major enantiomer that would be

obtained from the proximal s-trans conformation of the first transition state.
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Figure 4.8. Reaction profile of 3,5-dimethoxyphenyl terminated substrate 2.4 with catalyst
CO2Me-4.13. Calculations run at the M06-2X/6-311G(d,p), solvent = EtOH level of theory. Free

energies in kcal/mol.

The lowest energy conformation for the first transition state in the reaction of substrate
2.46 with catalyst 4.13 was found with a different m-terphenyl rotamer than the preferred cage-
like rotamer in previously modelled m-terphenyl catalysts. This lowest energy conformation
(proximal s-trans twist) preferred the 3,5-di-tert-butylphenyl groups of the m-terphenyl moiety
twisted clockwise (see Figure 4.3), which gave a calculated activation barrier for the first ring
closure of 5.2 kcal/mol relative to the initial iminium (Figure 4.9). The activation barrier for the
cage-like rotamer in the proximal s-trans conformation was calculated to be 1.2 kcal/mol higher
in energy, with an energy of 6.4 kcal/mol. The lowest energy proximal s-cis conformation, which
leads to the minor enantiomer, was found with the cage-like rotamer of the m-terphenyl and was
calculated to have an activation barrier of 9.5 kcal/mol.
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proximal s-trans twist proximal s-frans cage proximal s-cis cage
+5.2 kcal/mol +6.4 kcal/mol +9.5 kcal/mol

Figure 4.9. Lowest energy conformations of the first transition state of 3,5-dimethylphenyl
terminated substrate 2.46 with catalyst CO>Me-4.13. Calculations at the M06-2X/6-311G(d,p),
solvent = EtOH level of theory.

Unlike substrate 2.4, the reaction profile for substrate 2.46 was calculated to be stepwise
(Figure 4.10). The cage-like rotamer of the m-terphenyl moiety was preferred for the cyclohexyl
cation intermediate and the second transition state of the proximal s-trans conformation, giving
energies of -0.8 kcal/mol and 2.4 kcal/mol. In comparison, the proximal s-trans conformation with
the twisted m-terphenyl moiety had calculated energies of 1.3 kcal/mol and 5.5 kcal/mol for the
cyclohexyl cation intermediate and second transition state. The rotational barrier for the 3,5-di-
tert-butylphenyl ring distal to the carbamate, which is the barrier between the cage-like and twisted
rotamers, was calculated to be 4.5 kcal/mol at the cyclohexyl cation intermediate. This barrier is
lower than the 5.5 kcal/mol barrier for the second ring closure and the 5.2 kcal/mol barrier for the
reverse reaction, which suggests that rotation of the phenyl group to result in the more stable
proximal s-trans conformation with the cage-like m-terphenyl moiety would be a likely outcome.
However, the rotational barrier is still relatively high in energy, providing a significant probability
that alternate lower energy pathways would proceed instead.
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Figure 4.10. Reaction profile of 3,5-dimethylphenyl terminated substrate 2.46 with catalyst
CO2Me-4.13. Calculations at the M06-2X/6-311G(d,p), solvent = EtOH level of theory. Free
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The activation barrier for the proximal s-cis conformation was calculated to be 4.3 kcal/mol
higher than the lowest energy proximal s-trans conformation of the first transition state. The
intermediate cyclohexyl cation was calculated to be 1.3 kcal/mol for this conformation and the
second transition state was calculated to be 2.6 kcal/mol. Due to the challenges in modelling
bimolecular proton transfer, the activation barrier for the deprotonation of the arenium
intermediate was not calculated. In the reaction of substrate 2.4 with catalyst 4.13, the low energy
of the arenium ion suggests that the following deprotonation would not be rate-limiting and the
enantioselectivity of the reaction should be closely correlated to the energy difference between the
diastereomeric conformations of the first transition state. In contrast, the higher energies of the

arenium ion with substrate 2.46 suggest a greater possibility that the deprotonation might be the
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rate-limiting step. If this is the case, the reaction would be less likely to proceed to enamine product
and there is a higher probability for alternate pathways to occur instead, such as the reverse reaction
or solvent trapping, which could contribute to the erosion of enantioselectivity. Additionally, it is
possible that the deprotonation of the arenium ion in the distal conformations would have a lower
activation barrier than in the proximal conformations, as it would be a less hindered process. There
is less steric differentiation between the s-cis and s-trans iminium ions in the distal conformations.
Therefore, if the deprotonation is rate-limiting and provides a preference for these conformations

over their proximal counterparts, lower enantioselectivity would be expected.

Based on these observations, we hypothesized that substrates with terminating groups of
strong nucleophilicity are required to achieve high enantioselectivity with catalyst 4.13. These
substrates would be more likely to proceed through a concerted second ring closure and would
also be expected to result in more stable arenium ions, decreasing the probability that arenium
deprotonation is the rate-limiting step. Therefore, as the first ring closure should be the rate-
limiting step with such substrates, a strong preference for one conformation of this transition

state would be expected to lead to trans-decalin product with high enantioselectivity.
4.9.5 Phenol-terminated substrate

In our investigation into substrates with electron-rich terminating groups, we hypothesized
that trapping by a phenol would be a low barrier process, as alcohol trapping of the intermediate
cyclohexyl cation proceeded readily. Therefore, substrate 4.39 was designed and synthesized
(Scheme 4.18). The synthesis proceeds from intermediate alcohol 2.86 through initial formation
of the mesylate and displacement with lithium bromide. This bromide was then displaced by
sodium phenolate, giving phenol 4.35 in 38% yield over two steps which was protected as the TBS
ether to give ester 4.36 in 86% yield. The ester was reduced with DIBAL-H in 92% yield and
subsequently oxidized with DMP buffered with pyridine to give aldehyde 4.37 in 69% yield. An
a-methylenation proceeded to give enal 4.38 in 92% yield. This was followed by deprotection of
the TBS ether to give phenol substrate 4.39 in 80% vyield.
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Scheme 4.18. Synthesis of phenol-terminated substrate 4.39.

Substrate 4.39 was screened in the asymmetric polyene cyclization with catalyst 4.13
(Scheme 4.19). Under these conditions, product 4.40 was provided in 28% yield. The trapping was
either slower than we had expected or was reversible, and trapping of the cyclohexyl cation by
EtOH was competitive, providing product 4.41 in 65% yield. Low enantioselectivity was achieved

in the bicyclization, providing product 4.40 in 29% ee.

H i 4.13 (20 mol%) 5 OEt
O HCI (20 mol%) ¥
| EtOH,6h *
OHC ii. CHClyH,0iTFA O H OHC OH
4.39 4.40 4.41
Yield (% ee):  28% (29) 65%

Scheme 4.19. Polyene cyclization of phenol substrate 4.39 with catalyst 4.13.
4.9.6 Furan-terminated substrate

To investigate our hypothesis that substrates with strongly nucleophilic terminating groups
would cyclize with high enantioselectivity, we investigated substrate 4.44, which is terminated by

an electron-rich furan ring. The synthesis of substrate 4.44 followed the same route as that was
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used to synthesize (E)-polyene substrates in Chapters 2 and 3 (Scheme 4.20). The final steps in the
synthesis proceeded with a Suzuki cross-coupling between the hydroboration product of styrene
4.42 and iodide 2.32. Following deprotection of the TBS ether, alcohol 4.43 was isolated in 64%
yield. Oxidation of the alcohol with DMP buffered with pyridine provided substrate 4.44 in 86%

yield.
1.i. 9-BBN, THF, 0°C to rt — —
ii. 2.32, Pd(dppf)Cl, (10 mol %), O 0

NaOH (10 equiv.

\/@ (10equiv) oo I DMP, pyr. «

e} 2. TBAF, THF DCM OHC
64% over 2 steps 0°Ctort
4.42 4.43 4.44
86%

Scheme 4.20. Synthesis of furan-terminated substrate 4.45.

Substrate 4.44 was examined in the asymmetric polyene cyclization with catalyst 4.13
(Scheme 4.21). Under these reaction conditions, we found that the acid sensitivity of the furan
functional group resulted in a slightly diminished yield of product 4.45 (30% yield). However,
product 4.45 was obtained with high enantioselectivity (76% ee).

— i. 4.13 (20 mol%)
O HCI (20 mol%)
EtOH, 8 h
OHC ii. CSA, THF/H,O OHC
30%
4.44 0 4-45
76% ee

Scheme 4.21. Cyclization of furan-terminated substrate 4.44 with catalyst 4.13.

This result supported our hypothesis that substrates with more nucleophilic terminating
groups would cyclize with high enantioselectivity in the asymmetric (E)-polyene cyclization with
catalyst 4.13. To provide further support for our hypothesis, we have determined a range of
substrates to be assessed which we propose would cyclize with catalyst 4.13 to give trans-decalin

products with high enantioselectivity.
4.9.7 Future substrates

We have designed catalyst 4.13 in our investigation into the asymmetric iminium catalyzed
(E)-polyene cyclization, which has provided bicyclic products with high enantioselectivities with

the model (E)-polyene substrate 2.4 as well as furan-terminated substrate 4.44. The final steps in
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this project will be to finish the investigation into the scope and limitations of the reaction. In our
analysis of substrates that will potentially provide products with high enantioselectivities, we have
considered two criteria. Evidence has shown that strongly nucleophilic terminating groups, e.g.
those in substrates 2.4 and 4.44, are required to provide trans-decalin products with high
enantioselectivities. Therefore, this is the first criteria that we considered. Secondly, based on
computational models with catalyst 4.13, we presume that the terminating group needs to be
similar in size or smaller than the 3,5-dimethoxyphenyl in substrate 2.4. It is possible that
substrates with much larger terminating groups would not fit into the cage-like binding pocket of
the m-terphenyl moiety. The resulting steric interference could give a greater preference for the
distal conformations of the first transition state, which have been correlated with lower

enantioselectivities.

We suggest that the substrates shown in Figure 4.11 fulfill these two criteria. Substrates
2.47 and 2.48 are terminated by a strongly nucleophilic aromatic ring, with a methoxy and methyl
substituent para- or ortho- to the desired site of reactivity. Both substrates had a lower degree of
isomerization to give cis-decalin product in the racemic iminium-catalyzed (E)-polyene
cyclization (96:4 and 94:6 trans:cis, respectively). Therefore, they are expected to have shorter
lived cyclohexyl cation intermediates following the first ring closure. In addition, substrates with
these terminating groups provided cis-decalin product with high enantioselectivity in the (2)-
polyene cyclization, where the enantioselectivity was also correlated to the nucleophilicity of the
terminating group (albeit not to the same degree).

As substrate 4.44 provided product 4.45 with high enantioselectivity, we expect that
substrates terminated by more reactive heterocycles than furan will produce similar results. It is
known that electrophilic substitution of a 5-membered ring heterocycle will generally react faster
at the 2-position than that at the 3-position. Although rates vary depending on the nature of the
electrophile, general reactivity trends also indicate that pyrrole will react much faster than furan.*
Therefore, we presume that the cyclization of a substrate terminated by pyrrole at the 3- or 2-
positions (as in substrates 4.46 and 4.47) will proceed with high enantioselectivity. The reactivity
of these substrates could be modulated through a protecting group on the pyrrole nitrogen.

Reactivity trends for the electrophilic substitution of iron tricarbonyl-complexed

carbocation [CsH7Fe(CO)s]* suggest that electrophilic substitution of indole will occur at the 3-
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position at a faster rate than the electrophilic substitution of furan.'* Therefore, assuming similar
reactivity trends in the termination of the polyene cyclization, we expect that substrate 4.48 will

also cyclize with high enantioselectivity.

Reaction rates of the electrophilic substitution of indole and benzofuran at the 2-position
are generally slower than with the other heterocyclic terminating groups in Figure 4.11.%%
However, substrates terminated by these heterocycles proceeded with good enantioselectivity in
the iridium-catalyzed polyene cyclization, a reaction which was limited by the need for a strongly
nucleophilic terminating group.’® Therefore, we presume that substrates terminated by these
heterocycles (substrates 4.49, 4.50, and 4.51) will proceed with high enantioselectivity in the

asymmetric iminium-catalyzed (E)-polyene cyclization.

MeO OMe — RN \
o NR N
OHC OHC OHC OHC
2.47 2.48 4.46 4.47
MR X QU N
OHC OHC OHC OHC
4.48 4.49 4.50 4.51

Figure 4.11. Potential substrates for the asymmetric (E)-polyene cyclization.
4.10 Conclusions

In this chapter, we have performed DFT calculations to investigate the relative energies of
diastereomeric conformations of the transition state for the first ring closure in the asymmetric (E)-
polyene cyclization, which sets the first stereocenter. Through this investigation, we modelled a
catalyst with m-terphenyl substitution that showed a promising steric environment for the
induction of asymmetry. Using a modular synthetic route similar to that developed for aromatic
substituted cyclic hydrazides in Chapter 3, we synthesized a library of m-terphenyl catalysts with
substitution that had varied steric and electronic effects. The cyclization of model (E)-polyene
substrate 2.4 was investigated with this library of catalysts, the results of which are summarized in
Appendix |I. Catalyst 4.13, with 3,5-di-tert-butyl substitution on the m-terphenyl moiety, was
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identified as providing high enantioselectivity. With this catalyst, the reaction conditions were

optimized to provide trans-decalin product 2.5 in up to 80% ee.

Experimental investigation into the scope of the reaction with catalyst 4.13 has suggested
a correlation of the enantioselectivity with the nucleophilicity of the terminating group. DFT
calculations on the reaction profile of catalyst 4.13 with substrate 2.4, which is terminated by a
strongly nucleophilic aromatic ring, provided evidence towards a concerted second ring closure
with a lower energy arenium ion intermediate. The energy of the arenium intermediate suggested
that it is unlikely that deprotonation of this intermediate is the rate-limiting step. Based on these
calculations, the rate-limiting step is most likely the initial ring closure and we found that the

observed enantioselectivity was somewhat consistent with the AAG? for this step.

We further investigated the scope of the reaction, with the hypothesis that strongly
nucleophilic terminating groups are required to achieve high enantioselectivities. Substrate 4.44,
with an electron-rich terminating furan ring, provided trans-decalin product 4.45 in 76% ee. With
these results, we have identified several substrates that we propose would also cyclize to give
trans-decalin products with high enantioselectivity in the asymmetric (E)-polyene cyclization.

There is a significant number of natural products that contain a trans-decalin core, many
of which have medicinal relevance. The enantioselective (E)-polyene cyclization developed in this
chapter could be used to synthesize these natural products and other derivatives asymmetrically
from simple achiral precursors. In addition to promoting the asymmetric polyene cyclization, the
chiral catalyst developed has the potential for enantioinduction in other iminium-catalyzed

reactions.
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Contribution to knowledge and overall conclusion

This thesis investigates the scope and limitations of the first iminium catalyzed (E)-polyene
cyclization. The methodology developed uses mildly acidic conditions to activate enal substrates
and initiate the polyene cyclization, which is a complimentary approach to the widely used
initiation method by electrophilic activation of an alkene or an epoxide. With a 7-membered ring
hydrazide catalyst, the cyclization of (E)-polyene substrates terminated by aromatic rings of strong
to intermediate nucleophilicity proceeded in high yields. With the simple 7-membered ring
hydrazide catalyst, substrates with terminating groups of weaker nucleophilicities were unreactive
or resulted in monocyclic side products. Further research into this polyene cyclization could
investigate other terminating groups, such as enol ethers or alcohols, as well the extension of the

cyclization to yield tricyclic products.

In the biosynthetic polyene cyclization, evidence has suggested the stabilization of cationic
species through cation—r interactions with aromatic amino acid residues. Our initial strategy was
to incorporate extended aromatics into our catalyst design to effect enantioselectivity, either
through selective stabilization or steric differentiation of diastereomeric conformations of the
cationic transition state which sets the first stereocenter. The incorporation of extended aromatic
(anthracene) substitution into the cyclic hydrazide catalyst design provided negligible
enantioselectivity. However, the reactivity was drastically increased. With this more reactive
catalyst, we overcame some of the limitations of the reaction with the simple 7-membered ring
catalyst and achieved bicyclization of substrates with weakly nucleophilic terminating groups.
DFT calculations on the reaction mechanism suggested that the addition of anthracene substitution
on the catalyst stabilized all cationic species along the reaction pathway. Increasing catalyst
reactivity through the stabilization of intermediates and transition states is a useful strategy as it
avoids the need for more reactive initiating methods that limit compatible substrate functionality.
Evidence of stabilizing cation—= interactions with the incorporation of extended aromatics into
catalyst design for the polyene cyclization has only been reported in one other methodology that
incorporates a lactam ring into the bicyclic product.! In nature, there are many different polyene
cyclization pathways leading to a diverse group of terpene natural products. Catalysts that stabilize
cationic intermediates and transition states could potentially be used to access cyclization
pathways other than those leading to decalin systems, which would be an interesting direction for

future research.
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To determine a viable catalyst design for the asymmetric reaction, we computationally
modelled the transition state for the first ring closure, as this sets the first stereocenter in the final
product. The lowest energy conformation of this transition state with a m-terphenyl substituted
catalyst suggested that it could potentially provide high enantioselectivity in the polyene
cyclization. A library of m-terphenyl catalysts with varied electronic and steric effects was
synthesized and screened in the asymmetric iminium-catalyzed (E)-polyene cyclization. This has
resulted in the development of a catalyst with 3,5-di-tert-butyl substitution on the m-terphenyl
moiety that has promoted the cyclization of the model (E)-polyene substrate in up to 80% ee.
Investigations into the scope of the reaction have provided evidence of a correlation between the
nucleophilicity of the terminating group and the enantioselectivity observed. DFT studies on the
reaction mechanism have suggested that the first ring closure is the rate-limiting step with
substrates that cyclize with high enantioselectivity. However, it is possible that deprotonation of
the arenium ion is rate-limiting with substrates that cyclize with lower enantioselectivity,
potentially providing increased preference for pathways which erode the enantioselectivity.
Further research could investigate the kinetics of the deprotonation of the arenium ion and whether
this contributes to the lower enantioselectivity achieved in the cyclization of substrates with less

nucleophilic terminating groups.

In conclusion, we have investigated the scope and limitations of the first iminium-catalyzed
(E)-polyene cyclization and overcome some of these limitations by developing a catalyst with
improved reactivity. Furthermore, we have developed a catalyst that promotes the asymmetric
reaction with high enantioselectivity. This methodology promotes the cyclization of simple (E)-
polyene precursors to provide structurally complex trans-decalin products, a motif commonly seen
in terpene natural products. Therefore, this methodology has the potential applicability in the total

synthesis of these complex natural products.

1. Knowles, R. R.; Lin, S.; Jacobsen, E. N., Enantioselective Thiourea-Catalyzed Cationic
Polycyclizations. J. Am. Chem. Soc. 2010, 132 (14), 5030-5032.
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Chapter 5. Experimental Procedures

5.1. General Experimental

All reactions were performed under an inert argon atmosphere in oven- or flame-dried
round bottom flasks fitted with rubber septa and using magnetic stirring, unless otherwise stated.
Liquids and solutions were transferred via syringe or stainless-steel cannula under inert conditions.
Reactions were frequently monitored by thin-layer chromatography (TLC), which was carried out
on glass plates coated with 250 um of 230-400 mesh silica gel that had been saturated with F-254
indicator. TLC plates were visualized using ultraviolet light and/or by exposure to various staining
solutions followed by heating. Flash column chromatography was carried out on 230-400 mesh
silica gel (Silicycle) using reagent-grade solvents. Room temperature (rt) indicates a temperature

of approximately 22 °C.

All commercial reagents were used without further purification with the following
exceptions: tetrahydrofuran and diethyl ether were distilled from sodium/benzophenone ketyl
radical under a nitrogen atmosphere. Triethylamine was distilled from calcium hydride under a
nitrogen atmosphere. Dichloromethane was distilled from calcium hydride under a dry air
atmosphere. Pyridine, dimethylformamide, and dimethyl sulfoxide were stored over 4A molecular

sieves. Triphenylphosphine was recrystallized from methanol.

All polyene cyclization reactions were performed under air using reagent-grade solvents
out of the bottle.

IR spectra were obtained using a Perkin-Elmer Spectrum One FT-IR spectrophotometer.
NMR spectra were recorded on 400, 500 MHz Varian or 400, 500, 800 MHz Bruker spectrometers.
Some NMR experiments were recorded at the Quebec/Eastern Canada High Field NMR Facility,
supported by the Canada Foundation for Innovation, McGill University Faculty of Science and
Department of Chemistry. Chemical shifts () were internally referenced to the residual proton
resonance of chloroform-d (8 7.26 ppm). The following abbreviations were used for NMR peak
multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, sext = sextet, m = multiplet. Coupling
constants (J) are reported in Hertz (Hz). High-resolution mass spectrometry was conducted by Dr.
Nadim Saadé and Dr. Alexander Wahba in the Mass Spectrometry Facility in the Department of
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Chemistry, McGill University, using Thermo-Fisher Exactive Plus Orbitrap-APl and Bruker
Maxis APl QqTOF mass spectrometers.

The following known compounds were synthesized following literature procedures: ethyl
1,2-diazepane-1-carboxylate! (1.244), Dess-Martin periodinane?3,

Atom numbering for decalin compounds is based on IUPAC rules for the numbering of
steroids, except for the numbering in the compounds’ names, which uses general IUPAC

nomenclature (as assigned by PerkinEImer ChemDraw).
5.2. Experimental Procedures from Chapter 2

diethyl 3-methylenehexanedioate (5.1)

CO,Et
EtOzC/\"/\/ 2

To a solution of itaconic acid (6.02 g, 46.2 mmol) in MeOH (18 mL) was added concentrated
H>S04 (0.81 mL). The solution was brought to 70 °C and stirred for 18 h. The solution was then
cooled, diluted with water, and extracted with EtOAc (3 x 20 mL). Combined organic layers were
washed with brine, dried with MgSOs, filtered, and concentrated to obtain diethyl 3-
methylenehexanedioate. Product was isolated as a colourless oil (7.06 g, 44.6 mmol, 96% yield)
and used without further purification. Spectroscopic data were in accordance with previously

reported literature.”

2-methylenebutane-1,4-diol (2.19)

OH
HO/\"/\/

To a stirred solution of diethyl 3-methylenehexanedioate (5.09 g, 32.2 mmol) in THF (150 mL) at
—78 °C was added DIBAL-H (1.0 M in DCM 140 mL, 140 mmol) dropwise. The solution was
stirred for 2 h, then quenched water (5.6 mL), 15% KOH (5.6 mL), then water (14 mL) and let stir
for 20 minutes. The solution was dried with MgSO4 and filtered through celite. The filtrate was
concentrated to provide 2-methylenebutane-1,4-diol, which was isolated as a colourless oil (2.94
g, 28.8 mmol, 89% vyield) and used without further purification. Spectroscopic data were in

accordance with previously reported literature.®
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3-(((tert-butyldimethylsilyl)oxy)methyl)but-3-en-1-ol (2.21)

TBSO/\"/\/OH

To a stirred solution of NaH (60% dispersion in mineral oil, 514 mg, 5.0 mmol) in THF (15 mL)
at —78 °C was added a solution of 2-methylenebutane-1,4-diol (2.17) in THF (5 mL). The solution
was stirred for 1 h, then TBSCI (789 mg, 5.2 mmol) in THF (5 mL) was added and the resulting
solution was stirred for 3 h. The solution was quenched with water, extracted with EtOAc (3 x 20
mL). Combined organic layers were washed with brine, dried with MgSOQOa, filtered, and
concentrated. The crude product was redissolved in DCM (40 mL), MnO- (9.5 g) was added, and
the slurry was stirred for 24 h. The mixture was filtered through celite. The filtrate was
concentrated and purified by silica gel column chromatography (gradient from 80:20 hexanes/Et.O
to 75:25 hexanes/Et20) to obtain 3-(((tert-butyldimethylsilyl)oxy)methyl)but-3-en-1-ol, which
was isolated as a colourless oil (221 mg, 1.0 mmol, 20% vyield). Spectroscopic data were in

accordance with previously reported literature.®

tert-butyl(4-iodo-2-methylenebutoxy)dimethylsilane (2.17)

TBSO/ﬁr\/ !

To a stirred solution of 3-(((tert-butyldimethylsilyl)oxy)methyl)but-3-en-1-ol (221 mg, 1.0 mmol)
in THF (10 mL) at 0 °C was added imidazole (171 mg, 2.5 mmol), PPhs (320.9 mg, 1.2 mmol),
and I> (308 mg, 1.2 mmol). The solution was stirred for 1 h, diluted with hexanes and filtered
through a silica plug (eluting with 8:1 hexanes/Et,0). The filtrate was concentrated to obtain tert-
butyl(4-iodo-2-methylenebutoxy)dimethylsilane, which was isolated as a yellow oil (331 mg, 1.0
mmol, 99% yield). Spectroscopic data were in accordance with previously reported literature.®

(E)-4-iodo-3-methylbut-3-en-1-ol (2.28)

|

To a stirred solution of Cp2ZrCl2 (836 mg, 2.9 mmol) in DCM (40 mL) at 0 °C was added AlMe3
(2.0 M in toluene, 18 mL, 36 mmol). The solution was brought to room temperature and let stir
for 20 minutes, then brought to 0 °C and 1-butynol (700 L, 14.3 mmol) in DCM (10 mL) was
added. The solution was brought to room temperature and let stir for 17 h, the brought to —40 °C
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and a solution of 1> (4.42 g, 17.4 mmol) in THF (20 mL) was added. The solution was brought to
room temperature and stirred for 2 h, then quenched with water at 0 °C. The aqueous layer was
extracted with Et2O (40 mL), then brought to pH 4 with 10% HCI and extracted with Et,O (2 x 40
mL). ). The combined organic layers were washed with brine, dried with MgSQsa, filtered, and
concentrated. The crude extracts were purified by silica gel column chromatography (gradient
from hexanes to 80:20 hexanes/EtOAc) to obtain (E)-4-iodo-3-methylbut-3-en-1-ol, which was
isolated as a colourless oil (1.13 g, 5.3 mmol, 37% yield over 2 steps). Spectroscopic data were in
accordance with previously reported literature.’

ethyl (E)-6-iodo-5-methyl-2-methylenehex-5-enoate (2.31)

To a stirred solution of PPhz (3.37 g, 12.8 mmol) in DCM (10 mL) at 0 °C was added bromine
(600 pL, 11.7 mmol). The solution was stirred for 10 minutes, then a solution of (E)-4-iodo-3-
methylbut-3-en-1-ol (2.08 g, 9.8 mmol) in DCM (40 mL) was added. The solution was stirred for

1 h, then concentrated. The crude bromide was purified by a silica gel plug (eluted with hexanes).

Following the procedure of Serebryakov et al®: To a stirred solution of NaH (60% dispersion in
mineral oil, 622 mg, 15.5 mmol) in DMSO (16 mL) at 0 °C was added triethyl phosphonoacetate
(3.0 mL, 15.5 mmol) dropwise. When bubbling ceased, the solution was added to the bromide
formed in the previous step. The solution was brought to 50 °C and stirred for 2 h. The solution
was cooled to room temperature and K2.COz (3.25 g, 23.2 mmol) and formaldehyde (37% in water,
3.5mL, 47.0 mmol) were added. The mixture was brought to 60 °C and let stir for 1 h. The solution
was diluted with water and extracted with Et2O (3 x 20 mL). The combined organic layers were
washed with brine, dried with MgSOs, filtered, and concentrated. The crude extracts were purified
by silica gel column chromatography (gradient from hexanes to 95:5 hexanes/ethyl acetate) to
obtain ethyl (E)-6-iodo-5-methyl-2-methylenehex-5-enoate, which was isolated as a colourless oil
(1.67 g, 5.7 mmol, 58% yield over 2 steps. IR (Film) 3057, 2980, 2930, 2854, 1712, 1630, 1445,
1408, 1369, 1306, 1267, 1185, 1134, 1095, 1025, 943, 888, 863, 843, 815, 780, 682, 662 cm™; 1H
NMR (500 MHz, CDCl3) 6 = 6.15 (d, J = 1.2 Hz, 1 H), 5.90 (g, J = 0.9 Hz, 1 H), 5.51 (d, J = 1.2
Hz, 1 H), 4.20 (qt, J = 7.1, 1.4 Hz, 2 H), 2.44 (t, ] = 8.0 Hz, 2 H), 2.37 (t, J = 8.0 Hz, 2 H), 1.85 (d,
J=0.9Hz, 3H),1.30(tt, J=7.0, 1.5 Hz, 3 H) ppm; 3C NMR (125 MHz, CDCl3) § = 166.8, 146.9,
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139.7, 125.2, 75.5, 60.7, 38.6, 30.3, 23.8, 14.2 ppm; MS (ESI) exact mass calculated for [M+Na]
(C10H15INaOy) requires m/z 317.0009, found m/z 317.0007.

(E)-6-iodo-5-methyl-2-methylenehex-5-en-1-ol (5.2)

Ho/\”/\)\/'

To a stirred solution of ethyl (E)-6-iodo-5-methyl-2-methylenehex-5-enoate (1.55 g, 5.3 mmol) in
THF (20 mL) at 0 °C was added DIBAL-H (25 wt. % in toluene, 8 mL, 11.6 mmol) dropwise. The
solution was stirred for 3 h, then quenched with a saturated solution of Rochelle’s salt. The mixture
was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with brine,
dried with MgSOs, filtered and concentrated. The crude extracts were purified by silica gel column
chromatography (gradient from hexanes to 80:20 hexanes/EtOAC) to obtain (E)-6-iodo-5-methyl-
2-methylenehex-5-en-1-ol, which was isolated as a colourless oil (1.24 g, 4.9 mmol, 93% vyield).
IR (Film) 3378, 3058, 2979, 2914, 2853, 1712, 1653, 1629, 1446, 1409, 1374, 1290, 1268, 1189,
1138, 1094, 1065, 1024, 945, 898, 864, 815, 780, 764, 742, 665, 598, 579 cm™; *H NMR (400
MHz, CDCl3) 6=5.93(d,J=0.9 Hz, 1 H), 5.06 (s, 1 H), 4.88 (d,J=1.1 Hz, 1 H), 4.08 (d,J=5.9
Hz, 2 H), 2.38 (dd, J =8.4, 7.1 Hz, 2 H), 2.22 (dd, J=8.4, 7.1 Hz, 2 H), 1.86 (s, 3 H), 1.39 (t,J =
6.1 Hz, 1 H) ppm; 3C NMR (125 MHz, CDCls) = 147.8, 147.4, 110.2, 75.2, 65.9, 37.9, 31.1,
23.9 ppm; MS (ESI) exact mass calculated for [M+Na] (CsH13INaO) requires m/z 274.9903, found
m/z 274.9906.

(E)-tert-butyl((6-iodo-5-methyl-2-methylenehex-5-en-1-yl)oxy)dimethylsilane (2.32)

|
TBSO/W(\)\/

To a stirred solution of (E)-6-iodo-5-methyl-2-methylenehex-5-en-1-ol (1.30 g, 5.2 mmol) in
DCM (20 mL) was added imidazole (717 mg, 10.5 mmol) and TBSCI (872 mg, 10.3 mmol). The
resulting solution was stirred for 3 h, then concentrated and purified by silica gel column
chromatography (gradient from hexanes to 93:7 hexanes/ethyl acetate) to obtain (E)-tert-butyl((6-
iodo-5-methyl-2-methylenehex-5-en-1-yl)oxy)dimethylsilane, which was isolated as a colourless
oil (1.7617 g, 4.8 mmol, 93% yield). IR (Film) 3075, 3056, 2953, 2928, 2895, 2856, 1654, 1618,
1471, 1462, 1388, 1377, 1361, 1252, 1141, 1107, 1081, 1006, 939, 899, 834, 774, 738, 705, 667,
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583, 509 cm™; 'H NMR (400 MHz, CDCl3) 6 = 5.91 (d, J = 1.0 Hz, 1 H), 5.04 (s, 1 H), 4.82 (d, J
= 1.2 Hz, 1 H), 4.07 (s, 2 H), 2.36 (dd, J = 8.8, 6.8 Hz, 2 H), 2.16 (dd, J = 8.7, 7.0 Hz, 2 H), 1.86
(d, J = 0.6 Hz, 3 H), 0.92 (s, 9 H), 0.09 (s, 6 H) ppm; ¥C NMR (125 MHz, CDCls) & = 147.6,
147.6, 109.3, 75.0, 65.9, 38.0, 30.9, 25.9, 23.9, 18.4, -5.3 ppm; MS (ESI) exact mass calculated
for [M+Na] (C14H27INaOSi) requires m/z 389.0768, found m/z 389.0775.

Phy(Me)P*Br,
f
O G
OHC Et,0 A

Synthesis of vinylarenes (general procedure A)

To a stirred suspension of methyltriphenylphosphonium bromide (1.82 g, 5.1 mmol) in Et2O (20
mL) at 0 °C was added potassium tert-butoxide (505 mg, 4.5 mmol). The mixture was stirred 15
minutes and became bright yellow. A solution of aryl aldehyde (3.0 mmol) in Et2O (10 mL) was
added dropwise. The reaction mixture was removed from cooling, stirred overnight, cooled to 0
°C, and quenched with saturated aqueous NH4Cl (12 mL). The aqueous layer was diluted with
water (6 mL) and extracted with Et2O (2 x 12 mL). The organic layer and ether extracts were
combined, washed with water and brine, dried with MgSOa, filtered, concentrated, and purified by
flash chromatography to give the vinylarene.

A BFK
Cs,CO5 (3 eq.)

/@ Pd(dppf)Cl, (5 moI%)\/@
R > R
Br THF/H,O S

Synthesis of vinylarenes (general procedure B)

Following a modified procedure of Molander et al.®: To a 10 mL microwave vial containing aryl
bromide, Pd(dppf)Cl,, CsCOg, and vinyl trifluoroborate was added THF:H20 (9:1). The solution
was brought to 85 °C and let stir for 21 h. The reaction quenched with water (5 mL) and extracted
with Et,0 (2 x 10 mL). The organic layer and ether extracts were combined, washed with brine,
dried with MgSOs, filtered, concentrated, and purified by flash chromatography to give the

vinylarene.
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1,3-dimethoxy-5-vinylbenzene (5.3)

\/@\OMG

From 3,5-dimethoxybenzaldehyde (6.0 mmol), general procedure A was followed to give, after
flash chromatography (gradient from 99:1 to 97:3 hexanes/EtOAc), 950 mg (5.8 mmol) of product
5.3 as a colourless oil (96% yield). Spectroscopic data were in accordance with previously reported

literature.1°

1,3-dimethyl-5-vinylbenzene (5.4)

A

From 3,5-dimethylbenzaldehyde (3.0 mmol), general procedure A was followed to give, after flash
chromatography (gradient from 97:3 to 95:5 pentane/DCM), 323 mg (2.4 mmol) of product 5.4 as
a colourless oil (81% yield). Spectroscopic data were in accordance with previously reported

literature.!
4-methoxy-1-methyl-2-vinylbenzene (5.5)

OMe

From 5-methoxy-2-methylbenzaldehyde (1.6 mmol), general procedure A was followed to give,
after flash chromatography (gradient from 96:4 to 92:8 hexanes/DCM), 217 mg (1.5 mmol) of
product 5.5 as a colourless oil (89% yield). Spectroscopic data were in accordance with previously

reported literature.'?
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1-methoxy-2-methyl-3-vinylbenzene (5.6)

X ; OMe

From 3-methoxy-2-methylbenzaldehyde (3.0 mmol), general procedure A was followed to give,
after flash chromatography (gradient from 96:4 to 92:8 hexanes/DCM), 384 mg (2.6 mmol) of
product 5.6 as a colourless oil (86% yield). Spectroscopic data were in accordance with previously

reported literature.®
1,2,3-trimethoxy-5-vinylbenzene (5.7)

OMe
X OMe
From 3,4,5-trimethoxybenzaldehyde (3.0 mmol), general procedure A was followed with the
following modification: the aryl aldehyde was added as a solution in 5:1 Et,O/DCM (12 mL).
Purification by flash chromatography (gradient from 97:3 to 93:7 hexanes/EtOAc) gave 574 mg

(3.0 mmol) of product 5.7 as a colourless oil (98% yield). Spectroscopic data were in accordance

with previously reported literature.'*
1,2,3-trimethoxy-4-vinylbenzene (5.8)
OMe
\/QEOMe
OMe

From 2,3,4-trimethoxybenzaldehyde (2.9 mmol), general procedure A was followed to give, after
flash chromatography (gradient from 50:50 to 70:30 DCM/pentane), 545 mg (2.8 mmol) of product
5.8 asacolourless oil (97% yield). Spectroscopic data were in accordance with previously reported

literature.®

188



2-vinylthiophene (5.9)

| A\
XS
From thiophene-2-carbaldehyde (3.0 mmol), general procedure A was followed to give, after flash
chromatography (pentane), 188 mg (1.7 mmol) of product 5.9 as a colourless oil (57% yield).

Spectroscopic data were in accordance with previously reported literature.®
3-methyl-4-vinylthiophene (5.10)

S
\l/

From 3-bromo-4-methylthiophene (0.40 mmol), general procedure B was followed to give, after
flash chromatography (pentane), 120 mg (1.6 mmol) of product 5.10 as a colourless oil (34%

yield). Spectroscopic data were in accordance with previously reported literature. 8

2-vinylbenzofuran (5.11)

S o)

From benzofuran-2-carbaldehyde (3.0 mmol), general procedure A was followed to give, after
flash chromatography (gradient from 95:5 to 92:8 pentane/DCM), 386 mg (2.7 mmol) of product
5.11 as a yellow oil (89% yield). Spectroscopic data were in accordance with previously reported

literature.t’
Synthesis of (E)-polyene alcohols (general procedure C)

Following the procedure of Zhao et al'®: To a stirred solution of vinylarene (1.1 mmol) in
tetrahydrofuran (400 pL) at 0 °C was added a solution of 9-BBN (0.5 M in THF, 2.1 mL, 1.1
mmol). The mixture was brought to room temperature and stirred for 18 h. When the hydroboration
was complete, the reaction was cooled to 0 °C and Pd(dppf)Cl. (40 mg, 0.054 mmol), NaOH (216
mg, 5.4 mmol), and a solution of (E)-tert-butyl((6-iodo-5-methyl-2-methylenehex-5-en-1-
yloxy)dimethylsilane (198 mg, 0.54 mmol) in THF (400 pL) were added sequentially. The

mixture was brought to room temperature and stirred for 22 h. The reaction was quenched with
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saturated aqueous NH4Cl and extracted with EtOAc (3 x 10 mL). The combined organic layers
were washed with brine, dried with MgSOQsa, filtered, and concentrated. The crude extracts were
purified by silica gel column chromatography (gradient from hexanes to 94:6 hexanes/EtOACc) to

obtain coupling product.

To a stirred solution of coupled product in THF was added a solution of TBAF (1.0 M in
THF, 1.1 mL, 1.1 mmol) was added and the resulting solution was stirred for 1 h. The reaction
was quenched with saturated aqueous NaHCO3 and extracted with EtOAc (3 x 10 mL). The
combined organic layers were washed with brine, dried with MgSOsu, filtered, and concentrated.
The crude extracts were purified by silica gel column chromatography (gradient from hexanes to
70:30 hexanes/EtOAC) to obtain alcohol product.

(E)-8-(3,5-dimethoxyphenyl)-5-methyl-2-methyleneoct-5-en-1-ol (2.34)

MeO OMe

HO N

Followed general procedure C from 3,5-dimethoxystyrene on a 0.54 mmol scale and purified using
silica gel column chromatography to give 98 mg (0.38 mmol, 70% vyield over 2 steps) of (E)-8-
(3,5-dimethoxyphenyl)-5-methyl-2-methyleneoct-5-en-1-ol as a colourless oil. IR (Film) 3393,
3083, 2933, 2838, 1594, 1459, 1428, 1204, 1148, 1065, 1026, 896, 829, 736, 694 cm™; 'H NMR
(500 MHz, CDCl3) 8 =6.36 (d, J =2.2 Hz, 2 H), 6.31 (t,J =2.2 Hz, 1 H), 5.20 (t, = 6.9 Hz, 1 H),
5.02 (d,J=1.1Hz,1H),4.86 (s, 1 H), 4.05 (s, 2 H), 3.78 (s, 6 H), 2.59 (t, J = 7.7 Hz, 2 H), 2.31
(td, J = 7.5, 6.8 Hz, 2 H), 2.15 (bs, 4 H), 2.09 (s, 1 H), 1.60 (s, 3 H) ppm; *C NMR (125 MHz,
CDCl3) 6=160.5, 148.7, 144.6, 135.2, 123.8, 109.0, 106.5, 97.5, 65.6, 55.1,37.7,36.2, 31.4, 29.5,
15.8 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C1sH2s6NaO3) requires m/z 313.1774,
found m/z 313.1784.
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(E)-8-(3,5-dimethylphenyl)-5-methyl-2-methyleneoct-5-en-1-ol (2.35)

HO ™

Followed general procedure C from 3,5-dimethylstyrene on a 0.54 mmol scale and purified using
silica gel column chromatography to give 119 mg (0.46 mmol, 82% yield over 2 steps) of (E)-8-
(3,5-dimethylphenyl)-5-methyl-2-methyleneoct-5-en-1-ol as a colourless oil. IR (Film) 3318,
3012, 2917, 2854, 1653, 1605, 1449, 1378, 1061, 1023, 895, 842, 701 cm™; *H NMR (400 MHz,
CDClI3) 6 = 6.84 (bs, 1H), 6.82 (bs, 2 H), 5.22 (t,J = 7.0 Hz, 1 H), 5.02 (d, J = 1.2 Hz, 1 H), 4.88
(s, 1 H), 4.07 (d, J = 5.0 Hz, 2 H), 2.57 (t, J = 7.9 Hz, 2 H), 2.30 (m, 8 H), 2.16 (bs, 4 H), 1.60 (s,
3 H), 1.39 (t, J = 5.1 Hz, 1 H) ppm; 2C NMR (125 MHz, CDCl3) § = 149.0, 142.2, 138.0, 135.1,
127.3, 126.3, 124.3, 109.4, 66.0, 38.0, 35.9, 31.6, 30.0, 21.3, 15.9 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C1sH24NaO) requires m/z 279.1719, found m/z 279.1712.

(E)-8-(5-methoxy-2-methylphenyl)-5-methyl-2-methyleneoct-5-en-1-ol (2.36)

MeO

HO ™

Followed general procedure C from 4-methoxy-2-methylstyrene on a 0.54 mmol scale and purified
using silica gel column chromatography to give 103 mg (0.38 mmol, 70% yield over 2 steps) of
(E)-8-(5-methoxy-2-methylphenyl)-5-methyl-2-methyleneoct-5-en-1-ol as a colourless oil. IR
(Film) 3452, 3053, 1936, 2865, 2837, 1652, 1608, 1579, 1498, 1454, 1383, 1303, 1265, 1208,
1161, 1114, 1045, 896, 854, 803, 704 cm™; *H NMR (500 MHz, CDCl3) § = 7.07 (d, ] = 8.2 Hz,
1 H), 6.74 (d, J = 2.3 Hz, 1 H), 6.69 (dd, J = 8.2, 2.4 Hz, 1 H), 5.26 (t, J = 7.0 Hz, 1 H), 5.06 (s, 1
H), 4.90 (s, 1 H), 4.09 (s, 2 H), 3.80 (s, 3 H), 2.62 (t, J = 7.6 Hz, 2 H), 2.30 (m, 5 H), 2.18 (s, 4 H),
2.06 (s, 1 H), 1.62 (s, 3 H) ppm; ¥C NMR (125 MHz, CDCls) § = 157.6, 148.8, 141.5, 135.2,
130.6,127.9, 123.9, 114.8, 110.5, 109.1, 65.7, 55.1, 37.8, 33.5, 31.4, 28.4, 18.3, 15.8 ppm; HRMS
(ESI) exact mass calculated for [M+Na] (CisH2s6NaO2) requires m/z 297.1825, found m/z
297.1815.

191



(E)-8-(3-methoxy-2-methylphenyl)-5-methyl-2-methyleneoct-5-en-1-ol (2.37)

OMe

HO A

Followed general procedure C from 3-methoxy-2-methylstyrene on a 0.54 mmol scale and purified
using silica gel column chromatography to give 101 mg (0.36 mmol, 67% yield over 2 steps) of
(E)-8-(3-methoxy-2-methylphenyl)-5-methyl-2-methyleneoct-5-en-1-ol as a colourless oil. IR
(Film) 3327, 3071, 2932, 2861, 2837, 1653, 1584, 1463, 1438, 1380, 1310, 1252, 1192, 1168,
1142, 1101, 1018, 895, 835, 778, 719, 678 cm™*; 'H NMR (500 MHz, CDCl3) 6 =7.12 (dd, J = 7.8,
7.8Hz,1H),6.81(d,J=7.7Hz,1H),6.74 (d, J =8.0 Hz, 1 H), 5.27 (t, J = 7.0 Hz, 1 H), 5.05 (s,
1 H), 4.90 (s, 1 H), 4.09 (s, 2 H), 3.84 (s, 3 H), 2.66 (t, J = 7.6 Hz, 2 H), 2.29 (td, J = 7.6, 7.1 Hz,
2 H),2.23 (s, 3H),2.18 (s, 4 H), 1.83 (s, 1 H), 1.62 (s, 3 H) ppm; 3C NMR (125 MHz, CDCls) §
=157.6,148.8,141.7,135.1, 125.8, 124.4, 124.1, 121.4, 109.2, 107.8, 65.8, 55.4, 37.9, 33.6, 31.4,
28.8, 15.8, 11.2 ppm; HRMS (APCI) exact mass calculated for [M+H] (C1gH2702) requires m/z
267.1390, found m/z 267.1389.

(E)-5-methyl-2-methylene-8-(3,4,5-trimethoxyphenyl)oct-5-en-1-ol (2.38)

OMe
MeO OMe

HO ™

Followed general procedure C from 3,4,5-trimethoxystyrene on a 0.54 mmol scale and purified
using silica gel column chromatography to give 144 mg (0.46 mmol, 86% yield over 2 steps) of
(E)-5-methyl-2-methylene-8-(3,4,5-trimethoxyphenyl)oct-5-en-1-ol as a colourless oil. . IR (Film)
3433, 3042, 2984, 2936, 2839, 1590, 1508, 1457, 1420, 1342, 1323, 1238, 1183, 1127, 1010, 896,
826, 778 cm™; 'H NMR (500 MHz, CDCl3) § = 6.41 (s, 2 H), 5.20 (t, ] = 7.0 Hz, 1 H), 5.02 (d, J
=1.2,1H),4.87(d,J=1.0Hz, 1 H), 4.07 (d, J =5.2 Hz, 2 H), 3.86 (s, 6 H), 3.83 (s, 3 H), 2.59 (t,
J=8.1Hz 2H),231(td, J=7.2,8.1Hz, 2 H), 2.16 (5, 4 H), 1.60 (s, 3 H), 1.38 (t, = 5.4 Hz, 1
H) ppm; 3C NMR (125 MHz, CDCl3s) § = 152.8, 148.7, 137.9, 135.9, 135.3, 123.8, 109.1, 105.2,
65.6, 60.7, 55.9, 37.8, 36.2, 31.4, 29.7, 15.8 ppm; HRMS (APCI) exact mass calculated for [M+H]
(C19H2904) requires m/z 321.2060, found m/z 321.2059.
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(E)-5-methyl-2-methylene-8-(2,3,4-trimethoxyphenyl)oct-5-en-1-ol (2.39)

OMe
OMe

| OMe
HO A

Followed general procedure C from 2,3,4-trimethoxystyrene on a 0.54 mmol scale and purified
using silica gel column chromatography to give 132 mg (0.41 mmol, 72% yield over 2 steps) of
(E)-5-methyl-2-methylene-8-(2,3,4-trimethoxyphenyl)oct-5-en-1-ol as a colourless oil. IR (Film)
3461, 3054, 2938, 2853, 1653, 1602, 1494, 1466, 1417, 1265, 1232, 1199, 1144, 1099, 1049, 1018,
899, 800, 703 cm™*; 'H NMR (500 MHz, CDCl3) 6 = 6.81 (d, J = 8.5 Hz, 1 H), 6.59 (d, ] = 8.5 Hz,
1 H), 5.21 (t, J = 7.0 Hz, 1 H), 5.00 (d, J = 1.3 Hz, 1 H), 4.84 (d, 1.2 Hz, 1 H), 4.05 (s, 2 H), 3.87
(s,3H),3.86(s,3H),3.82(s,3H), 256 (t,J=7.7Hz, 2 H), 2.24 (td, J = 7.5, 7.2 Hz, 2 H), 2.13
(m, 4H), 1.98 (s, 1 H), 1.58 (s, 3 H) ppm; *C NMR (125 MHz, CDCl3) 6 = 151.8, 151.7, 148.8,
142.1,135.0, 128.1, 124.2, 123.7, 109.1, 107.0, 65.7, 60.8, 60.6, 55.9, 37.8, 31.4, 29.7, 29.1, 15.8
ppm; HRMS (APCI) exact mass calculated for [M+H] (C19H2904) requires m/z 321.2060, found
m/z 321.2062.

(E)-5-methyl-2-methylene-8-(naphthalen-1-yl)oct-5-en-1-ol (2.40)

40

Followed general procedure C from 1-vinylnaphthalene on a 0.54 mmol scale and purified using

HO ™

silica gel column chromatography to give 76 mg (0.27 mmol, 51% vyield over 2 steps) of (E)-5-
methyl-2-methylene-8-(naphthalen-1-yl)oct-5-en-1-ol as a yellow oil. IR (Film) 3398, 3065, 3046,
2926, 2854, 1718, 1654, 1596, 1509, 1448, 1395, 1166, 1061, 1019, 898, 797, 777 cm; IH NMR
(400 MHz, CDCl3) & = 8.06 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1 H), 7.71 (d, J = 8.0 Hz, 1
H), 7.51 (m, 2H), 7.40 (dd, J = 7.6, 7.6 Hz, 1 H), 7.32 (d, J= 6.9 Hz, 1 H), 5.31 (t, J = 7.1 Hz, 1
H), 5.04 (d, 1.5 Hz, 1 H), 4.88 (s, 1 H), 4.08 (d, J = 6.3 Hz, 2 H), 3.10 (t, J = 7.6, 2 H), 2.46 (td, J
=7.4,6.9 Hz, 2H), 2.15 (s, 4H), 1.56 (s, 3H), 1.32 (t, J = 6.1 Hz, 1H) ppm; 3C NMR (125 MHz,
CDCIz) 6 = 148.9, 138.3, 135.4, 133.8, 131.9, 128.8, 126.5, 126.0, 125.7, 125.5, 125.4, 124.2,
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123.8, 109.4, 66.0, 38.0, 33.1, 31.5, 29.2, 16.0 ppm; HRMS (ESI) exact mass calculated for
[M+Na] (C20H24NaO) requires m/z 303.1719, found m/z 303.17009.

(E)-5-methyl-2-methylene-8-(thiophen-2-yl)oct-5-en-1-ol (2.41)

S

HO ™

Followed general procedure C from 2-vinylthiophene on a 0.54 mmol scale and purified using
silica gel column chromatography to give 74 mg (0.32 mmol, 59% vyield over 2 steps) of (E)-5-
methyl-2-methylene-8-(thiophen-2-yl)oct-5-en-1-ol as a colourless oil. IR (Film) 3319, 3099,
3071, 2921, 1651, 1439, 1383, 1237, 1060, 1025, 897, 849, 822, 692 cm™; 'H NMR (500 MHz,
CDCl3) 6 =7.12 (dd, J = 5.1, 1.2 Hz, 1 H), 6.92 (dd, J =5.1, 3.4 Hz, 1 H), 6.80 (dd, J = 3.4, 1.0
Hz, 1 H), 5.22 (td, J = 6.8, 0.8 Hz, 1 H), 5.02 (d, J = 1.2 Hz, 1 H), 4.88 (d, J = 1.1 Hz, 1 H), 4.07
(s,2H),2.87(t,J=7.7Hz, 2 H),2.38 (td, J = 7.6, 6.9 Hz, 2 H), 2.17 (bs, 4 H), 1.62 (s, 4 H) ppm;
13C NMR (125 MHz, CDCls) & = 148.8, 145.1, 135.8, 126.5, 124.0, 123.5, 122.9, 109.3, 65.8,
37.8, 31.4, 30.0, 30.0, 16.0 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C14H20NaOS)
requires m/z 259.1127, found m/z 259.1125.

(E)-5-methyl-2-methylene-8-(4-methylthiophen-3-yl)oct-5-en-1-ol (2.42)

Followed general procedure C from 2-vinylthiophene on a 0.54 mmol scale and purified using
silica gel column chromatography to give 82 mg (0.33 mmol, 62% vyield over 2 steps) of (E)-5-
methyl-2-methylene-8-(4-methylthiophen-3-yl)oct-5-en-1-ol as a colourless oil. IR (Film) 3330,
3085, 2921, 2856, 1652, 1445, 1383, 1060, 1022, 896, 861 cm™; *H NMR (500 MHz, CDCl3) § =
6.90 (m, 2 H), 5.25 (t, J = 6.8 Hz, 1 H), 5.04 (d, J = 1.2 Hz, 1 H), 4.89 (d, J = 1.0 Hz, 1 H), 4.08
(s,2H),2.57 (t,J=8.3 Hz, 2 H), 2.33 (td, J = 8.3, 6.8 Hz, 2 H), 2.20 (s, 3H), 2.18 (bs, 4 H), 1.75
(s, 1 H), 1.63 (s, 3H) ppm; *C NMR (125 MHz, CDCls) § = 148.8, 141.7, 136.9, 135.3, 124.0,
120.7, 120.2, 109.3, 65.8, 37.8, 31.4, 29.0, 27.8, 15.8, 14.4 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C1sH22NaOS) requires m/z 273.1284, found m/z 273.1279.
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(E)-5-methyl-2-methylene-8-(1-tosyl-1H-pyrrol-2-yl)oct-5-en-1-ol (2.43)

—

. NTs

HO ™

Followed general procedure C from 1-tosyl-2-vinyl-1H-pyrrole on a 0.54 mmol scale and purified
using silica gel column chromatography to give 74 mg (0.32 mmol, 59% yield over 2 steps) of (E)-
5-methyl-2-methylene-8-(1-tosyl-1H-pyrrol-2-yl)oct-5-en-1-ol as a colourless oil. IR (Film) 3555,
3373, 3155, 2922, 2855, 1652, 1597, 1448, 1362, 1185, 10990, 1053 cm™; *H NMR (500 MHz,
CDCl3) 6=17.62 (d,J=8.8 Hz, 2 H), 7.27 (m, 3 H), 6.18 (dd, J = 3.3, 3.3 Hz, 1 H), 5.97 (m, 1 H),
5.11 (t,J = 6.9 Hz, 1 H), 5.01 (d, J = 1.1 Hz, 1 H), 4.85 (d, J = 1.0 Hz, 1 H), 4.05 (s, 2 H), 2.68 (t,
J=8.0Hz, 2 H), 2.38 (s, 3 H), 2.25 (td, J = 8.0, 7.0 Hz, 2 H), 2.12 (m, 4 H), 1.78 (bs, 1 H), 1.56
(s, 3 H) ppm; 3C NMR (125 MHz, CDCl3) 6 = 148.8, 144.6, 136.4, 135.6, 135.3, 128.9, 126.6,
123.5,122.2,112.0,111.2,109.2, 65.7, 37.8, 31.3, 27.2, 27.0, 21.5, 15.8 ppm; HRMS (ESI) exact
mass calculated for [M+Na] (C21H27NNaOsS) requires m/z 396.1604, found m/z 396.1600.

(E)-8-(benzofuran-2-yl)-5-methyl-2-methyleneoct-5-en-1-ol (2.44)

O

HO ™

Followed general procedure C from 2-vinylbenzofuran on a 0.54 mmol scale and purified using
silica gel column chromatography to give 74 mg (0.26 mmol, 49% vyield over 2 steps) of (E)-8-
(benzofuran-2-yl)-5-methyl-2-methyleneoct-5-en-1-ol as a colourless oil. IR (Film) 3328, 3067,
3040, 2917, 2855, 1653, 1601, 1587, 1455, 1383, 1320, 1252, 1177, 1141, 1104, 1059, 1010, 944,
896, 795, 750, 704 cm™; *H NMR (500 MHz, CDCl3) § = 7.50 (dd, ] = 6.9, 1.4 Hz, 1 H), 7.44 (d,
J=7.9Hz,1H),7.21(m, 2H),6.42 (s, 1 H),5.24 (t, J=7.2 Hz, 1 H), 5.00 (s, 1 H), 4.87 (s, L H),
4.05 (s, 2 H), 2.82 (t, J = 7.6 Hz, 2 H), 2.48 (td, J = 7.6, 7.1 Hz, 2 H), 2.16 (s, 4 H), 1.67 (5, 1 H),
1.65 (s, 3 H) ppm; C NMR (125 MHz, CDCls) & = 159.1, 154.6, 148.7, 135.9, 128.9, 123.2,
123.0,122.3,120.1, 110.6, 109.3, 102.0, 65.8, 37.8, 31.4, 28.5, 26.0, 15.9 ppm; HRMS (ESI) exact
mass calculated for [M+Na] (C18H22NaO3) requires m/z 293.1512, found m/z 293.1502.
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(E)-8-(4-methoxyphenyl)-5-methyl-2-methyleneoct-5-en-1-ol (2.45)

OMe

HO

Followed general procedure C from 1-methoxy-4-vinylbenzene on a 0.54 mmol scale and purified
using silica gel column chromatography to give 99 mg (0.38 mmol, 73% yield over 2 steps) of (E)-
8-(4-methoxyphenyl)-5-methyl-2-methyleneoct-5-en-1-ol as a colourless oil. IR (Film) 3352,
3063, 2988, 2916, 2854, 1512, 1243, 1035 cm™; 'H NMR (400 MHz, CDCl3) 6 = 7.10 (d, J =
8.7Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 5.19 (t, J = 6.6 Hz, 1H), 5.01 (s, 1H), 4.87 (s, 1H), 4.07 (d, J
=5.3, 2H), 3.79 (s, 3H), 2.58 (t, J = 7.9 Hz, 2H), 2.26 (dt, J = 7.9, 6.6 Hz, 2H), 2.14 (s, 4H), 1.57
(s, 3H), 1.31 (t, J = 5.3 Hz, 1H) ppm; 1*C NMR (125 MHz, CDCl3) § = 157.8, 149.1, 135.4, 134.6,
129.5, 124.3, 113.8, 109.5, 66.1, 55.4, 38.1, 35.2, 31.7, 30.2, 16.1 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C17H24NaO3) requires m/z 283.16685, found m/z 283.16681.

Synthesis of aldehydes (general procedure D)

To a solution of alcohol (0.30 mmol) in DCM (3 mL) was added pyridine (40 pL, 0.50 mmol) and
Dess-Martin periodinane® (170 mg, 0.40 mmol). The mixture was stirred for 1 h. The reaction was
quenched with saturated aqueous sodium thiosulphate and extracted with DCM (3 x 10 mL). The
combined organic layers were washed with brine, dried with MgSQg, filtered and concentrated.
The crude extracts were purified by silica gel column chromatography (gradient from hexanes to
90:10 hexanes/EtOAcC) to obtain aldehyde.

(E)-8-(3,5-dimethoxyphenyl)-5-methyl-2-methyleneoct-5-enal (2.4)

MeO OMe

OHC x

From (E)-8-(3,5-dimethoxyphenyl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure D was
followed on a 0.30 mmol scale to give 73 mg (0.23 mmol, 76% vyield) of (E)-8-(3,5-
dimethoxyphenyl)-5-methyl-2-methyleneoct-5-enal as a colourless oil. IR (Film) 3083, 3056,
2992, 2932, 2838, 2694, 1687, 1594, 1460, 1428, 1347, 1315, 1293, 1204, 1150, 1066, 940, 830,
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694 cm; *H NMR (500 MHz, CDCl3) § =9.52 (s, 1 H), 6.37 (d, J=2.2 Hz, 2 H), 6.32 (t, J = 2.2
Hz, 1 H), 6.22 (s, 1 H), 5.98 (s, 1 H), 5.18 (tq, J = 7.1, 0.9 Hz, 1 H), 3.80 (s, 6 H), 2.59 (t, J=7.5
Hz, 2 H), 2.36 (t, J = 8.1 Hz, 2 H), 2.31 (td, J = 7.6, 7.3 Hz, 2 H), 2.14 (t, J = 7.9, 2 H), 1.61 (s, 3
H) ppm; *C NMR (125 MHz, CDCl3) § = 194.6, 160.7, 149.8, 144.7, 134.6, 134.2, 124.6, 106.5,
97.7, 55.2, 37.6, 36.3, 29.6, 26.3, 15.9 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C18H24Na0s) requires m/z 311.1618, found m/z 311.1622.

(E)-8-(3,5-dimethylphenyl)-5-methyl-2-methyleneoct-5-enal (2.46)

OHC X

From (E)-8-(3,5-dimethylphenyl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure D was
followed on a 0.46 mmol scale to give 78 mg (30 mmol, 66% yield) of (E)-8-(3,5-dimethylphenyl)-
5-methyl-2-methyleneoct-5-enal as a colourless oil. IR (Film) 3435, 3012, 2921, 2860, 1715, 1605,
1451, 1377, 1265, 1161, 1084, 1038, 946, 845, 734, 702 cm*; *H NMR (500 MHz, CDCls) & =
9.54 (s, 1 H),6.85 (s, L H), 6.83 (s, 2 H), 6.23 (d,J=0.7 Hz, 1 H ), 6.00 (d, J = 0.5 Hz, 1 H), 5.21
(tg,J=7.1,1.1 Hz, 1 H), 2.57 (t, J = 7.8 Hz, 2 H), 2.37 (t, J = 7.6 Hz, 2 H), 2.32 — 2.27 (m, 8 H),
2.15 (t,J = 7.4 Hz, 2 H) 1.62 (s, 3 H) ppm; 3C NMR (125 MHz, CDCl3) & = 194.6, 149.9, 142.2,
137.7,134.4,134.1,127.4,126.2, 124.9, 37.6, 35.9, 30.0, 26.4, 21.3, 15.8 ppm; HRMS (ESI) exact
mass calculated for [M+Na] (C1sH24NaO) requires m/z 279.1719, found m/z 279.1712.

(E)-8-(5-methoxy-2-methylphenyl)-5-methyl-2-methyleneoct-5-enal (2.47)

MeO

OHC X

From (E)-8-(5-methoxy-2-methylphenyl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure
D was followed on a 0.30 mmol scale to give 72 mg (0.24 mmol, 81% vyield) of (E)-8-(5-methoxy-
2-methylphenyl)-5-methyl-2-methyleneoct-5-enal as a colourless oil. IR (Film) 3060, 2932, 2863,
2834, 2698, 1688, 1609, 1578, 1498, 1452, 1382, 1304, 1284, 1249, 1208, 1160, 1114, 1087, 1045,
997, 942, 868, 848, 801, 778, 713 cm™}; IH NMR (500 MHz, CDCl3) § =9.55 (s, 1 H), 7.07 (d, 7.8
Hz, 1 H), 6.74 (d, J = 2.8 Hz, 1 H), 6.69 (dd, 7.8, 2.8 Hz, 1 H), 6.25 (s, 1 H), 6.01 (s, 1 H), 5.24
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(tq,J=7.1,1.0 Hz, 1 H), 3.81 (s, 3 H), 2.61 (t, J = 7.7 Hz, 2 H), 2.39 (t, J = 7.7 Hz, 2 H), 2.31 —
2.27 (m, 5 H), 2.17 (t, J = 7.7 Hz, 2 H), 1.63 (s, 3 H) ppm; 3C NMR (125 MHz, CDCl3) § = 194.6,
157.8, 149.9, 141.6, 134.6, 134.2, 130.8, 127.9, 124.7, 114.8, 110.8, 55.2, 37.7, 33.6, 28.5, 26.4,
18.4, 15.8 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C1sH22aNaO>) requires m/z
295.1669, found m/z 295.1678.

(E)-8-(3-methoxy-2-methylphenyl)-5-methyl-2-methyleneoct-5-enal (2.48)

OMe

OHC X

From (E)-8-(3-methoxy-2-methylphenyl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure
D was followed on a 0.35 mmol scale to give 72 mg (0.26 mmol, 74% yield) of (E)-8-(3-methoxy-
2-methylphenyl)-5-methyl-2-methyleneoct-5-enal as a colourless oil. IR (Film) 2937, 2865, 2844,
2699, 1689, 1627, 1584, 1464, 1438, 1378, 1346, 1310, 1256, 1167, 1142, 1101, 1055, 1033, 1014,
942, 870, 838, 778, 720, 678 cm™!; 'H NMR (500 MHz, CDCl3) § = 9.53 (s, 1 H), 7.10 (t, 7.8 Hz,
1H),6.79(d,J=7.6 Hz, 1 H), 6.72 (d, J = 8.0 Hz, 1 H), 6.23 (s, 1 H), 5.98 (s, 1 H), 5.22 (tq, J =
7.1,1.2Hz,1H),3.83(s,3H),2.63(t,J=7.9Hz,2H),2.37 (t,J=7.6 Hz, 2 H), 2.26 (td, J = 8.0,
7.2 Hz, 2 H) 2.20 (s, 3 H), 2.15 (t, J = 7.6 Hz, 2 H), 1.61 (s, 3 H) ppm; *C NMR (125 MHz,
CDCI3) 6=194.6, 157.6, 149.8, 141.7, 134.4, 134.1, 125.8, 124.7, 124.4, 121.4, 107.8, 55.4, 37.6,
33.6, 28.9, 26.3, 15.7, 11.2 ppm; HRMS (APCI) exact mass calculated for [M+H] (C1sH250>)
requires m/z 255.1743, found m/z 255.1751.

(E)-5-methyl-2-methylene-8-(3,4,5-trimethoxyphenyl)oct-5-enal (2.49)

OMe
MeO OMe

oHC™ X

From (E)-5-methyl-2-methylene-8-(3,4,5-trimethoxyphenyl)oct-5-en-1-ol, general procedure D
was followed on a 0.40 mmol scale to give 101 mg (0.30 mmol, 75% yield) of (E)-5-methyl-2-
methylene-8-(3,4,5-trimethoxyphenyl)oct-5-enal as a colourless oil. IR (Film) 3083, 2992, 2935,
2838, 2698, 1686, 1588, 1508, 1456, 1419, 1384, 1342, 1322, 1236, 1183, 1140, 1010, 946, 825,
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777, 743 cm®; *H NMR (500 MHz, CDCl3) § =9.49 (s, 1 H), 6.39 (s, 2 H), 6.19 (s, 1 H), 5.95 (s,
1H),5.16 (tq,J=7.1,1.1 Hz, 1 H), 3.84 (s, 6 H), 3.82 (5, 3 H), 2.56 (t, J = 7.4, 2 H), 2.36 — 2.26
(m, 4 H), 2.11 (t, J = 7.5 Hz, 2 H), 1.59 (s, 3 H) ppm; 3C NMR (125 MHz, CDClz) & = 194.5,
153.0, 149.8, 138.0, 136.1, 134.6, 134.1, 124.5, 105.4, 60.8, 56.0, 37.7, 36.3, 29.8, 26.4, 15.9 ppm;
HRMS (APCI) exact mass calculated for [M+H] (C19H2704) requires m/z 321.2060, found m/z
321.2059.

(E)-5-methyl-2-methylene-8-(2,3,4-trimethoxyphenyl)oct-5-enal (2.50)

OMe
OMe

| OMe

OHC A

From (E)-5-methyl-2-methylene-8-(2,3,4-trimethoxyphenyl)oct-5-en-1-ol, general procedure D
was followed on a 0.37 mmol scale to give 82 mg (0.26 mmol, 69% yield) of (E)-5-methyl-2-
methylene-8-(2,3,4-trimethoxyphenyl)oct-5-enal as a colourless oil. IR (Film) 3056, 2934, 2836,
2698, 1688, 1627, 1602, 1493, 1465, 1435, 1416, 1384, 1273, 1232, 1199, 1163, 1144, 1098, 1050,
1019, 943, 902, 839, 797, 736, 701 cm™; *H NMR (500 MHz, CDCl3) § =9.51 (s, 1 H), 6.82 (d, J
=8.6 Hz, 1 H), 6.60 (d, J = 8.6 Hz, 1 H), 6.22 (s, 1 H), 5.97 (s, 1 H), 5.20 (tq, J = 7.0, 1.2 Hz, 1
H), 3.88 (s, 3 H), 3.87 (s, 3 H), 3.84 (s, 3 H), 2.56 (t, J = 7.9 Hz, 2 H), 2.35 (t, J = 7.8 Hz, 2 H),
2.24 (td, ) =7.8,7.0 Hz, 2 H), 2.12 (t, J = 7.8 Hz, 2 H), 1.59 (s, 3 H) ppm; *C NMR (125 MHz,
CDCI3) 6=194.6,151.9,151.9,149.9, 142.2, 134.4, 134.1, 128.2, 125.0, 123.8, 107.1, 60.9, 60.7,
56.0, 37.6, 29.9, 29.2, 26.3, 15.8 ppm; HRMS (APCI) exact mass calculated for [M+H] (C19H2704)
requires m/z 319.1904, found m/z 319.1904.

(E)-5-methyl-2-methylene-8-(naphthalen-1-yl)oct-5-enal (2.51)

From (E)-5-methyl-2-methylene-8-(naphthalen-1-yl)oct-5-en-1-ol, general procedure D was
followed on a 0.27 mmol scale to give 53 mg (0.19 mmol, 70% yield) of (E)-5-methyl-2-
methylene-8-(naphthalen-1-yl)oct-5-enal as a colourless oil. IR (Film) 3048, 2928, 2854, 2699,
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1687, 1627, 1596, 1510, 1439, 1395, 1351, 1265, 1225, 1165, 1078, 1020, 942, 866, 838, 790,
776, 734, 703 cm™; *H NMR (500 MHz, CDCls) & = 9.54 (s, 1 H), 8.08 (d, J = 8.1 Hz, 1 H), 7.87
(dd, J=7.8,1.3 Hz, 1 H), 7.73 (d, J = 8.5 Hz, 1 H), 7.54 (ddd, J = 7.9, 6.8, 1.4, 1 H), 7.49 (ddd,
8.1,6.8, 1.4 Hz, 1 H), 7.42 (dd, J = 8.5, 7.1 Hz, 1 H), 7.33 (d, J = 7.1 Hz, 1 H), 6.22 (d, J = 0.6 Hz,
1 H),5.98 (d, J = 0.6 Hz, 1 H), 5.30 (tq, J = 7.1, 1.3 Hz, 1 H), 3.11 (t, J = 7.7 Hz, 2 H), 2.47 (td, J
=7.7,7.0Hz, 2 H), 2.37 (t, J = 7.7 Hz, 2 H), 2.15 (t, J = 7.7 Hz, 2 H), 1.58 (s, 3 H) ppm; 3C NMR
(125 MHz, CDCl3) 6 = 194.6, 149.9, 138.3, 134.7, 134.2, 133.8, 131.9, 128.8, 126.5, 125.9, 125.7,
125.5, 125.4, 124.8, 123.8, 37.7, 33.1, 29.2, 26.4, 15.9 ppm; HRMS (ESI) exact mass calculated
for [M+Na] (C20H22NaO) requires m/z 301.1563, found m/z 301.15609.

(E)-5-methyl-2-methylene-8-(thiophen-2-yl)oct-5-enal (2.52)

&S

oHC”

From (E)-5-methyl-2-methylene-8-(thiophen-2-yl)oct-5-en-1-ol, general procedure D was
followed on a 0.31 mmol scale to give 54 mg (0.23 mmol, 74% vyield) of (E)-5-methyl-2-
methylene-8-(thiophen-2-yl)oct-5-enal as a colourless oil. IR (Film) 3361, 3107, 3071, 2921, 2850,
2698, 1688, 1628, 1535, 1439, 1384, 1364, 1346, 1320, 1255, 1226, 1168, 1120, 1076, 1041, 942,
849, 823, 777, 692 cm™; *H NMR (500 MHz, CDCl3) 6 =9.52 (s, 1H), 7.11 (dd, ] = 5.1, 0.8 Hz,
1H),6.92 (dd,J=5.1,3.4 Hz, 1 H), 6.79 (d, J =3.2 Hz, 1 H), 6.21 (s, 1 H), 5.97 (s, 1 H), 5.19 (t,
J=6.9Hz, 1H),2.86 (t J=7.6 Hz, 2 H), 2.40 — 2.35 (m, 4 H), 2.15 (t, J = 7.6 Hz, 2 H), 1.62 (s,
3 H) ppm; *C NMR (125 MHz, CDCl3) § = 194.6, 149.8, 145.1, 135.2, 134.2, 126.6, 124.1, 124.1,
123.0, 37. 6, 30.1, 30.0, 26.3, 15.9 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C14H18NaOS) requires m/z 257.0971, found m/z 257.0975.

(E)-5-methyl-2-methylene-8-(4-methylthiophen-3-yl)oct-5-enal (2.53)

From (E)-5-methyl-2-methylene-8-(4-methylthiophen-3-yl)oct-5-en-1-ol, general procedure D
was followed on a 0.32 mmol scale to give 58 mg (0.23 mmol, 73% vyield) (E)-5-methyl-2-
methylene-8-(4-methylthiophen-3-yl)oct-5-enal as a colourless oil. IR (Film) 3083, 2922, 2855,
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2699, 1688, 1627, 1444, 1383 cm; *H NMR (500 MHz, CDCl3) & = 9.53 (s, 1H), 6.89 (s, 2H),
6.22 (5,1 H),5.98(s,1 H)5.21 (t,J=7.0,1H),2.53 (t,J=8.2Hz,2H),2.37 (t, ) =7.5Hz, 2 H),
2.30 (td, J=7.6, 7.4 Hz, 2 H), 2.19 (s, 3 H), 2.14 (t, J = 7.5 Hz, 2 H), 1.62 (s, 3 H) ppm; *C NMR
(125 MHz, CDCls) 6 = 194.5, 149.8, 141.6, 136.8, 134.6, 134.1, 124.6, 120.7, 120.1, 37.6, 29.0,
27.8,26.3,15.8, 14.4 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C15H20NaOS) requires
m/z 271.1127, found m/z 271.1127.

(E)-5-methyl-2-methylene-8-(1-tosyl-1H-pyrrol-2-yl)oct-5-enal (2.54)

—

~NTs

oHC™ X

From (E)-5-methyl-2-methylene-8-(1-tosyl-1H-pyrrol-2-yl)oct-5-en-1-ol, general procedure D
was followed on a 0.28 mmol scale to give 83 mg (0.22 mmol, 80% yield) of (E)-5-methyl-2-
methylene-8-(1-tosyl-1H-pyrrol-2-yl)oct-5-enal as a colourless oil. IR (Film) 3151, 3063, 2924,
2854, 2702, 1686, 1596, 1363, 1173, 945 cm™®; *H NMR (500 MHz, CDCl3) 6 = 9.49 (s, 1H), 7.61
(d,J=7.0Hz,2H), 7.27 (m, 3 H), 6.17 (m, 2 H), 5.95 (s, 2 H), 5.06 (t, J = 6.4 Hz, 1 H), 2.65 (t, J
=8.1Hz,2H),2.38(s,3H),231(t,J=81Hz,2H),222(td,J=7.2,6.9 Hz, 2 H), 2.08 (t,J =
7.1 Hz, 2 H), 1.55 (s, 3 H) ppm; *C NMR (125 MHz, CDCl3) § = 194.5, 149.7, 144.6, 136.4,
135.3, 134.9, 134.2, 129.9, 126.6, 124.1, 122.2, 112.0, 111.2, 37.5, 27.2, 27.0, 26.2, 21.5, 15.8
ppm; HRMS (ESI) exact mass calculated for [M+Na] (C2:H2sNNaO3S) requires m/z 394.1447,
found m/z 394.1434.

(E)-8-(benzofuran-2-yl)-5-methyl-2-methyleneoct-5-enal (2.55)

From (E)-8-(benzofuran-2-yl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure D was
followed on a 0.25 mmol scale to give 55 mg (0.20 mmol, 82% yield) of (E)-8-(benzofuran-2-yl)-
5-methyl-2-methyleneoct-5-enal as a colourless oil. IR (Film) 3063, 3040, 2921, 2848, 2699, 1688,
1627, 1601, 1587, 1455, 1348, 1319, 1304, 1252, 1225, 1177, 1141, 1105, 1009, 943, 880, 795,

201



741, 705 cm®; *H NMR (500 MHz, CDCl3) § =9.50 (s, 1 H), 7.51 (d, ] = 7.5 Hz, 1 H), 7.44 (d, ]
=6.8 Hz, 1 H), 7.25-7.19 (m, 2 H), 6.40 (d, J = 0.8 Hz, 1 H), 6.19 (d, J = 0.8 Hz, 1 H), 5.92 (d, J
=0.8Hz,1H),521(tq,J=7.0,1.3Hz,1H),2.82 (t,J=7.1Hz,2H),2.47 (td,J=7.1,7.0Hz, 2
H), 2.37 (t, J = 7.9 Hz, 2 H), 2.16 (t, J = 7.9 Hz, 2 H), 1.66 (s, 3 H) ppm; °C NMR (125 MHz,
CDCI3) 6 = 194.6, 159.1, 154.6, 149.7, 135.3, 134.2, 129.0, 123.9, 123.1, 122.4, 120.2, 110.7,
102.1, 37.6, 28.6, 26.3, 26.1, 15.9 ppm; HRMS (APCI) exact mass calculated for [M-H]
(C18H1902) requires m/z 267.1390, found m/z 267.1388.

(E)-8-(4-methoxyphenyl)-5-methyl-2-methyleneoct-5-enal (2.56)

OMe

OHC

From (E)-8-(4-methoxyphenyl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure D was
followed on a 0.38 mmol scale to give 76 mg (0.29 mmol, 77% yield) of (E)-8-(3-methoxy-2-
methylphenyl)-5-methyl-2-methyleneoct-5-enal as a colourless oil. IR (Film) 3031, 2996, 2927,
2853, 2835, 1689, 1511, 1244, 1177, 1037 cm™; *H NMR (400 MHz, CDCls) & = 9.51 (s, 1H),
7.09 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 6.20 (s, 1H), 5.96 (s, 1H), 5.16 (t, J = 6.8 Hz,
1H), 3.79 (s, 3H), 2.56 (t, J = 8.6 Hz, 2H), 2.34 (t, J = 8.6 Hz, 2H), 2.25 (dt, J = 6.8, 6.7 Hz, 2H),
2.11 (t, J = 6.7 Hz, 2H), 1.56 (s, 3H) ppm; *C NMR (125 MHz, CDCl3) § = 194.8, 157.8, 150.0,
134.6,134.5,134.3,129.4, 124.8, 113.8, 55.4, 37.8, 35.2, 30.2, 26.4, 16.0 ppm; HRMS (ESI) exact
mass calculated for [M+Na] (C17H22NaO.) requires m/z 281.15120, found m/z 281.15227.

ethyl 1,2-diazepane-1-carboxylate hydrochloride (1.241-HCI)

_N_
N CO,Et

.HCI

Ethyl 1,2-diazepane-1-carboxylate (1.241) was synthesized by Dr. Samuel Plamondon according
to literature.! Gaseous hydrochloric acid was bubbled through a stirred solution of freebase ethyl
1,2-diazepane-1-carboxylate in hexanes, causing an oil to crash out. The solvent was removed in

vacuo, the residue was dissolved in a hexanes/dichloromethane mixture, and the solvent was again
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removed. After three repetitions of this cycle, the oil was left under high vacuum for several days

until all the material had solidified, giving an off-white powder.

R R
1.244-HCI (20 mol%)
| 5% HFIPDCM
OHC™ OHC

T

Racemic polyene cyclization (general procedure E)

To a 1.8-mL or 3.7-mL vial containing aldehyde was added a solution of catalyst 1.241-HCI (0.2
equiv.) in 5% HFIP/DCM (0.25 M in substrate). The mixture was briefly swirled to homogenize
and let stand for 5 hours. The reaction mixture was concentrated and purified by silica gel column
chromatography (gradient from hexanes to 93:7 hexanes/EtOAC) to obtain trans-decalin products

as a mixture of diastereomers.
Racemic polyene cyclization (general procedure F)

To a 1 mL vial containing aldehyde was added a solution of catalyst 1.241-HCI (0.2 equiv.) in
EtOH (0.25 M in substrate). The mixture was briefly swirled to homogenize and let stand for 4 h.
The reaction mixture was concentrated and redissolved in CHClIz (0.5 mL); water (0.25 mL) and
TFA (0.25 mL) were added. The biphasic mixture was stirred for 1 h, added dropwise to a saturated
solution of NaHCO3 (5 mL), extracted with DCM (5 mL), and concentrated. The reaction mixture
was concentrated and purified by silica gel column chromatography (gradient from 97:3 to 90:10

hexanes/EtOAC) to obtain aldehyde product as a mixture of diastereomers.

'H and *3C peaks for the o diastereomer of trans-decalin products are reported with an asterisk (*)
where possible to distinguish from the B diastereomer peaks. The integrations are reported as a
proportion of the total signal (i.e. 1 H x 0.5 for a signal that corresponds to one proton of one of

the two diastereomers).

Note: NMR spectra show small ratios of cis-decalin products.
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Stereochemical nomenclature for polyene cyclization products:

- trans and cis refer to ring fusion
- o and P refer to stereochemistry at C3

R R

OHC OHC OHCY OHC

T
T

I
T iny

trans cis

R
=

(4aRS,10aRS)-5,7-dimethoxy-4a-methyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-
carbaldehyde (2.5)
MeO OMe

OHC

Ty

Prepared according to general procedure E from polyene 2.4 (49 mg, 0.17 mmol). The reaction
was run for 5 h and product 2.5 was isolated as a colourless oil (35 mg, 0.12 mmol, 72% yield,
trans:cis 95:5, trans-B:a 6:1). IR (Film) 2988, 2928, 2861, 2837, 2709, 1721, 1604, 1580, 1459,
1419, 1341, 1325, 1309, 1289, 1268, 1230, 1212, 1194, 1150, 1132, 1119, 1085, 1065, 1046, 1023,
941, 829, 736, 702 cm™; *H NMR (500 MHz, CDCl3) § =9.73* (s, 1 Hx 0.2), 9.66 (d, J = 1.5 Hz,
1Hx0.8),6.30 (d,J=2.4Hz, 1 H x0.8),6.30* (d,J=2.4 Hz, 1H x 0.2),6.22 (d, J=2.4 Hz, 1 H
x0.8), 6.21* (d,J=2.4Hz, 1 Hx0.2),3.78 (s, 3H x 0.8), 3.77 (5, 3H x 0.8), 3.75* (s, 3 H X 0.2),
3.75* (s,3Hx0.2),3.17 (dt, J =13.4,3.5Hz, 1 Hx 0.8),2.99-2.91 (m, 1 H x 0.8), 2.99 - 2.91*
(m,2Hx0.2),2.77 (dd, J =17.4,45Hz, 1 Hx0.8), 2.74* (dd, ) =17.3,5.5 Hz, L H x 0.2), 2.43*
(t,J=6.2Hz, 1Hx0.2),2.40-2.34(m, 1 Hx0.8),2.13* (d, J=14.8, 1 Hx 0.2), 2.01* (d, J =
14.0,1Hx0.2), 1.96 — 1.88* (m, 1 H x 0.2), 1.86 (m, 1 H x 0.8), 1.82 — 1.74* (m, 1 H x 0.2), 1.74
—1.39(m, 6 Hx0.8),1.74 - 1.39* (m, 3H x 0.2), 1.25 (td, J = 13.4, 3.8 Hz, 1 H x 0.8), 1.20* (s,
3Hx0.2),1.17 (s, 3 H x 0.8), 1.13* (td, J = 14.1, 4.2, 1 H x 0.2) ppm; *C NMR (125 MHz,
CDClIz) 6 = 206.0%, 204.7, 160.0, 159.8*, 158.0, 158.0%, 138.8, 138.8*, 127.6*, 127.5, 105.0,
105.0*, 97.4, 97.4*, 55.1, 55.1*, 55.0, 55.0*, 50.8, 46.6*, 44.2, 41.5*, 37.4, 37.3*, 34.7, 32.8%*,
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32.2,32.0*%,28.2,27.4*,25.7,25.7*,22.0, 21.0*, 16.6, 16.1* ppm; MS (ESI) exact mass calculated
for [M+Na] (C1sH24NaOgz) requires m/z 311.1618, found m/z 311.1611.,

(4aRS,10aRS)-4a,5,7-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-carbaldehyde
(2.57)

OHC

Tine

Prepared according to general procedure E from polyene 2.46 (48 mg, 0.18 mmol). The reaction
was run for 5 h and product 2.57 was isolated as a colourless oil (35.6, 0.14 mmol, 75% vyield,
trans:cis 94:6, trans-p:a 5:1). IR (Film) 3050, 2973, 2926, 2860, 2712, 1722, 1611, 1463, 1440,
1382, 1266, 1166, 1044, 1016, 911, 849, 734, 703, 611 cm™; *H NMR (500 MHz, CDCls3) § =
9.73* (s, 1Hx0.2),9.68 (d,J=15Hz,1Hx0.8),6.79 (s, 1 Hx 0.8), 6.78 (5, 1 H x 0.8), 6.76*
(s,1Hx0.2),6.75* (s, 1 Hx 0.2), 3.02 — 2.91* (m, 1 H x 0.2), 2.99 (ddd, J = 16.9, 12.2, 7.6 Hz,
1Hx0.8),2.87 (dt,J=13.4,3.4Hz, 1 Hx0.8), 2.80 (dd, J=17.0, 6.0 Hz, 1 H x 0.8), 2.80 — 2.74*
(m, 1Hx0.2),2.66* (dt, J =13.5,2.7 Hz, 1 Hx 0.2), 2.50 (s, 3 H x 0.8), 2.47* (5, 3H x 0.2), 2.40
—2.33(m, 1Hx0.8),2.40-2.31* (m, 2H x 0.2), 2.24 (5, 3H x 0.8), 2.23 - 2.17* (m, 1 H x 0.2),
2.22* (s,3H x0.2),2.06 — 2.02* (m, 1 H x 0.2),1.95-1.88* (m, 1 Hx0.2),1.94 -1.89 (m, 1L H
x 0.8), 1.84 — 1.46* (m, 3H x 0.2), 1.78 — 1.50 (m, 6 H x 0.8), 1.39 (ddd, J = 13.5, 13.5, 3.6 Hz, 1
Hx0.8),1.31 - 1.27* (m, 1 H x 0.2), 1.27* (5, 3H x 0.2), 1.24 (s, 3 H x 0.8) ppm; *C NMR (125
MHz, CDClz) 6 =205.5%,204.4, 142.0*,141.9, 136.8, 136.8*%, 136.2, 136.1*, 134.9, 134.8*, 131.8,
131.7*,128.8, 128.7*, 50.3, 46.1*, 44.4, 41.6*, 38.5, 38.4*, 35.3, 33.2*, 31.7, 31.5*, 28.7, 27.8*,
25.8,25.7*,24.3,24.2*,22.0, 20.9*, 20.3, 20.3*, 17.4, 16.9* ppm; MS (ESI) exact mass calculated
for [M+Na] (C1sH24NaO) requires m/z 279.1719, found m/z 279.1713.

205



1-(2-(5-(diethoxymethyl)-2-ethoxy-2-methylcyclohexyl)ethyl)-3,5-dimethylbenzene (2.60)
OEt

EtO

OEt

Prepared according to general procedure E from polyene 2.46 (22 mg, 0.087 mmol) using EtOH
as the solvent instead of HFIP/DCM. The reaction was run for 24 h and product 2.60 was isolated
as acolourless oil (15 mg, 0.040 mmol, 46% vyield). IR (Film) 3272, 2972, 2926, 2868, 1721, 1697,
1606, 1531, 1458, 1444, 1371, 1337, 1291, 1254, 1162, 1115, 1062, 1004, 951, 844, 702 cm™*; H
NMR (500 MHz, CDCls) 6 = 6.82 (s, 2H), 6.81 (s, 1H), 4.16 (d, ] = 7.2 Hz, 1 H), 3.70 — 3.64 (m,
2H), 3.54 — 3.48 (m, 2H), 3.37 — 3.27 (m, 2H), 2.68 — 2.63 (m, 1H), 2.46 — 2.40 (m, 1H), 2.28 (s,
6H), 2.05 — 2.04 (m, 1H), 2.00 — 1.97 (m, 1H), 1.78 — 1.72 (m, 2H), 1.64 — 1.59 (m, 1H), 1.54 —
1.46 (m, 2H), 1.23 (t, J=7.2 Hz, 3H), 1.21 (t, J = 7.2 Hz, 3H), 1.18 — 1.12 (m, 2H), 1.12 (t,J = 7.2
Hz, 3H), 1.04 (s, 3H), 0.92 — 0.84 (m, 1H) ppm; *C NMR (125 MHz, CDCls3) & = 143.1, 137.6,
127.2,126.2, 106.5, 76.8, 62.0, 62.0, 55.2, 43.1, 40.6, 35.8, 34.0, 31.5, 30.2, 25.3, 21.2, 18.0, 16.3,
15.4, 15.3 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C22H40NaOs) requires m/z
399.2870, found m/z 399.2866.

(4aRS,10aRS)-5-methoxy-4a,8-dimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-
carbaldehyde (2.61)

MeO

OHC

T iny

Prepared according to general procedure E from polyene 2.47 (48 mg, 0.17 mmol). The reaction
was run for 5 h and product 2.61 was isolated as an off-white solid (34 mg, 0.12 mmol, 72% yield,
trans:cis 94:6, trans-p:a 4:1). IR (Film) 2927, 2861, 2833, 1708, 1721, 1582, 1461, 1437, 1406,
1374, 1340, 1289, 1244, 1223, 1190, 1166, 1144, 1107, 1085, 1057, 1034, 1007, 948, 922, 907,
888, 801, 736, 722, 702 cm™; *H NMR (500 MHz, CDCl3) § = 9.73* (s, 1 Hx 0.2), 9.67 (d, J =
1.6 Hz, 1H x 0.8), 6.97 (d,J=8.1 Hz, 1 H x 0.8), 6.95* (d,J=8.1 Hz, 1 H x 0.2), 6.68 (d, J = 8.1
Hz, 1 H x 0.8), 6.64* (d, J=8.1 Hz, 1 Hx 0.2), 3.79 (s, 3H x 0.8), 3.77* (s, 3 H x 0.2), 3.26 (dt,
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J=134,3.3Hz,1Hx0.8), 3.05* (dt, J = 13.7, 3.5 Hz, L H x 0.2), 2.70 — 2.64 (m, 2 H x 0.8), 2.65
—2.60* (m, 2 H x 0.2), 2.46* (t, J=6.5Hz, 1 Hx0.2),2.41 —2.33 (m, 1 H x0.8), 2.15 (5, 3 H X
0.8), 2.13* (5, 3H x 0.2), 2.05-2.00* (m, 1 H x 0.2), 1.99 — 1.90* (m, 1 H x 0.2), 1.90 — 1.83 (m,
1Hx0.8),1.84—1.76*(m, 1 Hx0.2),1.77 — 1.54 (m, 6 H x 0.8), 1.77 — 1.54* (m, 3 H x 0.2),
1.48 - 1.39* (m, 1 H x 0.8), 1.27* (s, 3H x 0.2), 1.26 — 1.20 (m, 1 H x 0.8), 1.23 (s, 3 H), 1.12*
(td, J = 13.7, 4.1 Hz, 1 H x 0.2) ppm; C NMR (125 MHz, CDCl3) § = 206.0*, 204.7, 157.2,
157.2*, 136.5, 136.5*, 134.9, 134.8*, 128.9, 128.9*, 127.7, 127.6*, 109.0, 109.0*, 55.1, 55.0%*,
50.8, 46.5*, 43.5, 40.8*, 38.0, 37.9*, 34.6, 32.6*, 29.4, 29.2*, 28.2, 27.4*, 25.6, 25.6*, 22.0, 21.0*,
19.5, 19.5*, 16.4, 15.8* ppm; MS (ESI) exact mass calculated for [M+Na] (C1sH224NaO3) requires
m/z 295.1669, found m/z 295.1667.

(4aRS,10aRS)-7-methoxy-4a,8-dimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-
carbaldehyde (2.62)

OMe

OHC

T

Prepared according to general procedure E from polyene 2.48 (48 mg, 0.18 mmol). The reaction
was run for 5 h and product 2.62 was isolated as a white solid (36 mg, 0.13 mmol, 75% yield,
trans:cis 96:4, trans-p:a 4:1). IR (Film) 3083, 3040, 2928, 2858, 2833, 2709, 1721, 1596, 1583,
1483, 1464, 1438, 1375, 1337, 1291, 1260, 1214, 1192, 1170, 1148, 1109, 1088, 1023, 999, 930,
899, 844, 802, 738, 706 cm™; *H NMR (500 MHz, CDCl3) § = 9.72* (s, 1 Hx 0.2), 9.70 (d, J =
1.2 Hz, 1H x 0.8), 7.15 (d, J = 8.6 Hz, 1 H x 0.8), 7.09* (d, J = 8.6 Hz, 1 H x 0.2), 6.75 (d, J = 8.6
Hz, 1 H x 0.8), 6.72* (d, J = 8.6 Hz, 1 H x 0.2), 3.81 (s, 3 H x 0.8), 3.80* (5, 3 H x 0.2), 2.84 —
2.62 (M, 2 H x0.8),2.84 —2.62* (m, 2 H x 0.2), 2.51* (t,J = 6.0 Hz, 1 H x 0.2), 2.42 — 2.32 (m, 2
H x 0.8), 2.30 — 2.23* (m, 1 H x 0.2), 2.20 — 2.14* (m, 1 H x 0.2), 2.11 (s, 3 H x 0.8), 2.08* (s, 3
H x 0.2), 2.08 — 2.04* (m, 1 H x 0.2), 2.02 — 1.95 (m, 1 H x 0.8), 1.95 — 1.88* (m, 1 H x 0.2), 1.83
~1.57 (M, 5 Hx0.8), 1.83 - 1.57* (m, 3 H x 0.2), 1.50 — 1.39 (m, 2 H x 0.8), 1.50 — 1.39* (m, 1
H x 0.2), 1.35* (td, J = 13.6, 4.2 Hz, 1 H x 0.2), 1.11* (s, 3 H x 0.2), 1.08 (s, 3 H X 0.8) ppm; 13C
NMR (125 MHz, CDCls) 6 = 205.4*, 204.3, 155.2, 155.1*, 139.7*, 139.6, 135.2, 135.1%, 124.4,
124.4*, 122.3, 122.2*, 108.0, 108.0*, 55.5, 55.5*, 50.5, 46.4*, 40.7, 38.0*, 37.1, 36.2, 36.0%,
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34.9%,28.3,27.4*,27.3, 27.2*, 25.6*, 25.6, 22.0, 21.8, 21.3*, 20.8*, 11.1, 11.0* ppm; MS (APCI)
exact mass calculated for [M-H] (C1sH2302) requires m/z 271.1703, found m/z 271.1701.

(4aRS,10aRS)-5,6,7-trimethoxy-4a-methyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-
carbaldehyde (2.63)

OMe
MeO OMe

OHC

Ty

Prepared according to general procedure E from polyene 2.49 (49 mg, 0.15 mmol). The reaction
was run for 5 h and product 2.63 was isolated as a white solid (34 mg, 0.11 mmol, 69% vyield,
trans:cis 95:5, trans-B:a 3:1). IR (Film) 2972, 2930, 2860, 2841, 2709, 1722, 1596, 1570, 1488,
1464, 1448, 1481, 1374, 1337, 1324, 1264, 1241, 1194, 1144, 1111, 1062, 1024, 982, 962, 942,
908, 868, 831, 789, 754, 667 cm™; *H NMR (500 MHz, CDCl3) 6 = 9.72* (s, 1 H x 0.2), 9.66 (d,
J=16Hz, 1 Hx0.8),6.36 (s, 1 Hx0.8),6.33* (s, 1H x 0.2), 3.89 (s, 3 H x 0.8), 3.87* (5, 3 H X
0.2),3.81(s,3Hx0.8),3.81(s,3Hx0.8),3.79* (s, 3H x 0.2), 3.79* (s, 3H x 0.2), 3.10 (dt, J =
13.3,3.4Hz,1Hx0.8),2.96 -2.82 (m, 1 Hx0.8),2.96 —2.82* (m, 1 H x 0.2), 2.74 (dd, J = 16.9,
5.1Hz,1Hx0.8),2.69* (dd, J =17.5,5.6 Hz, 1 H x 0.2), 2.46* (t, J =5.6 Hz, 1 H x 0.2), 2.41 —
2.32 (m, 1 Hx0.8),2.16* (d, J =13.5Hz, 1 H x 0.2), 2.01* (d, J = 14.3 Hz, 1 H x 0.2), 1.97 -
1.86* (m,1Hx0.2),1.92-1.86 (m,1Hx0.8), 1.78* (td, ] =13.5,5.6 Hz, L Hx 0.2), 1.74 — 1.41
(m, 6 Hx0.8), 1.74 — 1.41* (m, 4 Hx 0.2), 1.35 (dt, J = 13.5, 5.0 Hz, 1 H x 0.8), 1.24 — 1.19* (m,
1Hx0.2), 1.20* (s, 3H x 0.2), 1.17 (s, 3 H x 0.8) ppm; 1*C NMR (125 MHz, CDCl3) & = 205.8*,
204.5, 153.6, 153.5*, 151.3, 151.2*, 140.6, 140.5*, 132.1*, 132.1, 132.0, 132.0*, 107.6, 107.5%*,
60.5, 60.5*, 60.4, 60.4*, 55.6, 55.6*, 50.6, 46.5*, 43.7, 41.0*, 37.8, 37.7*, 35.3, 33.3*, 31.6, 31.4*,
28.2,27.4*,25.9, 25.9*%, 22.0, 21.0*, 18.2, 17.6* ppm; MS (ESI) exact mass calculated for [M+Na]
(C19H26Na04) requires m/z 341.1723, found m/z 341.1727.
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(4aRS,10aRS)-6,7,8-trimethoxy-4a-methyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-
carbaldehyde (2.64)

OMe
OMe

OMe
OHC

Ty

Prepared according to general procedure E from polyene 2.50 (46 mg, 0.14 mmol). The reaction
was run for 5 h and product 2.64 was isolated as a yellow solid (33 mg, 0.10 mmol, 70% yield,
trans:cis 89:11, trans-p:a 4:1). IR (Film) 3056, 2932, 2859, 2711, 1722, 1599, 1576, 1492, 1464,
1451, 1404, 1376, 1341, 1318, 1273, 1222, 1194, 1165, 1133, 1113, 1056, 1034, 1313, 928, 901,
872, 850, 835, 792, 734, 702 cm™; *H NMR (500 MHz, CDCl3) 6 =9.71* (s, 1 Hx 0.2), 9.68 (d,
J=12Hz,1Hx0.8),6.60 (s, 1 Hx0.8), 6.55* (s, 1 Hx0.2), 3.85 (s, 3H x 0.8), 3.84 (s, 3 H x
0.8),3.83 (s, 3H x0.8), 3.83* (s, 3H x 0.2), 3.82* (s, 3 H x 0.2), 3.81* (s, 3H x 0.2), 2.87 - 2.79
(m,1Hx0.8),2.87-2.75*(m, 1 H x 0.2),2.70 - 2.60 (m, 1 H x 0.8), 2.70 — 2.56* (m, 1L H x 0.2),
2.50* (t, J=6.2 Hz, 1 Hx 0.2), 2.40 - 2.28 (m, 1 H x 0.8), 2.40 — 2.28* (m, 1 H x 0.2), 2.28 —
2.22* (m, 1 H x 0.2), 2.09* (dt, J=12.9, 3.0 Hz, 1 H x 0.2), 2.04* (dt, J = 13.7, 1.5 Hz, 1 Hx 0.2),
1.98(d,J=13.7Hz,1Hx0.8),1.93-1.85*(m,1Hx0.2),1.77 (d,J=13.3Hz,1 Hx 0.8), 1.73
—1.55* (m, 3H x0.2),1.70 - 1.55 (m, 4 H x 0.8), 1.52 - 1.36 (m, 2 H x 0.8), 1.52 — 1.36* (m, 1
H x 0.2), 1.09* (s, 3 H x 0.2), 1.06 (s, 3 H x 0.8) ppm; C NMR (125 MHz, CDCl3) & = 205.3*,
204.2, 151.2, 151.1*, 151.0, 151.0*, 142.8*, 142.7, 140.0, 140.0*, 121.8, 121.8*, 103.8, 103.7*,
60.6, 60.6*, 60.1, 60.0*, 56.0, 56.0*, 50.4, 46.4*, 41.1, 38.3*, 36.8, 36.7, 36.5*, 34.6*, 28.3, 27.5*,
25.1*, 25.0, 23.0, 22.9*, 21.9, 21.5, 21.0*, 20.7* ppm; MS (APCI) exact mass calculated for
[M+H] (C19H2704) requires m/z 319.1904, found m/z 319.1901.

(4aRS,12aRS)-4a-methyl-1,2,3,4,4a,11,12,12a-octahydrochrysene-2-carbaldehyde (2.65)

Prepared according to general procedure E from polyene 2.51 (45 mg, 0.16 mmol). The reaction

was run for 5 h and product 2.65 was isolated as a yellow solid (40 mg, 0.14 mmol, 88% yield,
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trans:cis 94:6, trans-p:a 4:1). IR (Film) 3054, 2929, 2858, 2711, 1720, 1622, 1596, 1569, 1508,
1462, 1451, 1438, 1374, 1333, 1264, 1223, 1188, 1157, 1140, 1121, 1094, 1056, 1030, 1018, 998,
947, 864, 854, 842, 811, 777, 746, 734, 702, 672 cm™; *H NMR (500 MHz, CDCls3) § = 9.74* (s,
1Hx0.2),9.71(d,J=12Hz, 1Hx0.8),7.99 (d,J=85Hz,1 Hx0.8), 7.96* (d,J=85Hz, 1
Hx0.2),7.80(d,J=81Hz, 1Hx0.8),7.77*(d,J=81Hz, 1Hx0.2), 7.69 (d,J=85Hz, 1 H
x 0.8), 7.65* (d, J=8.5Hz, 1 H x 0.2), 7.53 — 7.42 (m, 3 H x 0.8), 7.53 — 7.42* (m, 3 H x 0.2),
3.31(dd,J=17.3,5.7Hz, 1 Hx 0.8), 3.27 - 3.11* (m, 2 H x 0.2), 3.24 — 3.14 (m, 1 H x 0.8), 2.55*
(t,J=6.6 Hz,1H x0.2),2.51 (dt,J=12.7,3.2 Hz, 1 H x 0.8), 2.41 — 2.34 (m, 1 H x 0.8), 2.33 -
2.28*(m,2Hx0.2),2.16 -2.11* (m, 1 Hx 0.2), 2.04 - 1.98 (m, 1L Hx 0.8), 2.04 — 1.98* (m, 1L H
x0.2),1.92-1.79(m,3H x0.8),1.92 - 1.79* (m, 2 Hx0.2), 1.79 - 1.68 (m, 2 H x 0.8), 1.79 —
1.68* (m,2Hx0.2), 1.57-1.42 (m, 2 Hx0.8), 1.57 — 1.42* (m, 1 Hx 0.2), 1.22* (s, 3H x 0.2),
1.18 (s, 3 H x 0.8) ppm; 3C NMR (125 MHz, CDCls3) & = 205.4*, 204.2, 143.8*, 143.8, 132.4,
132.4*, 131.7, 131.7*, 129.8, 129.8*, 128.2, 128.2*, 126.2, 126.1*, 125.9, 125.8*, 125.0, 124.9*,
123.3, 123.3*, 123.2*, 123.2, 50.4, 46.4, 41.3, 38.6*, 37.0, 36.8*, 36.8, 34.6*, 28.2, 27.4*, 26.3,
26.2*, 25.4*, 254, 21.9, 21.1, 20.7*, 20.6* ppm; MS (APCI) exact mass calculated for [M+H]
(C20H230) requires m/z 279.1743, found m/z 279.1740.

(5aRS,9aRS)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydronaphtho[2,1-b]thiophene-7-
carbaldehyde (2.66)

OHC

Prepared according to general procedure E from polyene 2.52 (46 mg, 0.19 mmol). The reaction
was run for 5 h and product 2.66 was isolated as a yellow oil (37 mg, 0.16 mmol, 81% vyield,
trans:cis 94:6, trans-p:a 4:1). IR (Film) 3104, 3063, 2929, 2855, 2708, 1722, 1462, 1451, 1439,
1375, 1330, 1265, 1234, 1194, 1173, 1126, 1091, 1030, 1016, 986, 964, 910, 893, 855, 830, 729,
699 cm; 'H NMR (500 MHz, CDCl3) 6§ =9.71* (s, 1 Hx 0.2), 9.67 (d, ] = 1.3 Hz, 1 H x 0.8),
7.06 (d,J=5.3Hz, 1 H x0.8), 7.02* (d, J =5.3 Hz, 1 H x 0.2), 6.86 (d, J =5.3 Hz, 1 H x 0.8),
6.81(d, J=5.3Hz,1Hx0.8),2.90-2.81(m,2H x0.8), 290 - 2.81* (m, 2 H x 0.2), 2.52* (t, J
=6.5Hz, 1 Hx0.2),2.37 (ttd, J = 12.6, 4.3, 1.2 Hz, 1 Hx 0.8), 2.24 — 2.17* (m, 1 H x 0.2), 2.19
(dt, J=12.9, 3.3 Hz, 1 H x 0.8), 2.05* (dq, J = 13.9, 1.7 Hz, 1 H x 0.2), 1.99 — 1.95* (m, 1 H X
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0.2),1.97 — 1.90 (m, 1 H x 0.8), 1.87 — 1.58 (m, 5 H x 0.8), 1.87 — 1.58* (m, 5 H X 0.2), 1.55 —
1.34 (m, 2 H x 0.8), 1.55 — 1.34* (m, 1 H x 0.8) ppm; 3C NMR (125 MHz, CDCls) & = 205.3*,
204.1, 146.0*, 146.0, 134.4, 134.4*, 124.0, 124.0*, 122.4, 122.2*, 50.6, 46.6*, 42.0, 39.2*, 36.7,
36.0, 35.8*, 34.6*, 27.3, 26.5*, 26.1*, 26.1, 25.1, 25.0*, 21.5, 20.5, 20.3*, 20.0* ppm; MS (APCI)
exact mass calculated for [M+H] (C14H190S) requires m/z 235.1155, found m/z 235.1151.

(5aRS,9aRS)-3,9a-dimethyl-4,5,5a,6,7,8,9,9a-octahydronaphtho[1,2-b]thiophene-7-
carbaldehyde (2.67)

OHC

Prepared according to general procedure E from polyene 2.53 (49 mg, 0.20 mmol). The reaction
was run for 5 h and product 2.67 was isolated as a white powder (21 mg, 0.084 mmol, 43% yield,
trans-B:a 4:1). IR (Film) 3087, 2964, 1928, 1857, 2708, 1724, 1462, 1450, 1438, 1374, 1018 cm"
114 NMR (500 MHz, CDCl3) 6§ =9.71* (s, 1 Hx 0.2), 9.67 (s, 1 Hx 0.8), 6.72 (x, 1 Hx 0.8),
6.68* (s, 1 H x 0.2), 2.62 - 2.48 (m, 2 H), 2.44 —2.36 (m, 1 H), 2.10 — 2.06 (m, 4 H), 1.96 — 1.89
(m, 1 H), 1.82 - 1.59 (m, 6 H), 1.52 — 1.42 (m, 1 H), 1.20* (s, 3H x 0.2), 1.16 (s, 3 H x 0.8) ppm;
13C NMR (125 MHz, CDCls) § = 205.2*, 203.9, 148.1%*, 147.9, 136.2, 136.2*, 133.1, 133.0%,
116.9, 116.8*, 50.8, 46.8*, 42.7, 40.0*, 38.6, 36.6, 36.6*, 36.5*, 27.4, 26.5*, 25.5*, 25.5, 24.7,
24.6*, 21.9, 21.6, 21.4*, 20.4*, 14.2, 14.2* ppm; MS (ESI) exact mass calculated for [M+Na]
(C15H20NaOS) requires m/z 271.1127, found m/z 271.1127.

(5aRS,9aRS)-9a-methyl-3-tosyl-4,5,5a,6,7,8,9,9a-octahydro-3H-benzo[e]indole-7-
carbaldehyde (2.68)

OHC

Prepared according to general procedure E from polyene 2.54 (48 mg, 0.13 mmol). The reaction
was run for 5 h and product 2.68 was isolated as a white powder (31 mg, 0.084 mmol, 65% yield,
trans-B:a 4:1). IR (Film) 3147, 3058, 2933, 2857,2713, 1721, 1597, 1365, 1265, 1171, 1139, 1124,
1090, 1037, 813 cm™; *H NMR (500 MHz, CDCl3) § = 9.65* (s, 1 Hx 0.2), 9.63 (s, 1 Hx 0.8),
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7.65-7.61(m,2H),7.29-728(m,2H),7.16 (d,J=3.9Hz,1Hx0.8),7.13*(d,J=3.9Hz, 1
Hx0.2),6.12 (d,J=3.9Hz, 1 Hx 0.8),6.06 (d,J=3.9Hz, 1 Hx0.2),2.90 - 2.81 (m, 1 H), 2.65
—2.57 (m, 1 Hx0.8),251-2.46*(m,2Hx0.2),2.41 (s, 3H),235-2.28 (m, 1 Hx0.8), 2.12
—1.96 (M, 1 H), 1.96 — 1.83 (m, 1 H), 1.71 — 1.52 (m, 4 H), 1.48 — 1.21 (m, 3 H), 0.99* (s, 3 H X
0.2), 0.95 (s, 2 H x 0.8) ppm; ¥C NMR (125 MHz, CDCls) § = 205.5%, 204.0, 144.6, 144.5%,
136.5, 136.4*, 134.3*, 134.3, 130.0*, 129.9, 127.2(*), 126.8(*), 121.1, 121.0*, 108.3, 108.2*,
50.7,46.7*,41.9, 39.2*, 36.3, 34.2*, 33.6, 33.5*, 27.0, 26.1*, 25.4*, 25.3, 23.3, 23.0*, 21.6, 21.2,
20.4(*), 20.0*, 19.9* ppm; MS (ESI) exact mass calculated for [M+Na] (C21H2sNNaOsS) requires
m/z 394.1447, found m/z 394.1431.

(4aRS,11cRS)-11c-methyl-1,2,3,4,4a,5,6,11c-octahydronaphtho[2,1-b]benzofuran-3-
carbaldehyde (2.69)

OHC

Prepared according to general procedure E from polyene 2.55 (50 mg, 0.18 mmol). The reaction
was run for 5 h and product 2.69 was isolated as a white solid (41 mg, 0.15 mmol, 82% vyield,
trans:cis 91:9, trans-B:a 4:1). IR (Film) 3053, 2935, 2859, 2813, 2712, 1722, 1624, 1610, 1451,
1376, 1316, 1266, 1235, 1210, 1179, 1149, 1109, 1049, 1015, 927, 864, 842, 710, 703 cm™; H
NMR (500 MHz, CDCl3) 6 =9.73* (s, 1 Hx 0.2),9.69 (d, J=1.0 Hz, l Hx 0.8), 7.57 (dd, J = 7.1,
1.9 Hz, 1 Hx0.8), 7.52* (dd, J=7.0, 1.2 Hz, 1 H x 0.2), 7.41 (dd, J = 7.1, 1.4 Hz, 1 H x 0.8),
7.38*(dd,J=7.5,1.6 Hz, 1Hx0.2),7.22-7.12(m,2H x 0.8), 7.22 - 7.12* (m, 2 H x 0.2), 2.89
—2.71(m,2Hx0.8),2.89 -2.71* (m, 2 Hx 0.2), 2.59 (dt, J = 12.7, 3.2 Hz, 1 H x 0.8), 2.57* (t,
J=5.8Hz,1Hx0.2),2.48-2.38 (m,1Hx0.8),248-2.38*(m, 1 Hx0.2),2.28 -2.22* (m, 1
Hx 0.2), 2.10 - 2.05* (m, 1 Hx 0.2), 2.02-1.94 (m, 1 H x 0.8), 2.02 - 1.94* (m, 1 Hx 0.2), 1.93
-1.70(m,5Hx0.8), 1.93-1.70* (m, 3H x 0.2),1.70 — 1.58 (m, 1 H x 0.8), 1.70 — 1.58* (m, 1
Hx0.2), 1.58 — 1.46 (m, 1 H x 0.8), 1.58 — 1.46* (m, 1 H x 0.2), 1.26* (5, 3H x 0.2), 1.21 (s, 3 H
x 0.8) ppm; 2C NMR (125 MHz, CDCl3) & = 205.2*, 203.9, 154.7, 154.6*, 152.5, 152.5*, 127.0,
127.0%, 122.7, 122.6*, 122.3, 122.3*, 122.0, 121.9*, 119.8, 119.8*, 111.0, 111.0*, 50.8, 46.8*,
43.3,40.6*, 35.7, 34.8, 34.7*, 33.8*, 27.0, 26.1*, 25.4*, 25.3, 23.9, 23.8*, 21.1, 19.9*, 18.8, 18.3*
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ppm; MS (APCI) exact mass calculated for [M-H] (C1sH1902) requires m/z 267.1390, found m/z
267.1389.

(3-(4-methoxyphenethyl)-4-methylcyclohex-1-en-1-yl)methanol (2.72)

HO ’ O
OMe

Prepared according to general procedure E from polyene 2.56 (40 mg, 0.15 mmol) with the HCIO4
salt of catalyst 1.241 and MeNO: as a solvent. The product was isolated as a mixture of aldehydes,
and was redissolved in MeOH (2 mL), NaBH4 (1 scoop) was added. Solution was let stir for 1 h,
then quenched with saturated NH4Cl and extracted with DCM (3 x 5 mL). The combined organic
layers were washed with brine, dried with MgSQyg, filtered and concentrated. The crude extracts
were purified by silica gel column chromatography (gradient from 90:10 to 80:20 hexanes/EtOAC).
Product 2.72 was isolated as a colourless oil (8.1 mg, 0.031 mmol, 21% yield). IR (Film) 3340,
2920, 2857, 2835, 1610, 1454, 1243, 1110, 1036 cm™; *H NMR (500 MHz, CDCl3) § = 7.10 (d, J
=8.6 Hz, 2 H), 6.82 (d, J=8.6 Hz, 2 H), 5.63 (s, 1L H x 0.8), 5.59 (s, 1L H x 0.2), 4.02 (s, 2 H), 3.79
(s, 3H), 2.71 -2.50 (m, 2 H), 2.03-1.90 (m, 2 H), 1.84 — 1.71 (m, 2 H), 1.62 — 1.52 (m, 2 H),
1.49 —-1.30 (m, 2 H), 0.96 (d, J = 6.6 Hz, 3 H x 0.8), 0.86™ (d, J = 6.6 Hz, 3 H x 0.2) ppm;*3C NMR
(125 MHz, CDCl3) assigned for major diastereomer 6 157.7, 137.2, 134.9, 129.2, 126.2, 113.7,
67.5, 55.3, 41.8, 35.8, 32.6, 31.9, 29.9, 24.9, 19.8 ppm; HRMS (ESI) exact mass calculated for
[M+Na] (C17H224Na03) requires m/z 283.16685 found m/z 283.166109.

4-ethoxy-3-(4-methoxyphenethyl)-4-methylcyclohexane-1-carbaldehyde (2.73)

OEt
OHC
OMe

Prepared according to general procedure F from polyene 2.56 (12 mg, 0.046 mmol). The reaction
was run for 4 h, and product 2.73 was isolated as a colourless oil (5.7 mg, 0.020 mmol, 43% yield).
IR (Film) 2972, 2926, 2861, 1724, 1512, 1300 cm'; *H NMR (500 MHz, CDCl3) § =9.66 (d, J =
1.2, 0.5H), 9.64 (d, J = 0.6 Hz, 0.5H), 7.11 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 3.79 (s,
3H), 3.40 — 3.18 (m, 2H), 2.74 — 2.64 (m, 1H), 2.52 — 2.43 (m, 1H), 2.40 — 2.20 (m, 1H), 2.17 —
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2.03 (m, 1.5H), 1.99 — 1.76 (m, 2H), 1.71 — 1.44 (m, 3.5H), 1.41 — 1.29 (m, 1H), 1.24 - 1.12 (m,
1H), 1.12 (t, J = 7.0 Hz, 3H), 1.08 (s, 1.5H), 1.05 (s, 1.5H) ppm;*C NMR (125 MHz, CDCl3) §
205.3, 204.2, 157.9, 157.8, 134.9, 134.6, 129.4, 113.9, 113.9, 76.4, 75.7, 55.5, 55.4, 50.2, 45.0,
43.0,40.2, 355, 33.4,33.1, 31.7, 314, 31.1, 28.3, 25.4, 21.7, 20.7, 17.9, 16.4, 16.2 ppm; HRMS
(ESI) exact mass calculated for [M+Na] (CioH2sNaOs) requires m/z 327.19307 found m/z
327.19310.

(E)-3-iodobut-2-en-1-ol (2.82)

|)\/\0H

Following the procedure of Koskinen.® To a solution of Cp2ZrCl, (9.22 g, 31.5 mmol) in THF (40
mL) at 0 °C was added DIBAL-H (25 wt. % in toluene, 21.2 mL, 31.5 mmol), then a pre-mixed
solution of 2-butyn-1-ol (1.99 g, 28.3 mmol) and DIBAL-H (25 wt. % in toluene, 19.2 mL, 28.3
mmol) in THF (40 mL). The resulting solution was brought to room temperature and let stir for 2
h. A solution of I, (18.32 g, 72.2 mmol) in THF (40 mL) was added at —78 °C. The resulting
solution was brought to 0 °C and let stir for 1 h before it was quenched with saturated NH4Cl and
extracted with Et2O (3 x 100 mL). The combined organic layers were washed with saturated
sodium thiosulphate, washed with brine, dried with MgSOs, filtered and concentrated. The crude
extracts were purified by silica gel column chromatography (80:20 penatne/Et,O). Before
concentrating fully, (E)-3-iodobut-2-en-1-ol was used in the next procedure. Spectroscopic data

were in accordance with previously reported literature.?°

(E)-tert-butyl((3-iodobut-2-en-1-yl)oxy)dimethylsilane (2.79)

IJ\/\OTBS

Prior to purification, (E)-3-iodobut-2-en-1-ol column fractions were partially concentrated and
redissolved in DCM (20 mL). Imidazole (765 mg, 11.2 mmol) and TBSCI (917 mg, 6.1 mmol)
were added, and the resulting solution was le stir for 16 h. Solution was concentrated and purified
by silica gel column chromatography (gradient from hexanes to 94:6 hexanes/EtOAc). (E)-tert-
butyl((3-iodobut-2-en-1-yl)oxy)dimethylsilane was isolated as a colourless oil (1.3570 g, 4.3
mmol, 15% yield over two steps). Spectroscopic data were in accordance with previously reported

literature.?
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ethyl (E)-7-((tert-butyldimethylsilyl)oxy)-5-methylhept-5-enoate (5.12)

f\li/oms
EtO,C

Following the procedure of Furkert et al.??: To a stirred solution of cupric acetate (240 mg, 1.3
mmol) in acetic acid (4.0 mL) was added zinc dust (2.40 g, 36.7 mmol) at 100 °C. After 2 minutes,
the solvent was cannulated off and the solid was washed with acetic acid (2 x 4.0 mL) and Et.0O

(3 x 4.0 mL). Remaining solvent was removed under high vacuum.

To the dry solid was added a solution of ethyl-4-iodobutyrate (1.9315 g, 8.0 mmol) in
toluene/NMP (36 mL/3.6 mL). The solution was brought to 50 °C and let stir for 1 h. The reaction
was let cool until the solid was settled. The solvent was then cannulated into a flask containing
Pd(PPhs)s (460 mg, 0.40 mmol) and (E)-tert-butyl((3-iodobut-2-en-1-yl)oxy)dimethylsilane
(1.2610 g, 4.0 mmol). The reaction was brought to 65 °C and let stir for 18 h. The reaction was
then let cool, quenched with saturated NH4Cl, and extracted with EtOAc. The combined extracts
were washed with brine, dried with MgSOs, filtered, concentrated, and purified by flash
chromatography (gradient from hexanes to 90:10 hexane/EtOAc). Product 5.12 was isolated as
colourless oil (1.0444 g, 3.5 mmol, 86% yield). IR (Film) v 2954, 2929, 2856, 1735, 1006, 813
cm™; 'H NMR (500 MHz, CDCls) 6 =5.31 (t, J = 6.1 Hz, 1 H), 4.18 (d, ] = 6.3 Hz, 2 H), 4.12 (q,
J=71Hz, 2 H),227 (t,J=7.7Hz, 2 H), 2.02 (t, J = 7.6 Hz, 2 H), 1.75 (m, 2 H), 1.62 (s, 3 H),
1.25 (t,J = 7.1 Hz, 3 H), 0.90 (s, 9 H), 0.06 (s, 6 H) ppm; 3C NMR (125 MHz, CDCl3z) § = 173.6,
135.9, 125.3,60.2, 60.2, 38.8, 33.7, 26.0, 22.9, 18.4, 16.1, 14.2, -5.1 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C1sH32NaOsSi) requires m/z 323.2013, found m/z 323.2001.

ethyl (E)-7-hydroxy-5-methylhept-5-enoate (2.86)

I

To a stirred solution of ethyl (E)-7-((tert-butyldimethylsilyl)oxy)-5-methylhept-5-enoate (1.0444
g, 3.5 mmol) in THF (11 mL) was added a solution of TBAF (1.0 M in THF, 7.0 mL, 7.0 mmol)
was added and the resulting solution was stirred for 1 h. The reaction was quenched with saturated
aqueous NaHCOs and extracted with EtOAc (3 x 10 mL). The combined organic layers were

washed with brine, dried with MgSOs, filtered, and concentrated. The crude extracts were purified
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by silica gel column chromatography (gradient from hexanes to 50:50 hexanes/EtOAc). Product
2.86 was isolated as a colourless oil (495 mg, 2.6 mmol, 76% vyield). IR (Film) v = 3412, 2980,
2936, 2874, 1731, 1373, 1097 cm™®; *H NMR (500 MHz, CDCl3) 6 =5.35 (t,J = 6.9 Hz, 1 H), 4.06
(m, 4 H), 2.22 (t,J = 7.8 Hz, 2 H), 1.99 (t, J = 7.8 Hz, 2 H), 1.95 (s, 1 H), 1.70 (tt, J = 7.8, 7.8 Hz,
2 H), 1.61 (s, 3 H), 1.98 (t, J = 7.4 Hz, 3 H) ppm; *C NMR (125 MHz, CDCl3) & = 173.6, 138.0,
124.3,60.1, 59.0, 38.6, 33.5, 22.6, 15.8, 14.1 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C10H18Na0Os3) requires m/z 209.1148, found m/z 209.1148.

ethyl (E)-5-methyl-7-phenoxyhept-5-enoate (2.87)

| '
EtOZC/l/\L/O

To a solution of ethyl (E)-7-hydroxy-5-methylhept-5-enoate (102 mg, 0.55 mmol), PPhs (158 mg,
0.60 mmol), and phenol (58 mg, 0.62 mmol) in THF (1.5 mL) at 0 °C was added a solution of
DIAD (133 mg, 0.66 mmol) in THF (1.5 mL). Solution was brought to room temperature and
stirred for 2 h, then quenched with saturated NH4Cl, and extracted with EtOAc. The combined
extracts were washed with brine, dried with MgSOsa, filtered, concentrated, and purified by flash
chromatography (gradient from hexanes to 90:10 hexane/EtOAc). Product 2.87 was isolated as
colourless oil (120 mg, 0.46 mmol, 84% yield). IR (Film) v = 29302855, 1715, 1454, 1305 cm™;
'H NMR (500 MHz, CDCls3) § = 7.28 (m, 2 H), 6.92 (m, 3 H), 5.50 (t, J = 6.7 Hz, 1 H), 4.53 (d, J
=5.0Hz,2H),4.13(q,J=7.4Hz, 2 H), 2.28 (t, J = 8.0 Hz, 2 H), 2.10 (t, J = 8.0 Hz, 2 H), 1.79
(tt, J=8.0,8.0 Hz, 2 H), 1.73 (s, 3 H), 1.26 (t, J = 7.4 Hz, 3 H) ppm; 3C NMR (100 MHz, CDCls)
5 =173.5, 158.8, 140.0, 129.4, 120.6, 120.4, 114.7, 64.6, 60.2, 38.8, 33.7, 22.8, 16.4, 14.2 ppm;
HRMS (ESI) exact mass calculated for [M+Na] (C1sH22NaO3z) requires m/z 285.1461, found m/z
285.1462.
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ethyl (E)-7-(3,5-dimethylphenoxy)-5-methylhept-5-enoate (2.88)

| '
EtOzC/l/\L/O

To a solution of ethyl (E)-7-hydroxy-5-methylhept-5-enoate (99 mg, 0.53 mmol), PPh3(155 mg,
0.59 mmol), and 3,5-dimethylphenol (75 mg, 0.62 mmol) in THF (1.5 mL) at 0 °C was added a
solution of DIAD (130 mg, 0.66 mmol) in THF (1.5 mL). Solution was brought to room
temperature and stirred for 2 h, then quenched with saturated NH4Cl, and extracted with EtOAc.
The combined extracts were washed with brine, dried with MgSOs, filtered, concentrated, and
purified by flash chromatography (gradient from hexanes to 90:10 hexane/EtOAc). Product 2.88
was isolated as colourless oil (122 mg, 0.47 mmol, 88% yield). IR (Film) v = 2979, 2918, 2871,
1732, 1593, 1293, 1151, 990 cm™®; *H NMR (500 MHz, CDCl3) § = 6.61 (s, 1 H), 6.56 (s, 2 H),
551 (t,J=6.9Hz,1H),452(d,J=6.2Hz,2H),4.15(q,J=7.0 Hz, 2 H) 2.30 (m, 8 H), 2.12 (t,
J=7.6Hz, 2H),1.80 (i, J = 8.0, 7.6 Hz, 2 H), 1.74 (s, 3 H), 1.28 (t, J = 7.0 Hz, 3 H) ppm; 1°C
NMR (100 MHz, CDClz) 6 = 173.4, 158.8, 139.6, 139.0, 122.3, 120.6, 112.3, 64.4, 60.1, 38.7,
33.6, 22.7, 21.3, 16.2, 14.1 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C1sH26NaOs)
requires m/z 313.17742, found m/z 313.17656.

(E)-5-methyl-7-phenoxyhept-5-en-1-ol (2.89)

(§

)

OH

To a stirred solution of (E)-7-hydroxy-5-methylhept-5-enoate (23 mg, 0.087 mmol) in THF (0.45
mL) at 0 °C was added DIBAL-H (25 wt. % in toluene, 0.13 mL, 0.13 mmol) dropwise. The
solution was stirred for 2 h, then quenched with a saturated solution of Rochelle’s salt. The mixture
was extracted with EtOAc (3 x 5 mL). The combined organic layers were washed with brine, dried
with MgSOs, filtered and concentrated. The crude extracts were purified by silica gel column
chromatography (gradient from hexanes to 50:50 hexanes/EtOAC) to obtain product 2.89, which
was isolated as a colourless oil (16 mg, 0.070 mmol, 81% vyield). IR (Film) v =3337, 2933, 2861,
1599, 1494, 1172, 1029 cm™:; *H NMR (500 MHz, CDCl3) & = 7.28 (m, 2 H), 6.92 (m, 3 H), 5.50
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(t, J=7.6 Hz, 1 H), 454 (d,J = 6.6 Hz, 2 H), 3.65 (t, J = 6.4 Hz, 2 H), 2.10 (t, J = 7.0 Hz, 2 H),
1.73 (s, 3 H), 1.55 (m, 4 H), 1.27 (s, 1H) ppm; 3C NMR (125 MHz, CDCls) § = 158.8, 140.9,
129.4, 120.6, 119.8, 114.7, 64.6, 62.8, 39.2, 32.3, 23.7, 16.5 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C14H20NaO3) requires m/z 243.1356, found m/z 243.1351.

(E)-7-(3,5-dimethylphenoxy)-5-methylhept-5-en-1-ol (2.90)

5

0]

OH

To a stirred solution of ethyl (E)-7-(3,5-dimethylphenoxy)-5-methylhept-5-enoate (121 mg, 0.42
mmol) in THF (1.5 mL) at 0 °C was added DIBAL-H (25 wt. % in toluene, 0.85 mL, 0.85 mmol)
dropwise. The solution was stirred for 2 h, then quenched with a saturated solution of Rochelle’s
salt. The mixture was extracted with EtOAc (3 x 5 mL). The combined organic layers were washed
with brine, dried with MgSOy, filtered and concentrated. The crude extracts were purified by silica
gel column chromatography (gradient from hexanes to 50:50 hexanes/EtOAc) to obtain product
2.90, which was isolated as a colourless oil (92 mg, 0.37 mmol, 89% yield). IR (Film) v = 3345,
2933, 2862, 1593, 1459, 1292, 1151, 1002 cm™*; *H NMR (400 MHz, CDCls3) § = 6.60 (s, 1 H),
6.56 (s, 2 H),5.50 (t, J=6.1 Hz, 1 H), 4.51 (d, J =6.1 Hz, 2 H), 3.64 (t, J=6.9 Hz, 2 H), 2.3 (s, 6
H), 2.10 (t, J = 7.0 Hz, 2 H), 1.74 (s, 4 H), 1.55 (m, 4 H) ppm; *C NMR (100 MHz, CDCl3) 6 =
158.8, 140.6, 139.0, 122.3, 119.9, 112.4, 64.5, 62.6, 39.1, 32.2, 23.6, 21.3, 16.4 ppm; HRMS (ESI)
exact mass calculated for [M+Na] (C16H24NaO3) requires m/z 271.1669, found m/z 271.1676.

(E)-5-methyl-7-phenoxyhept-5-enal (2.91)

A

To a solution of (E)-5-methyl-7-phenoxyhept-5-en-1-ol (106 mg, 0.42 mmol) in DCM (2.5 mL)
was added pyridine (70 pL, 0.88 mmol) and Dess-Martin periodinane® (243 mg, 0.57 mmol). The
mixture was stirred for 1 h. The reaction was quenched with saturated aqueous sodium thiosulfate

and extracted with DCM (3 x 10 mL). The combined organic layers were washed with brine, dried
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with MgSOs, filtered and concentrated. The crude extracts were purified by silica gel column
chromatography (gradient from hexanes to 90:10 hexanes/EtOAc). Product 2.90 was isolated as a
colourless oil (77 mg, 0.35 mmol, 73% yield. *H NMR (500 MHz, CDClz) § = 9.76 (s, 1 H), 7.28
(m, 2 H), 6.91 (m, 3 H), 5.50 (t, J = 6.3 Hz, 1 H), 4.53 (d, J = 6.3 Hz, 2 H), 2.42 (t, J = 7.3 Hz, 2
H), 2.11 (t, J=7.5Hz, 2 H), 1.80 (tt, J = 7.5, 7.3 Hz, 2 H), 1.73 (s, 3 H) ppm.

(E)-7-(3,5-dimethylphenoxy)-5-methylhept-5-enal (2.92)

AY

To a solution of (E)-7-(3,5-dimethylphenoxy)-5-methylhept-5-en-1-o0l (91 mg, 0.41 mmol) in
DCM (2.0 mL) was added pyridine (55 pL, 0.68 mmol) and Dess-Martin periodinane® (217 mg,
0.51 mmol). The mixture was stirred for 1 h. The reaction was quenched with saturated aqueous
sodium thiosulfate and extracted with DCM (3 x 10 mL). The combined organic layers were
washed with brine, dried with MgSOs, filtered and concentrated. The crude extracts were purified
by silica gel column chromatography (gradient from hexanes to 90:10 hexanes/EtOAc). Product
2.92 was isolated as a colourless oil (69 mg, 0.28 mmol, 68% yield). IR (Film) v = 2918, 2722,
1722, 1611, 1458, 1292, 1151, 1054, 828 cm™; *H NMR (500 MHz, CDCls) 8 =9.77 (s, 1 H), 6.61
(s, 1 H),6.56 (s, 2H),5.50(t, J=6.2Hz, 1 H), 451 (d, J=6.6 Hz, 2 H), 2.42 (t, J = 7.1 Hz, 2 H),
2.30(s,6 H), 2.11 (t, J=7.6 Hz, 2 H), 1.80 (it, J = 7.6, 7.1 Hz, 2 H), 1.74 (s, 3 H) ppm; *C NMR
(100 MHz, CDClz) 6 =202.1, 158.7, 139.5, 139.0, 122.3, 120.8, 112.4, 64.4, 43.0, 38.5, 21.3, 19.8,
16.3 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C1sH22NaO-) requires m/z 269.2512,
found m/z 269.1501.

(E)-5-methyl-2-methylene-7-phenoxyhept-5-enal (2.93)

¥

To a solution of (E)-5-methyl-7-phenoxyhept-5-enal (92 mg, 0.41 mmol) in 'PrOH (4.2 mL) was
added formaldehyde (37 wt. % in H20, 70 pL, 0.84 mmol), pyrrolidine (35 pL, 0.42 mmol) and
propionic acid (100 pL of a 4.2 M solution in 'PrOH, 0.42 mmol). Resulting solution was brought
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to 50 °C and let stir for 3 h before it was cooled and diluted with H20. The reaction was extracted
with DCM (3 x 10 mL). The combined organic layers were washed with brine, dried with MgSOsa,
filtered and concentrated. The crude extracts were purified by silica gel column chromatography
(gradient from hexanes to 90:10 hexanes/EtOAc). Product 2.93 was isolated as a colourless oil (78
mg, 0.34 mmol, 80% yield). IR (Film) v = 2958, 2930, 2848, 1750, 1690, 1495, 989 cm™*; *H NMR
(500 MHz, CDCl3) 8 =9.52 (s, 1 H), 7.28 (m, 2 H), 6.94 (t, J= 7.3 Hz, 1 H), 6.90 (d, ] = 8.6 Hz,
2 H), 6.23 (s, 1 H), 5.99 (s, 1 H), 5.49 (t, J = 6.5 Hz, 1 H), 4.53 (d, J = 6.4 Hz, 2 H), 2.42 (t, = 6.7
Hz, 2 H), 2.22 (t, J = 6.7 Hz, 2 H), 1.75 (s, 3 H) ppm; 3C NMR (100 MHz, CDCls) § = 194.5,
158.7, 149.5, 139.8, 134.4, 129.4, 120.6, 120.6, 114.7, 64.5, 37.5, 26.0, 16.5 ppm; HRMS (ESI)
exact mass calculated for [M+Na] (C1sH1sNaO.) requires m/z 253.1199, found m/z 253.1192.

(E)-7-(3,5-dimethylphenoxy)-5-methyl-2-methylenehept-5-enal (2.94)

Y

To a solution of (E)-7-(3,5-dimethylphenoxy)-5-methylhept-5-enal (69 mg, 0.28 mmol) in 'PrOH
(2.8 mL) was added formaldehyde (37 wt. % in H20, 50 pL, 0.56 mmol), pyrrolidine (100 pL of
a 2.8 M solution in 'PrOH, 0.28 mmol) and propionic acid (100 pL of a 2.8 M solution in 'PrOH,
0.28 mmol). Resulting solution was brought to 50 °C and let stir for 3 h before it was cooled and
diluted with H2O. The reaction was extracted with DCM (3 x 10 mL). The combined organic layers
were washed with brine, dried with MgSOsa, filtered and concentrated. The crude extracts were
purified by silica gel column chromatography (gradient from hexanes to 90:10 hexanes/EtOAC).
Product 2.94 was isolated as a colourless oil (59 mg, 0.23 mmol, 81% yield IR (Film) v = 3052,
2978, 2933, 2865, 1705, 1676, 1258, 1156 cm™*; *H NMR (500 MHz, CDCls3) § = 9.53 (s, 1 H),
6.60 (s, 1 H), 6.54 (s, 2 H), 6.25 (s, 1 H), 6.00 (s, 1 H), 5.49 (t, J=6.5Hz, 1 H), 451 (d, J=6.5
Hz, 2 H), 2.42 (t,J = 6.9 Hz, 2 H), 2.30 (s, 6 H), 2.22 (t, J = 6.9 Hz, 2 H), 1.76 (s, 3 H) ppm; 13C
NMR (100 MHz, CDCl3) 6 = 194.4, 158.8, 149.5, 139.5, 139.0, 134.3, 122.3, 120.8, 112.4, 64.4,
37.5, 26.0, 21.4, 16.4 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C17H22NaO3) requires
m/z 281.1512, found m/z 281.1516.
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4-ethoxy-4-methyl-3-(phenoxymethyl)cyclohexane-1-carbaldehyde (2.97)
OEt

OHCJCCOQ

Prepared according to general procedure F from polyene 2.93 (8.1 mg, 0.035 mmol). The reaction
was run for 24 h and purified by silica gel column chromatography after acetal deprotection
(gradient from hexanes to 85:15 hexanes/EtOAc). Product 2.97 was isolated as a colourless oil
(3.3 mg, 0.012 mmol, 34% vyield). IR (Film) 3064, 3039, 2973, 2931, 2869, 2721, 1726, 1599,
1497, 1172, 829 cm™; *H NMR (500 MHz, CDCl3) § =9.68 (d, ] = 1.1 Hz, 1 Hx 0.6), 9.67* (s, 1
H x 0.4), 7.29 — 7.27 (m, 2 H), 6.94 — 6.90 (m, 3 H), 4.33 (dd, J = 9.2, 3.0 Hz, 1 H x 0.6), 4.12*
(dd, J=9.2,3.0Hz, 1 Hx 0.4), 3.86* (dd, J =9.2,84 Hz, 1 Hx 0.4),3.72 (dd, J =9.2,9.2 Hz, 1
H x 0.6), 3.46 (m, 2 H x 0.6), 3.38* (qd, J =7.0, 1.7 Hz, 2 H x 0.4), 2.47 — 2.20 (m, 2 H), 2.20 —
1.92 (m, 2 H), 1.87 — 1.55 (m, 2 H), 1.43 — 1.26 (m, 2 H), 1.19 — 1.14 (m, 6 H) ppm; *C NMR
(125 MHz, CDCls3) 6 = 204.8*, 203.6, 159.0, 158.9*, 129.4*, 129.4, 120.7*, 120.5, 114.5*, 114.5,
75.1,74.3*%,67.7*,67.7,55.7, 55.3*, 49.5, 45.1*, 43.9, 40.8*, 35.6, 32.5*, 26.8, 24.6*, 23.2, 21.3*,
20.7*, 18.0, 16.2, 16.0* ppm; HRMS (ESI) exact mass calculated for [M+Na] (C17H24NaOs)
requires m/z 299.1618, found m/z 299.1610.

5.3. Experimental Procedures from Chapter 3

Note: due to restricted bond rotation, some catalyst intermediates display multiple rotamers and
broad peaks in their *H and *3C NMR spectra.

dibenzyl (R)-1-(6-bromo-1-hydroxyhexan-2-yl)hydrazine-1,2-dicarboxylate (3.32)

Br\/\/\l“\\\\OH

/N\
Hl}l Cbz

Cbz

Following a modified procedure of Hamada et al.?®: To a stirred solution of 6-bromohexanal
(2.9082 g, 10.7 mmol) and dibenzylazodicarboxylate (2.1298 g, 7.1 mmol) in MeCN (50 mL) at 0
°C was added (S)-proline (181 mg, 1.6 mmol) and the resulting reaction mixture was stirred at -5
°C for 17 h. EtOH (50 mL) and NaBH4 (320 mg, 8.5 mmol) were added and the reaction mixture
was stirred at 0 °C for 30 min. The reaction was quenched with saturated aqueous NH4Cl and
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extracted with EtOAc (3 x 50 mL). The combined extracts were washed with brine, dried with
Na>SOg, filtered, concentrated, and purified by flash chromatography (gradient from 80:20 to
60:40 hexanes/EtOAC) to give product 3.32 (2.20 g, 4.6 mmol, 64% yield) which was isolated as
a colourless oil. Enantioselectivity was >99% ee, as determined by HPLC analysis using a
CHIRACEL OD column (10% 'PrOH in hexanes 40 min — tr 13.3 and 25.7 min). IR (thin film) v
3272, 3033, 2956, 1712, 1252 cm™; *H NMR (500 MHz, CDCl3) § 7.43 — 7.20 (m, 10H), 6.64 —
6.48 (m, 1H), 5.35 — 5.02 (m, 4H), 4.55 — 4.00 (m, 2H), 3.64 — 3.21 (m, 4H), 1.96 — 1.60 (m, 2H),
1.48 — 1.16 (m, 4H) ppm; C NMR (125 MHz, CDCls) § = 157.2, 156.2, 135.8, 135.1, 128.8,
128.8, 128.7, 128.4, 128.2, 127.9, 68.8, 68.4, 62.3, 33.7, 33.4, 32.1, 27.0, 24.5 ppm; HRMS (ESI)
exact mass calculated for [M+Na] (C22H27N2BrNaOs) requires m/z 501.0996, found m/z 501.0975.

dibenzyl (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (3.30)

OH

o.lll\/
-N

'}‘ “Cbz

Cbz
To a stirred solution of dibenzyl (R)-1-(6-bromo-1-hydroxyhexan-2-yl)hydrazine-1,2-
dicarboxylate (1.85 g, 3.8 mmol) in tetrahydrofuran (90 mL) was added tetrabutylammonium
fluoride hydrate (1M in THF, 11.4 mL, 11.4 mmol). After 48 hours, saturated aqueous ammonium
chloride was added, and the mixture was extracted with ethyl acetate. The combined extracts were
washed with brine, dried with sodium sulfate, filtered, concentrated, and purified by flash
chromatography (gradient from 80:20 to 65:35 hexanes/EtOAc) to give product 3.30 (1.4221 g,
3.6 mmol, 92% vyield) which was isolated as a colourless oil. Spectroscopic data were in
accordance with previously reported literature.?*

dibenzyl (R)-3-(bromomethyl)-1,2-diazepane-1,2-dicarboxylate (3.33)

Br

-II\\/
: -N

N™ “Cbz
Cbz

To a stirred solution of PPhs (187 mg, 0.71 mmol) in THF (1.5 mL) at 0 °C was added CBr4 (219
mg, 0.66 mmol). After 10 minutes, dibenzyl (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-
dicarboxylate (202 mg, 0.51 mmol) was added in THF (1.0 mL). The solution was brought to room
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temperature and let stir for 23 h. The reaction was quenched with saturated aqueous NaHCO3 and
extracted with EtOAc. The combined extracts were washed with brine, dried with NaxSOg, filtered,
concentrated, and purified by flash chromatography (gradient from 90:10 to 65:35
hexanes/EtOAc). Product 3.33 was isolated as a yellow oil (179 mg, 0.039 mmol, 77% yield). IR
(Film) v = 3065, 3033, 2937, 1857, 1703, 1392, 1321, 1156 cm™’; 'H NMR (500 MHz, CDCls) &
=7.42-7.18 (m, 10H), 5.31 — 4.95 (m, 4H), 4.37 — 4.11 (m, 2H), 3.89 - 3.71 (m, 1H x 0.4), 3.64
—3.52 (m, 1H x 0.4), 3.44 — 3.26 (m, 1H x 0.6), 3.10 — 2.82 (m, 1H + 1H x 0.6), 2.60 — 2.32 (m,
1H), 1.98 — 1.86 (m, 1H), 1.75 — 1.52 (m, 2H), 1.42 — 1.24 (m, 2H) ppm; 3C NMR (125 MHz,
CDCl3) 6 = 156.1, 155.8, 154.9, 154.8, 136.1, 136.0, 135.9, 135.6, 128.7, 128.6, 128.6, 128.5,
128.3,128.3,127.9, 127.6, 68.2, 68.2, 68.0, 68.0, 61.4, 61.0, 51.5, 50.6, 33.9, 33.6, 30.0, 29.8, 28.6,
28.1, 24.6, 24.6 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C22H2sBrN2NaQ.) requires
m/z 483.0890, found m/z 483.0869.

tert-butyl (R)-3-benzyl-1,2-diazepane-1-carboxylate (3.34)

Ou\\\f
~-NH

N
1

Boc

Following a modified procedure of Weix et al.>: To a 10 mL microwave vial containing dibenzyl
(R)-3-(bromomethyl)-1,2-diazepane-1,2-dicarboxylate (701 mg, 1.5 mmol), Nilz (44 mg, 0.13
mmol), 1,10-phenanthroline (27 mg, 0.13 mmol), Nal (67 mg, 0.38 mmol), and bromobenzene
(243 mg, 1.5 mmol) was added DMPU (6.0 mL), pyridine (0.007 mL, 0.07 mmol), and Zn dust
(201 mg, 3.0 mmol). The solution was brought to 60 °C and let stir for 48 hours, then the solution
was brought to 80 °C and let stir for 24 hours. After cooling, the reaction was quenched with H20
and extracted with EtOAc. The combined extracts were washed with water, dried with MgSQsa,
filtered, concentrated, and purified by flash chromatography (gradient from 90:10 to 80:20
hexanes/EtOAC) to give a colourless oil (277 mg) which was isolated as a mixture with the
dehalogenated hydrazide.

A stirred solution of the isolated mixture (63 mg) in MeOH (3 mL) was submitted to three cycles
of vacuum/argon. AcCl (0.040 mL, 0.55 mmol) and 5% Pd/C (30 mg, 0.014 mmol) were added.
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Argon flow was removed, and a needle attached to a hydrogen-filled balloon was inserted through
the septum and into the reaction mixture. A second needle was inserted through the septum to
allow gas efflux and the hydrogen was allowed to bubble through the mixture, with the balloon
being refilled as needed. After 1 h, the balloon was removed and the mixture was filtered through

diatomaceous earth, rinsing with MeOH. The filtrate was concentrated to give a yellow solid.

To a solution of the crude solid in DCM (1.4 mL) at 0 °C was added EtsN (0.080 mL, 0.57 mmol)
and di-tert-butyl dicarbonate (35 mg, 0.16 mmol). After 1 h, saturated aqueous NaHCO3s was
added, and the mixture was extracted with DCM (3 x 5 mL). The combined extracts were washed
with water, dried with Na>SOs, filtered, concentrated, and purified by flash chromatography
(gradient from 90:10 to 80:20 hexanes/EtOAC) to give product 3.34 (17 mg, 0.059 mmol, 17%
yield over three steps) which was isolated as a colourless oil. IR (Film) v = 3361, 3309, 2922,
2852, 1693, 1633, 1392, 1162 cm™*; *H NMR (500 MHz, CDCl3) § = 7.38 — 7.13 (m, 5H), 5.13 —
4.34 (m, 1H), 3.99 — 3.60 (m, 1H), 3.35 — 3.05 (m, 2H), 2.88 — 2.46 (m, 2H), 1.94 — 1.59 (m, 4H),
1.55 — 1.20 (m, 11 H) ppm; *C NMR (125 MHz, CDCl3) § = 156.2, 155.4, 138.9, 129.4, 128.6,
126.5, 80.2, 61.4, 60.6, 48.9, 47.3, 41.5, 41.2, 36.2, 34.4, 28.6, 27.8, 27.4, 23.5 ppm; HRMS
(APCI) exact mass calculated for [M+Na] (C17H26N2NaO2) requires m/z 313.18865, found m/z
313.18892.

tert-butyl (R)-3-(naphthalen-1-ylmethyl)-1,2-diazepane-1-carboxylate (3.35)

O|ll\\
-NH

N
!

Boc

Following a modified procedure of Weix et al.?>: To a 20 mL microwave vial containing dibenzyl
(R)-3-(bromomethyl)-1,2-diazepane-1,2-dicarboxylate (1.8796 g, 4.1 mmol), Nil> (113 mg, 0.36
mmol), 1,10-phenanthroline (68 mg, 0.37 mmol), Nal (154 mg, 1.0 mmol), and 1-
bromonaphthalene (842 mg, 4.1 mmol) was added DMPU (16.5 mL), pyridine (0.017 mL, 0.21
mmol), and Zn dust (522 mg, 8.1 mmol). The solution was brought to 60 °C and let stir for 48 h,
then the solution was brought to 80 °C and let stir for 24 h. After cooling, the reaction was
quenched with H2O and extracted with EtOAc. The combined extracts were washed with water,
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dried with MgSOs, filtered, concentrated, and purified by flash chromatography (gradient from
90:10 to 80:20 hexanes/EtOAC) to give a colourless oil (750 mg) which was isolated as a mixture

with the dehalogenated hydrazide.

A stirred solution of the isolated mixture (128 mg) in MeOH (5 mL) was submitted to three cycles
of vacuum/argon. AcCl (0.080 mL, 1.1 mmol) and 5% Pd/C (60 mg, 0.028 mmol) were added.
Argon flow was removed, and a needle attached to a hydrogen-filled balloon was inserted through
the septum and into the reaction mixture. A second needle was inserted through the septum to
allow gas efflux and the hydrogen was allowed to bubble through the mixture, with the balloon
being refilled as needed. After 1 h, the balloon was removed and the mixture was filtered through

diatomaceous earth, rinsing with MeOH. The filtrate was concentrated to give a yellow solid

To a solution of the crude solid in DCM (2.5 mL) at 0 °C was added EtsN (0.11 mL, 0.79 mmol)
and di-tert-butyl dicarbonate (64 mg, 0.29 mmol). After 1 h, saturated aqueous NaHCO3s was
added, and the mixture was extracted with DCM (3 x 5 mL). The combined extracts were washed
with water, dried with Na>SOs, filtered, concentrated, and purified by flash chromatography
(gradient from 90:10 to 70:30 hexanes/EtOAC) to give product 3.35 (89 mg, 0.26 mmol, 37% yield
over three steps) as a colourless oil. IR (Film) v= 3324, 3045, 2975, 2928, 2863, 1686, 1390, 1364,
1154 cm™; *H NMR (500 MHz, CDCl3) § = 8.23 — 7.99 (m, 1H), 7.84 (d, J = 8.1 Hz, 1H), 7.73 (d,
J=8.1Hz, 1H), 7.53 (dd, J =8.1, 8.1 Hz, 1H), 7.48 (dd, J = 8.1, 8.1 Hz, 1H) 7.40 (dd, J=8.3 Hz,
1H), 7.38 — 7.31 (m, 1H), 4.79 — 4.34 (m, 1H), 4.00 — 3.66 (m, 1H), 3.51 — 3.05 (m, 3H), 3.05 -
2.85 (m, 1H), 1.94 — 1.65 (m, 4H), 1.61 — 1.31 (m, 6H), 1.08 — 0.93 (m, 5H) ppm; *C NMR (125
MHz, CDClz) & = 156.3, 155.3, 134.9, 134.3, 132.4, 128.9, 127.6, 126.0, 125.7, 125.5, 124 .4,
124.0, 80.1, 60.2, 48.8, 47.1, 38.6, 38.2, 36.9, 34.8, 28.6, 28.0, 27.3, 23.6 ppm; HRMS (ESI) exact
mass calculated for [M+Na] (C21H2sN2NaOz2) requires m/z 363.2043, found m/z 363.2037.
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1-(tert-butyl) 2-ethyl (R)-3-benzyl-1,2-diazepane-1,2-dicarboxylate (3.36)

(\m\\f
-N

N™ “Co,Et

Boc
To a stirred mixture of tert-butyl (R)-3-benzyl-1,2-diazepane-1-carboxylate (17 mg, 0.058 mmol)
and NaHCOz3 (17 mg, 0.20 mmol) in CHCI3 (0.60 mL) was added EtO>CCI (0.020 mL, 0.21 mmol).
After 19 h, water (2 mL) was added, and the mixture was extracted with DCM (3 x 2 mL). The
combined extracts were dried with MgSOQOs, filtered, concentrated, and purified by flash
chromatography (gradient from 90:10 to 70:30 hexanes/EtOAC) to give product 3.36 (18 mg, 0.050
mmol, 87% yield) as a colourless oil. IR (Film) v=3019, 2977, 2932, 2857, 1702, 1366, 1154 cm’
114 NMR (500 MHz, CDCl3) § 7.32 — 7.15 (m, 5H), 4.41 — 4.01 (m, 4H), 3.48 — 3.12 (m, 1H),
2.97 — 2.79 (m, 1H), 2.69 — 2.45 (m, 1H), 1.87 — 1.59 (m, 4H), 1.55 — 1.26 (m, 14H) ppm; *C
NMR (125 MHz, CDClz) & 155.5, 155.3, 139.6, 129.4, 128.5, 126.3, 81.2, 62.1, 62.0, 49.7, 41 .4,
30.6, 28.5, 28.4, 24.9, 14.9 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C20H3zoN2 NaOa)
requires m/z 385.20978, found m/z 385.20933.

1-(tert-butyl) 2-ethyl (R)-3-(naphthalen-1-ylmethyl)-1,2-diazepane-1,2-dicarboxylate (3.37)

g

_N_
N™ “co,Et
Boc

To a stirred mixture of tert-butyl (R)-3-(naphthalen-1-ylmethyl)-1,2-diazepane-1-carboxylate (57
mg, 0.17 mmol) and NaHCO3 (51 mg, 0.60 mmol) in CHCls (1.7 mL) was added EtO>CCI (0.050
mL, 0.52 mmol). After 19 h, water (5 mL) was added and the mixture was extracted with
dichloromethane (3 x 5 mL). The combined extracts were dried with MgSOa, filtered,
concentrated, and purified by flash chromatography (gradient from 90:10 to 70:30 hexanes/ethyl
acetate) to give product 3.37 (68 mg, 0.16 mmol, 98% yield) as a colourless oil (98% yield). IR
(Film) v = 3052, 2976, 2932, 2857, 1701, 1392, 1367, 1155 cm™; *H NMR (500 MHz, CDCls) §
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8.60 —8.55 (m, 1H x 0.7),8.30 (d, J= 7.6 Hz, 1H x 0.3), 7.90 — 7.81 (m, 1H), 7.77 — 7.70 (m, 1H),
7.64 —7.44 (m, 2H), 7.42 — 7.28 (m, 2H), 4.51 — 4.24 (m, 4H), 3.94 — 3.71 (m, 1H), 3.17 — 2.80
(m, 2H), 1.74 — 1.29 (m, 18H) ppm; 3C NMR (125 MHz, CDCls) § 155.6, 155.6, 135.4, 134.0,
132.4,128.6,127.8,127.3,126.4,125.8,125.4,124.8, 81.3, 62.1, 60.5, 49.8, 38.6, 31.0, 28.5, 18.4,
24.9, 15.0 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C24H32N2 NaO4) requires m/z
435.22543, found m/z 435.22631.

ethyl (R)-7-benzyl-1,2-diazepane-1-carboxylate (3.16)

On\\\f
N

H CO,Et

To asolution of 1-(tert-butyl) 2-ethyl (R)-3-benzyl-1,2-diazepane-1,2-dicarboxylate (15 mg, 0.042
mmol) in DCM (0.15 mL) at 0 °C was added TFA (0.080 mL). The solution was brought to room
temperature and let stir for 2 h. The reaction was quenched with saturated aqueous NaHCO3 and
extracted with EtOAc. The combined extracts were washed with brine, dried with Na2SOs, filtered,
concentrated, and purified by flash chromatography (gradient from (90:10 to 70:30
hexanes/EtOAC) to give product 3.16 (10 mg, 0.039 mmol, 93% yield) as a colourless oil. IR (Film)
v =3000, 2980, 2928, 2849, 1690, 1405, 1217 cm™; *H NMR (500 MHz, CDCl3) § = 7.27 — 7.09
(m, 5H), 4.30 - 4.01 (m, 2H), 3.95-3.88 (m, 1H x 0.5), 3.78 —3.71 (m, 1H x 0.5), 3.05 — 2.94 (m,
1H), 2.86 — 2.70 (m, 2H), 2.70 — 2.57 (m, 1H), 1.99 — 1.88 (m, 1H), 1.81 — 1.62 (m, 2H), 1.59 —
1.46 (m, 2H), 1.33 — 0.97 (m, 4H) ppm; 3C NMR (125 MHz, CDCl3) § = 157.0, 139.4, 129.4,
128.3,126.2,61.6,58.8,51.3,41.1, 33.6, 31.2, 24.7, 14.5 ppm; HRMS (ESI) exact mass calculated
for [M+Na] (C1sH22N2NaOz2) requires m/z 285.1573, found m/z 285.1567.
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ethyl (R)-7-(naphthalen-1-ylmethyl)-1,2-diazepane-1-carboxylate (3.38)

g

u'N‘cozEt

To a solution of 1-(tert-butyl) 2-ethyl (R)-3-(naphthalen-1-ylmethyl)-1,2-diazepane-1,2-
dicarboxylate (66 mg, 0.16 mmol) in DCM (0.50 mL) at 0 °C was added TFA (0.25 mL). The
solution was brought to room temperature and let stir for 2 h. The reaction was quenched with the
addition of saturated aqueous NaHCO3 and extracted with EtOAc. The combined extracts were
washed with brine, dried with NaxSOs, filtered, concentrated, and purified by flash
chromatography (gradient from (90:10 to 70:30 hexanes/EtOAc) to give product 3.38 (42 mg,
0.013 mmol, 83% yield) as a white solid. IR (Film) v = 3045, 2977, 2926, 2851, 1685, 1326, 1123,
1096 cm™®; *H NMR (500 MHz, CDCls3) 6 = 8.36 (d, J = 9.0 Hz, 1H x 0.2), 8.12 (d, J = 9.0 Hz, 1H
x 0.8), 7.87 — 7.80 (m, 1H), 7.74 — 7.67 (m, 1H), 7.57 (t, J = 7.5 Hz, 1H x 0.2), 7.53 = 7.48 (m 1H
x 0.8), 7.48 — 7.44 (m, 1H), 7.39 — 7.34 (m, 1H), 7.34 — 7.30 (m, 1H x 0.2), 7.24 (d, J = 6.7 Hz,
1H x 0.8), 4.83 — 4.68 (m, 1H x 0.8), 4.53 — 4.41 (m, 1H x 0.2), 4.38 — 4.28 (m, 1H x 0.8), 4.26 —
4.09 (m, 2H x 0.2), 3.83 -3.72 (m, 1H x 0.8), 3.56 — 3.39 (m, 1H), 3.31 -3.22 (m, 1 H x 0.8), 3.19
—3.10 (m, 1H x 0.8), 3.08 — 2.96 (m, 1H + 1H x 0.2), 2.83 — 2.71 (m, 1H), 1.98 — 1.88 (m, 1H x
0.8),1.83-1.50 (m, 4H + 2H x0.2), 1.34-1.21 (m, 1H + 3H x 0.2), 0.72 (t, J = 6.6 Hz, 3H x 0.8)
ppm; °C NMR (125 MHz, CDCl3) & = 156.9, 135.4, 133.9, 132.4, 128.8, 127.6, 127.0, 125.8,
125.6, 125.5, 123.9, 61.5, 57.6, 51.4, 38.3, 31.3, 24.7, 13.9 ppm; HRMS (ESI) exact mass
calculated for [M+H] (C19H25N20>) requires m/z 313.19105, found m/z 313.19135.

tert-butyl (R)-3-(hydroxymethyl)-1,2-diazepane-1-carboxylate (3.42)

OH

A stirred solution of dibenzyl (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (426 mg,
1.1 mmol) in MeOH (10 mL) was submitted to three cycles of vacuum/argon. AcCl (0.30 mL, 4.2

mmol) and 5% Pd/C (234 mg, 0.11 mmol) were added. Argon flow was removed, and a needle
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attached to a hydrogen-filled balloon was inserted through the septum and into the reaction
mixture. A second needle was inserted through the septum to allow gas efflux and the hydrogen
was allowed to bubble through the mixture, with the balloon being refilled as needed. After 1 h,
the balloon was removed and the mixture was filtered through diatomaceous earth, rinsing with
MeOH. The filtrate was concentrated to give crude (R)-(1,2-diazepan-3-yl)methanol
hydrochloride as a yellow solid. (Note: benzyloxycarbonyl removal is performed under acidic

conditions as the unprotected freebase is highly unstable to air oxidation.)

To a stirred suspension of crude (R)-(1,2-diazepan-3-yl)methanol in DCM (4.5 mL) at 0 °C was
added EtsN (0.38 mL, 2.7 mmol) and di-tert-butyl dicarbonate (216 mg, 0.99 mmol). After 1 h,
saturated aqueous NaHCO3 was added, and the mixture was extracted with DCM. The combined
extracts were washed with water, dried with MgSOs, filtered, concentrated, and purified by flash
chromatography (gradient from 80:20 to 50:50 hexanes/EtOAc). Product 3.42 was isolated as a
colourless oil (203 mg, 0.94 mmol, 85% yield over two steps). IR (Film) v = 3429, 2976, 2929,
2863, 1689, 1669, 1391, 1365, 1163 cm™; *H NMR (500 MHz, CDCl3) § = 4.90 — 4.60 (m, 1 H),
4.02 (bs, 1 H), 3.52 — 3.19 (m, 4 H), 2.90 (bs, 1 H), 1.64 — 1.53 (m, 4 H), 1.34 (m, 10 H), 1.34 —
1.05 (m, 1 H) ppm; 3C NMR (125 MHz, CDCl3) § = 156.7, 80.2, 63.9, 61.1, 49.2, 30.7, 28.1, 23.6
(2 peaks overlapped) ppm; HRMS (ESI) exact mass calculated for [M+Na] (C11H22N2NaO3)
requires m/z 253.1523, found m/z 253.1518.

1-(tert-butyl) 2-ethyl (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (3.43)

OH
/

Wi\

N
N™ “Co,Et
Boc

To a stirred mixture of tert-butyl (R)-3-(hydroxymethyl)-1,2-diazepane-1-carboxylate (188 mg,
0.81 mmol) and NaHCO3 (252 mg, 3.0 mmol) in CHCI; (8 mL) was added EtO,CCI (0.23 mL, 2.4
mmol). After 19 h, water was added (10 mL), and the mixture was extracted with DCM (3 x 10
mL). The combined extracts were dried with MgSOs, filtered, concentrated, and purified by flash
chromatography (gradient from 70:30 to 50:50 hexanes/EtOAc). Product 3.43 was isolated as a
colourless oil (238 mg, 0.79 mmol, 96% yield). IR (Film) v = 3428, 2979, 2935, 2881, 1691, 1368,
1320, 1149 cm; *H NMR (500 MHz, CDCl3) § 4.04 — 3.92 (m, 4H), 3.92 — 3.84 (m, 1H), 3.73 -
3.43 (m, 1H), 3.29 — 3.20 (m, 1H x 0.7), 2.95 — 2.87 (m, 1H x 0.3), 2.85 — 2.69 (m, 1H), 1.87 —
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1.62 (m, 2H), 1.58 — 1.41 (m, 3H), 1.38 — 1.29 (m, 9H), 1.19 — 1.06 (m, 3H) ppm; 3C NMR (100
MHz, CDClz) 6 157.1, 146.6, 155.3, 155.0, 82.1, 82.1, 81.8, 64.2, 63.1, 62.8, 62.2, 62.0,61.9, 61.2,
61.1, 61.0, 50.8, 49.9, 49.5, 28.5, 28.5, 28.3, 28.0, 28.0, 24.7, 24.5, 14.5, 14.3 ppm; HRMS (ESI)
exact mass calculated for [M+Na] (CisH2sN2 NaOs) requires m/z 325.17339, found m/z
325.17289.

tert-butyl (S)-2-(ethylperoxy)-3-(iodomethyl)-2A3-azepane-1-carboxylate (3.44)

|
/

W\

N
N™ “Co,Et

Boc

To a stirred solution of PPhs (240 mg, 0.91 mmol) and imidazole (52 mg, 0.76 mmol) in THF (5
mL) was added I> (209 mg, 0.82 mmol) at 0 °C. After 15 minutes, 1-(tert-butyl) 2-ethyl (R)-3-
(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (227 mg, 0.75 mmol) was added in THF (3
mL). The solution was brought to room temperature and stirred for 15 h. The reaction was
quenched with the addition of saturated NaHCOs and extracted with EtOAc. The combined
extracts were washed with brine, dried with Na2SOs, filtered, concentrated, and purified by flash
chromatography (gradient from 95:5 to 80:20 hexanes/EtOAc). Product 3.44 was isolated as a
yellow oil (234 mg, 0.57 mmol, 64% yield). IR (Film) v = 2975, 2932, 2857, 1703, 1366, 1308,
1148 cm™®; *H NMR (500 MHz, CDCl3) § = 4.28 — 3.94 (m, 4H), 3.64 — 3.32 (m, 1H), 3.07 — 2.85
(m, 1H), 2.85 - 2.66 (m, 1H), 2.57 — 2.40 (m, 1H), 1.90 — 1.79 (m, 1H), 1.65 — 1.45 (m, 2H), 1.45
—1.34 (m, 9H)1.32 — 1.10 (m, 5H) ppm; **C NMR (125 MHz, CDCls) § = 155.3, 155.2, 155.0,
155.0, 154.9, 154.7, 154.3, 154.0, 81.4, 81.3, 81.3, 62.4, 62.4, 62.2, 62.2, 61.7, 61.4, 61.1, 51.2,
50.8, 49.4, 49.0, 31.2, 31.0, 30.9, 30.8, 28.6, 28.5, 28.4, 28.3, 28.2, 28.2, 24.8, 24.7, 24.7, 24.7,
14.7,14.7, 13.6, 14.5, 8.8, 8.20, 7.65, 7.24 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C14H25IN2NaO4) requires m/z 435.07512, found m/z 435.07421.
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1-(tert-butyl) 2-ethyl (R)-3-(anthracen-9-ylmethyl)-1,2-diazepane-1,2-dicarboxylate (3.45)

COQ

R
N™ “Cco,Et

Boc

Following the procedure of Furkert et al.??: To a stirred solution of Cu(OAc)2 (16 mg, 0.088 mmol)
in AcOH (1.0 mL) was added Zn dust (160 mg, 2.4 mmol) at 100 °C. After 2 minutes, the solvent
was cannulated off and the solid was washed with AcOH (2 x 1.0 mL) and Et2O (3 x 1.0 mL).
Remaining solvent was removed under high vacuum. To the dry solid was added tert-butyl (S)-2-
(ethylperoxy)-3-(iodomethyl)-2)3-azepane-1-carboxylate (197 mg, 0.47 mmol) in toluene/NMP
(0.67 mL/0.17 mL). The solution was brought to 60 °C and let stir for 1 h. The reaction was let
cool until the solids settled. Then the solvent was cannulated into a flask containing Pd(dba). (15
mg, 0.026 mmol), RuPhos (22 mg, 0.047 mmol), and 9-bromoanthracene (61 mg, 0.24 mmol).
The reaction was brought to 100 °C and let stir for 16 h. The reaction was then let cool, quenched
with water, and extracted with EtOAc (3 x 5 mL). The combined extracts were washed with brine,
dried with Na>SOs, filtered, concentrated, and purified by flash chromatography (gradient from
90:10 to 80:20 hexane/EtOACc). Product 3.45 was isolated as a yellow oil (48 mg, 0.10 mmol, 44%
yield). IR (Film) v = 3052, 2978, 2933, 2865, 1705, 1676, 1258, 1156 cm™; 'H NMR (500 MHz,
CDCl3) 6 = 8.38 (s, 1H), 8.14 — 8.12 (m, 2H), 8.01 — 7.99 (m, 2H), 7.46 — 7.44 (m, 4H), 6.53 —
6.14 (m, 1H), 5.76 (s, 1H), 5.21 (s, 1H), 4.20 — 4.10 (m, 2H), 3.48 — 3.36 (m, 2H), 2.60 — 2.57 (m,
2H), 1.60 — 1.55 (m, 4H), 1.42 (s, 9H), 1.27 — 1.25 (m, 3H) ppm; *C NMR (100 MHz, CDCl3) &
= 156.4, 155.2, 146.7, 138.6, 131.5, 128.9, 128.6, 126.4, 126.0, 125.4, 125.2, 116.9, 81.2, 61.9,
50.5, 49.1, 38.9, 28.3, 27.6, 25.1, 14.6 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C28H34N2NaOs4) requires m/z 485.24108, found m/z 485.24057.
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ethyl (R)-7-(anthracen-9-ylmethyl)-1,2-diazepane-1-carboxylate (3.46)

CQQ

N
” CO,Et

To a solution of 1-(tert-butyl) 2-ethyl (R)-3-(anthracen-9-ylmethyl)-1,2-diazepane-1,2-
dicarboxylate (44 mg, 0.095 mmol) in DCM (0.30 mL) at 0 °C was added TFA (0.15 mL). The
solution was brought to room temperature and let stir for 2 h. The reaction was quenched with the
addition of saturated NaHCO3 and extracted with EtOAc. The combined extracts were washed
with brine, dried with Na>SOs, filtered, concentrated, and purified by flash chromatography
(gradient from (90:10 to 60:40 hexanes/EtOAC). Product 3.46 was isolated as a yellow oil (26 mg,
0.072 mmol, 76% yield). IR (Film) v = 3246, 3052, 2923, 2853, 1714, 1257, 1036 cm™; *H NMR
(500 MHz, CDCl3) 6 =8.38 (s, 1H), 8.16 — 8.09 (m, 2H), 8.03 — 7.97 (m, 2H), 7.50 — 7.39 (m, 4H),
6.51 - 5.86 (m, 1H), 5.76 (s, 1H), 5.20 (s, 1H), 4.14 (q, J = 7.8 Hz, 2H), 2.83 (bs, 2H), 2.56 (t, J =
8.9 Hz, 2H), 1.64 — 1.49 (m, 4H), 1.24 (t, J = 7.8 Hz, 3H) ppm; *3C NMR (125 MHz, CDCls) § =
157.5, 146.7, 138.7, 131.5, 128.9, 128.6, 126.5, 126.0, 125.3, 125.2, 116.9, 61.4, 51.9, 39.0, 27.8,
25.4, 14.7 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C23H2sN2NaOz) requires m/z
385.1886, found m/z 385.1896.

di-tert-butyl (R)-1-(6-bromo-1-hydroxyhexan-2-yl)-222-diazane-1,2-dicarboxylate (3.52)

BR\/»\V/\W”W\OH

/N\
Hw Boc
Boc

Following a modified procedure of Hamada et al.?%: To a stirred solution of 6-bromohexanal (2.54
g, 14.2 mmol) and di-tert-butyl azodicarboxylate (2.17 g, 9.4 mmol) in MeCN (100 mL) at 0 °C
was added (S)-proline (251 mg, 2.2 mmol) and the resulting reaction mixture was brought to room
temperature and stirred for 5 h. EtOH (40 mL) and NaBH4 (358 mg, 9.5 mmol) were added and
the reaction mixture was stirred at 0 °C for 1 h. The reaction was quenched with saturated aqueous
NH4Cl and extracted with EtOAc (3 x 100 mL), dried over Na,SOs, filtered and concentrated in
vacuo. The crude product was purified by flash chromatography (gradient from 80:20 to 65:35
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hexanes/EtOAC). Product 3.52 was isolated as a white solid (3.40g, 8.3 mmol, 88% vyield). IR
(Film) v = 3270, 2978, 2933, 2867, 1708, 1393, 1367, 1283, 1253, 1153, 1060 cm™*; *H NMR (500
MHz, CDCl3) & = 6.13 (bs, 1H), 4.49 — 4.21 (m, 2H), 3.51 — 3.39 (m, 4H), 1.90 — 1.79 (m, 2H),
1.41 —1.79 (m, 21H) ppm; 33C NMR (125 MHz, CDCl3) § = 156.1, 155.3, 82.8, 82.6, 82.3, 81.6,
62.5, 62.3, 60.4, 58.1, 33.8, 33.4, 32.2, 28.4, 28.3, 28.2, 27.2, 27.0, 24.6 ppm; HRMS (ESI) exact
mass calculated for [M+Na] (C16H30BrN2NaOs) requires m/z 433.1309, found m/z 433.1300.

di-tert-butyl (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (3.53)

To a stirred solution of di-tert-butyl (R)-1-(6-bromo-1-hydroxyhexan-2-yl)-2A2-diazane-1,2-
dicarboxylate (1.53 g, 3.7 mmol) in THF (60 mL) was added TBAF hydrate (2.96 g, 11.3 mmol,
anhydrous basis). After 48 h, saturated aqueous NH4Cl was added, and the mixture was extracted
with EtOAc (3 x 50 mL). The combined extracts were washed with brine, dried with Na;SOs,
filtered, concentrated, and purified by flash chromatography (gradient from 90:10 to 70:30
hexanes/EtOAc). Product 3.53 was isolated as a colourless oil (1.18 g, 3.6 mmol, 95% vyield).
Enantioselectivity was 77% ee, as determined by HPLC analysis of benzoyl ester using a
CHIRACEL 0J-H column (5% 'PrOH in hexanes in 40 min — tr 26.0 and 29.2 min). IR (Film) v
= 3430, 2976, 2933, 2881, 2861, 1703, 1393, 1366, 1333, 1253, 1148, 1115, 1049 cm™*; 1H NMR
(500 MHz, CDCl3) 6 =4.37-4.02 (m, 2H), 3.99-3.90 (m, 1H x 0.7), 3.83 - 3.66 (m, 0.7 x 1H), 3.65
—3.43(m, 2H x 0.3), 3.40 — 3.28 (m, 1H x 0.7), 3.07 — 2.66 (m, 1H x 0.7 + 2H x 0.3), 1.87 — 1.69
(m, 2H), 1.64 — 1.52 (m, 3H), 1.52 — 1.37 (m, 19H) ppm; *C NMR (125 MHz, CDCl3) & = 157.4,
157.0, 155.3, 155.2, 154.5, 154.1, 82.2, 82.1, 81.7, 81.4, 81.0, 64.7, 64.1, 63.6, 63.2, 61.7, 60.7,
60.2, 50.8, 50.3, 49.7, 28.8, 28.6, 28.5, 28.4, 28.3, 28.2, 28.0, 24.9, 24.8 ppm; HRMS (ESI) exact
mass calculated for [M+Na] (C16H30N2NaOs) requires m/z 353.2047, found m/z 353.2046.
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di-tert-butyl (R)-3-(iodomethyl)-1,2-diazepane-1,2-dicarboxylate (3.54)

o...u/
-N

N™ “Boc

Boc

To a stirred solution of PPhs (1.12 g, 4.3 mmol) and imidazole (290 mg, 4.2 mmol) in THF (20
mL) was added > (995 mg, 3.9 mmol) at 0 °C. After 15 minutes, di-tert-butyl (R)-3-
(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (1.18 g, 3.6 mmol) was added in THF (10 mL).
The solution was brought to room temperature and stirred for 18 h. The reaction was quenched
with the addition of saturated aqueous NaHCO3z and extracted with EtOAc. The combined extracts
were washed with brine, dried with NaSOs, filtered, concentrated, and purified by flash
chromatography (gradient from (97:3 to 90:10 hexanes/EtOAc). Product 3.54 was isolated as a
yellow oil (1.34 g, 3.0 mmol, 85% yield). IR (Film) v=2976, 2933, 2861, 1705, 1393, 1366, 1330,
1259, 1172, 1147 cm™%; *H NMR (500 MHz, CDCl3) & =4.27 — 3.96 (m, 2H), 3.68 — 3.40 (m, 1H),
3.12 — 2.71 (m, 2H), 2.58 — 2.44 (m, 1H), 1.95 — 1.83 (m, 1H), 1.69 — 1.38 (m, 20H), 1.38 — 1.18
(m, 2H) ppm; 1°C NMR (125 MHz, CDClg) & = 155.7, 155.1, 154.1, 153.6, 81.8, 81.3, 81.2, 81.2,
81.2, 81.1,77.4,77.2,76.9, 62.1, 60.6, 60.6, 51.0, 49.4, 49.2, 31.1, 30.9, 30.8, 28.6, 28.5, 28.4,
28.4,28.4,28.3,28.1, 24.9, 24.8, 24.7, 8.5, 8.1, 7.7 ppm; HRMS (ESI) exact mass calculated for
[M+Na] (C16H29IN2NaOa) requires m/z 463.1064, found m/z 463.1080.

ethyl (R)-3-(anthracen-9-ylmethyl)-1,2-diazepane-1-carboxylate (3.47)

NQ
O N" “CO,Et
H

Following the procedure of Furkert et al.??: To a stirred solution of Cu(OAc)2 (140 mg, 0.77 mmol)
in AcOH (2.0 mL) was added Zn dust (1.40 g, 21 mmol) at 100 °C. After 2 minutes, the solvent
was cannulated off and the solid was washed with AcOH (2 x 2.0 mL) and Et20 (3 x 2.0 mL).
Remaining solvent was removed under high vacuum. To the dry solid was added di-tert-butyl (R)-
3-(iodomethyl)-1,2-diazepane-1,2-dicarboxylate (1.8551 g, 4.2 mmol) in toluene/NMP (11.5

mL/3.0 mL). The solution was brought to 60 °C and let stir for 1 h. The reaction was let cool until
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the solids settled. Then the solvent was cannulated into a flask containing Pd(dba). (241 mg, 0.42
mmol), RuPhos (399 mg, 0.85 mmol) and 9-bromoanthracene (532 mg, 2.1 mmol). The reaction
was brought to 100 °C and let stir for 16 h. The reaction was then let cool, quenched with H-O,
and extracted with EtOAc (3 x 10 mL). The combined extracts were washed with brine, dried with
Na>SOyg, filtered, concentrated, and purified by flash chromatography (gradient from 95:5 to 80:20
hexane/EtOAC) to give a yellow oil of di-tert-butyl (R)-3-(anthracen-9-ylmethyl)-1,2-diazepane-
1,2-dicarboxylate as a mixture with the dehalogenated hydrazide (593 mg).

To a solution of the isolated mixture (353 mg) in DCM (3.1 mL) was added TFA (1.6 mL) at 0 °C.
The solution was brought to room temperature and let stir for 4 h, then the solvent was removed
under reduced pressure. The resulting red oil was redissolved in DCM (3.6 mL) and brought to 0
°C. EtOCCI (45 pL, 0.47 mmol), then EtsN (300 pL, 2.1 mmol) were added and the reaction was
let stir for 1 h. The reaction was then quenched with saturated aqueous NaHCO3 and extracted
with DCM (3 x 10 mL). The combined extracts were washed with brine, dried with NazSOa,
filtered, concentrated, and purified by flash chromatography (gradient from 80:20 to 65:35
hexanes/EtOAcC). Product 3.47 was isolated as a yellow oil (75 mg, 0.21 mmol, 17% yield over 3
steps). IR (Film) v = 3051, 2979, 2930, 2858, 1695, 1443, 1264, 1224, 1061 cm™; *H NMR (500
MHz, CDCl3) 3 =8.38 (s, 1H), 8.13 —8.11 (m, 2H), 8.01 — 7.99 (m, 2H), 7.46 — 7.44 (m, 4H), 5.75
(d, J =1.3 Hz, 1H), 5.20 (bs, 1H), 4.10 (q, J = 5.7 Hz, 2H), 3.96 (bs, 1H), 3.35 (t, J = 7.1 Hz, 2H),
2.58 (t, J = 8.5 Hz, 2H), 1.64 — 1.52 (m, 4H), 1.20 (bs, 3H) ppm; *C NMR (125 MHz, CDCl3) § =
157.9, 146.8, 138.7, 131.6, 129.0, 128.6, 126.5, 126.0, 125.4, 125.2, 116.9, 61.9, 50.3, 38.9, 27.7,
25.0, 14.8 ppm; HRMS (ESI) exact mass calculated for [M+H] (C23H27N202) requires m/z
363.20670, found m/z 363.20827.

4-vinyl-1,1'-biphenyl (5.13)

Ph
\/©/

From [1,1'-biphenyl]-4-carbaldehyde (2.4 mmol), general procedure A was followed to give, after
flash chromatography (hexanes), 390 mg (2.2 mmol) of product 5.13 as a colourless oil (92%

yield). Spectroscopic data were in accordance with previously reported literature.?
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1,3-difluoro-5-vinylbenzene (5.14)

F

yel

From 1-bromo-3,5-difluorobenzene (599 mg, 3.1 mmol), general procedure B was followed with
Pd(dppf)Cl2 (114 mg, 0.16 mmol), CsCO3 (3.03 g, 5.8 mmol) and viny! trifluoroborate (532 mg,
4.7 mmol) and THF: H20 (5.4 mL:0.60 mL).to give, after flash chromatography (hexanes), 245
mg (1.7 mmol) of 1,3-difluoro-5-vinylbenzene (5.14) as a colourless oil (56% yield). IR (Film)
3094, 840, 1312, 1116 cm™; *H NMR (400 MHz, CDCl3) 8 = 6.92 — 6.90 (m, 2H), 6.72 — 6.69 (m,
1H), 6.63 (dd, J =17.1, 7.0 Hz, 1H), 5.76 (d, J = 17.9 Hz, 1H), 5.36 (d, J = 10.8 Hz, 1H) ppm; **C
NMR (125 MHz, CDCl3) 6 = 163.3 (dd, J =247.9, 13.1 Hz), 141.1 (t,J=9.1 Hz), 1352 (t,J=3.5
Hz), 116.7, 109.1 (dd, J = 20.2 Hz, 5.5 Hz), 103.1 (t, J = 25.6 Hz) ppm; HRMS (APCI) exact mass
calculated for [M+H] (CgH7F2) requires m/z 141.0510, found m/z 141.0510.

tert-butyl (4-vinylphenyl)carbamate (5.15)

NHBoc
\/©/

From tert-butyl (4-bromophenyl)carbamate (2.4 mmol), general procedure B was followed with
Pd(dppf)Cl2 (93 mg, 0.12 mmol), CsCO3 (3.81 g, 7.2 mmol) and vinyl trifluoroborate (438 mg, 3.6
mmol) was added THF:H>0 (4.5 mL:0.50 mL).to give, after flash chromatography (gradient from
97:3 to 90:10 hexanes/EtOAc), 235 mg (1.1 mmol) of tert-butyl (4-vinylphenyl)carbamate (5.15)
as a colourless oil (46% yield). Spectroscopic data were in accordance with previously reported

literature.?’

tert-butyl 4-vinylbenzoate (5.16)

CO,'Bu
\/©/

From [1,1'-biphenyl]-4-carbaldehyde (2.4 mmol), general procedure A was followed to give, after
flash chromatography (gradient from 90:10 to 70:30 hexanes/DCM), 367 mg (1.8 mmol) of
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product 5.16 as a colourless oil (75% vyield). Spectroscopic data were in accordance with

previously reported literature.?®

(E)-5-methyl-2-methylene-8-(p-tolyl)oct-5-en-1-ol (3.56)

HO

Followed general procedure C from 1-methyl-4-vinylbenzene on a 0.54 mmol scale and purified
using silica gel column chromatography to give 71 mg (0.29 mmol, 53% yield over 2 steps) of (E)-
5-methyl-2-methylene-8-(p-tolyl)oct-5-en-1-ol as a colourless oil. IR (Film) 3326, 3045, 3018,
2920, 2854, 1514, 1448 cm™; *H NMR (500 MHz, CDCls) 6 = 7.11 (s, 4H), 5.23 (t, ] = 6.6 Hz,
1H), 5.04 (s, 1H), 4.89 (s, 1H), 4.08 (s, 2H), 2.62 (t, J = 8.2 Hz, 2H), 2.34 (s, 3H), 2.31 (dt, J = 8.3,
8.3 Hz, 2 H), 2.17 (bs, 4H), 1.62 (bs, 1H), 1.61 (s, 3H) ppm; *C NMR (100 MHz, CDCls) § =
160.5, 148.7, 144.6, 135.2, 123.8, 109.0, 106.5, 97.5, 65.6, 55.1, 37.7, 36.2, 31.4, 29.5, 15.8;
HRMS (ESI) exact mass calculated for [M+Na] (C17H24NaO) requires m/z 267.1719, found m/z
267.1710.

(E)-5-methyl-2-methylene-8-phenyloct-5-en-1-ol (3.57)

HO

Followed general procedure C from styrene on a 0.54 mmol scale and purified using silica gel
column chromatography to give 62 mg (0.27 mmol, 49% yield over 2 steps) of (E)-5-methyl-2-
methylene-8-phenyloct-5-en-1-ol as a colourless oil. IR (Film) 3322, 3083, 3063, 3026, 2921,
2855, 1453, 1029 cmt; *H NMR (500 MHz, CDCl3) § =7.31 — 7.28 (m, 2H), 7.21 - 7.18 (m, 3H),
5.23 (t,J = 7.1 Hz, 1 H), 5.03 (s, 1H), 4.88 (s, 1H), 4.07 (s, 2H), 2.66 (t, J = 6.9 Hz, 2H), 2.33 (dt,
J=17.0,7.0 Hz, 2H), 2.16 (bs, 4H), 1.66 (bs, 1H), 1.59 (s, 3H) ppm; 1*C NMR (125 MHz, CDCls)
0 =149.0, 142.4, 135.4, 128.6, 128.3, 125.8, 124.1, 109.4, 66.0, 38.0, 36.1, 31.6, 29.9, 16.0 ppm;
HRMS (ESI) exact mass calculated for [M+Na] (C1sH22NaO) requires m/z 253.1563, found m/z
253.1565.
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(E)-8-([1,1'-biphenyl]-4-yI)-5-methyl-2-methyleneoct-5-en-1-ol (3.58)

Ph

HO

Followed general procedure C from 4-vinyl-1,1'-biphenyl on a 0.54 mmol scale and purified using
silica gel column chromatography to give 120 mg (0.39 mmol, 72% yield over 2 steps) of (E)-8-
(3,5-dimethoxyphenyl)-5-methyl-2-methyleneoct-5-en-1-ol as a colourless oil. IR (Film) 3351,
3089, 3058, 3030, 2977, 2934, 2850, 1487, 1073 cm™; *H NMR (500 MHz, CDCl3) § = 7.62 (d, J
= 7.0 Hz, 2H), 7.55 (d, J = 7.0 Hz, 2H), 7.46 (dd, J = 7.0, 7.0 Hz, 2H), 7.36 (dd, J = 7.0, 7.0 Hz,
1H), 7.29 (d, J = 7.0 Hz, 2H), 5.28 (t, J = 7.5 Hz, 1H), 5.05 (s, 1H), 4.9 (s, 1H), 4.09 (bs, 2H), 2.72
(t, J=7.5Hz, 2H), 2.39 (dt, J = 7.5, 7.5 Hz, 2H), 2.19 (bs, 4H), 1.64 (s, 4H) ppm; *C NMR (100
MHz, CDClI3) 6 =149.0, 141.5, 141.2, 138.7, 135.5, 129.0, 128.8, 127.1, 127.0, 124.1, 109.5, 66.0,
38.0, 35.8, 31.6, 29.9, 16.0 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C22H26NaO)
requires m/z 329.1876, found m/z 329.1880.

(E)-8-(3,5-difluorophenyl)-5-methyl-2-methyleneoct-5-en-1-ol (3.59)

F F

HO

Followed general procedure C from 1,3-difluoro-5-vinylbenzene on a 0.54 mmol scale and
purified using silica gel column chromatography to give 74 mg (0.27 mmol, 51% yield over 2
steps) of (E)-8-(3,5-difluorophenyl)-5-methyl-2-methyleneoct-5-en-1-ol as a colourless oil. IR
(Film) 3337, 1089, 2924, 2859, 1625, 1594, 1458, 1115 cm™; *H NMR (500 MHz, CDCl3) § =
6.70 — 6.67 (m, 2H), 6.63 — 6.59 (m, 1H), 5.14 (t, J = 7.9 Hz, 1H), 5.01 (s, 1H), 4.86 (s, 1H), 4.06
(bs, 2H), 2.61 (t, J = 7.9 Hz, 2H), 2.29 (dt, J = 7.9, 7.9 Hz, 2H), 2.14 (bs, 4H), 1.60 (bs, 1H), 1.56
(s, 3H) ppm; *C NMR (100 MHz, CDCl3) 8 = 163.0 (dd, J = 247.2, 13.2 Hz), 148.9, 146.2 (t, ] =
9.3 Hz), 136.2, 123.2, 111.3 (dd, J = 27.8, 6.0 Hz), 109.6, 101.2 (t, J = 25.0 Hz), 66.0, 37.9, 35.8,
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31.5, 29.2, 16.0 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C1sH20F2NaO) requires m/z
289.1374, found m/z 289.1368.

tert-butyl (E)-(4-(7-(hydroxymethyl)-4-methylocta-3,7-dien-1-yl)phenyl)carbamate (3.60)

NHBoc

HO

Followed general procedure C from tert-butyl (4-vinylphenyl)carbamate on a 0.54 mmol scale and
purified using silica gel column chromatography to give 143 mg (0.42 mmol, 78% yield over 2
steps) of tert-butyl (E)-(4-(7-(hydroxymethyl)-4-methylocta-3,7-dien-1-yl)phenyl)carbamate as a
colourless oil. IR (Film) 3403, 3331, 2978, 2930, 2854, 1701, 1597, 1162 cm™; *H NMR (400
MHz, CDCl3) 6 = 7.14 (d, J = 9.2 Hz, 2H), 6.98 (d, J = 9.2 Hz, 2H), 6.45 (s, 1H), 5.06 (t, J = 7.0
Hz, 1H), 4.91 (s, 1H), 4.75 (s, 1H), 3.94 (s, 2H), 2.47 (t, J = 8.3 Hz, 2H), 2.16 (dt, J = 8.3, 7..0 Hz,
2H), 2.02 (s, 4H), 1.71 (s, 1H), 1.45 (s, 3H), 1.41 (s, 9H) ppm; *C NMR (100 MHz, CDCl3) § =
153.1, 149.0, 137.1, 136.1, 135.4, 129.0, 124.0, 118.8, 109.4, 80.4, 65.9, 38.0, 35.4, 31.6, 29.9,
28.4, 16.0 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C21H31NNaOs3) requires m/z
368.21962, found m/z 368.21898.

(E)-8-(4-chlorophenyl)-5-methyl-2-methyleneoct-5-en-1-ol (3.61)

Cl

HO

Followed general procedure C from 1-chloro-4-vinylbenzene on a 0.54 mmol scale and purified
using silica gel column chromatography to give 105 mg (0.39 mmol, 72% yield over 2 steps) of
(E)-8-(4-chlorophenyl)-5-methyl-2-methyleneoct-5-en-1-ol as a colourless oil. IR (Film) 3315,
2925, 2855, 1491, 1448, 1015 cm™; *H NMR (500 MHz, CDCl3) 6 =7.24 (d, ] = 9.3 Hz, 2H), 7.10
(d, J=9.3 Hz, 2H), 5.16 (t, J = 8.0 Hz, 1H), 5.01 (s, 1H), 4.86 (s, 1H), 4.06 (s, 2H), 2.60 (t, J = 8.0
Hz, 2H), 2.28 (dt, J = 8.0, 8.0 Hz, 2H), 2.14 (bs, 4H), 1.69 (bs, 1H), 1.56 (s, 3H) ppm; *C NMR
(100 MHz, CDClz) 6 = 148.9, 140.8, 135.8, 131.5, 129.9, 128.4, 123.7, 109.5, 66.0, 38.0, 35.4,
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31.6,29.8, 16.0 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C16H21CINaO) requires m/z
287.1173, found m/z 287.1165.

tert-butyl (E)-4-(7-(hydroxymethyl)-4-methylocta-3,7-dien-1-yl)benzoate (3.62)

COztBU

HO

Followed general procedure C from tert-butyl 4-vinylbenzoate on a 0.54 mmol scale and purified
using silica gel column chromatography to give 99 mg (0.30 mmol, 55% yield over 2 steps) of
tert-butyl (E)-4-(7-(hydroxymethyl)-4-methylocta-3,7-dien-1-yl)benzoate as a colourless oil. IR
(Film) 3403, 2977, 2928, 2856, 1711, 1610, 1165, 1063 cm™; *H NMR (500 MHz, CDCl3) § =
7.88 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 8.2 Hz, 2H), 5.16 (t, J = 6.7 Hz, 1H), 5.01 (s, 1H), 4.85 (s,
1H), 4.06 (s, 2H), 2.67 (t, J = 7.7 Hz, 2H), 2.30 (dt, J = 7.7, 6.7 Hz, 2H), 2.13 (s, 4H), 1.58 (s, 9H),
1.55 (s, 4H) ppm; *C NMR (125 MHz, CDCls) 8 =166.0, 149.0, 147.3, 135.8, 129.7, 129.5, 128.5,
123.6, 109.5, 80.8, 66.0, 38.0, 36.1, 31.6, 29.6, 28.3, 16.0 ppm; HRMS (ESI) exact mass calculated
for [M+Na] (C21H30NaO3z) requires m/z 353.2087, found m/z 353.2082.

(E)-5-methyl-2-methylene-8-(p-tolyl)oct-5-enal (3.63)

OHC

From (E)-5-methyl-2-methylene-8-(p-tolyl)oct-5-en-1-ol, general procedure D was followed on a
0.29 mmol scale to give 55 mg (0.23 mmol, 78% vyield) of (E)-5-methyl-2-methylene-8-(p-
tolyl)oct-5-enal as a yellow oil. IR (Film) 3082, 2922, 2854, 2699, 1690, 1514, 1447 cm™; H
NMR (500 MHz, CDCl3) 6 =9.52 (s, 1H), 7.09 (m, 4H), 6.21 (s, 1H), 5.97 (s, 1H), 5.18 (t, J = 7.6
Hz, 1H), 2.60 (t, J = 8.4 Hz, 2H), 2.36 (t, 8.4 Hz, 2H), 2.33 (s, 3H), 2.29 (dt, J = 7.6, 7.6 Hz, 2H),
2.13 (t, J = 7.6 Hz, 2H), 1.59 (s, 3H) ppm; 3C NMR (100 MHz, CDCl3) & = 194.7, 150.0, 139.3,
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135.2,134.6,134.2,129.0, 128.4, 124.9, 37.8, 35.7, 30.1, 26.4, 21.1, 16.0 ppm; HRMS (ESI) exact
mass calculated for [M+Na] (C17H22NaO) requires m/z 265.1563, found m/z 265.1558.

(E)-5-methyl-2-methylene-8-phenyloct-5-enal (3.64)

OHC

From (E)-5-methyl-2-methylene-8-phenyloct-5-en-1-ol, general procedure D was followed on a
0.29 mmol scale to give 51 mg (0.22 mmol, 76% yield) of (E)-5-methyl-2-methylene-8-phenyloct-
5-enal as a colourless oil. IR (Film) 3083, 3062, 3027, 2924, 2854, 2698, 1689, 1453 cm™; H
NMR (500 MHz, CDClz) 6 =9.51 (s, 1H), 7.28 (t, J = 7.8 Hz, 2H), 7.20 — 7.18 (m, 3H), 6.20 (s,
1H), 5.96 (s, 1H), 5.18 (t, J = 7.6 Hz, 1H), 2.64 (t, J = 8.5 Hz, 2H), 2.37 — 2.29 (m, 4H), 2.13 (t, J
= 7.5 Hz, 2H), 1.58 (s, 3H) ppm; *C NMR (125 MHz, CDCls) & = 194.7, 149.9, 142.3, 134.7,
134.2, 128.6, 128.3, 125.8, 124.7, 37.7, 36.1, 29.9, 26.4, 15.9 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C1sH20NaO) requires m/z 251.1406, found m/z 251.1411.

(E)-8-([1,1'-biphenyl]-4-yI)-5-methyl-2-methyleneoct-5-enal (3.65)

Ph

OHC

From (E)-8-(3,5-dimethoxyphenyl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure D was
followed on a 0.39 mmol scale to give 91 mg (0.30 mmol, 76% yield) of (E)-8-([1,1'-biphenyl]-4-
yl)-5-methyl-2-methyleneoct-5-enal as a colourless oil. IR (Film) 3055, 3027, 2924, 2853, 1690,
1519, 1486 cm™; 'H NMR (500 MHz, CDCl3) & = 9.53 (s, 1H), 7.62 (d, J = 7.8 Hz, 2H), 7.55 (d,
J=8.1Hz, 2H), 7.46 (t,J = 7.8 Hz, 2H), 7.35 (t, ) = 7.7 Hz, 1H), 7.28 (d, J = 8.1 Hz, 2H), 6.22 (s,
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1H), 5.97 (s, 1H), 5.23 (t, J = 7.0 Hz, 1H), 2.71 (t, J = 7.5 Hz, 2H), 2.40 — 2.45 (m, 4H), 2.16 (t, J
= 7.5 Hz, 2H), 1.63 (s, 3H) ppm; C NMR (100 MHz, CDCl3) § = 194.7, 149.9, 141.5, 141.2,
138.8, 134.8, 134.2, 129.0, 128.8, 127.1, 127.0, 124.7, 37.8, 35.7, 29.9, 26.4, 16.0 ppm; HRMS
(ESI) exact mass calculated for [M+Na] (C22H24NaO) requires m/z 327.1719, found m/z 327.1719.

(E)-8-(3,5-difluorophenyl)-5-methyl-2-methyleneoct-5-enal (3.66)

F F

OHC

From (E)-8-(3,5-difluorophenyl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure D was
followed on a 0.28 mmol scale to give 57 mg (0.21 mmol, 77% vyield) of (E)-8-(3,5-
difluorophenyl)-5-methyl-2-methyleneoct-5-enal as a colourless oil. IR (Film) 3089, 2926, 2856,
2699, 1690, 1625, 1594, 1459, 1116 cm™®; *H NMR (500 MHz, CDCl3) § =9.50 (s, 1H), 6.67 (dd,
J=7.9, 1.4 Hz, 2H), 6.61 (tt, J = 9.0, 2.2 Hz, 1H), 6.19 (s, 1H), 5.96 (s, 1H), 5.10 (t, J = 7.0 Hz,
1H), 2.60 (t, J = 8.3 Hz, 2H), 2.33 (t, J = 8.3 Hz, 2H), 2.27 (dt, J = 7.6, 7.0 Hz, 2H), 2.11 (t, - 7.6
Hz, 2H), 1.56 (s, 3H) ppm; *C NMR (100 MHz, CDCl3) 6 = 194.6, 163.0 (dd, ] = 247.4, 12.6 Hz),
149.9, 146.2 (t, J = 9.3 Hz), 135.5, 134.2, 123.8, 111.3 (dd, J = 18.5, 5.3 Hz), 101.2 (t, J = 21.4
Hz)37.7,35.8 (t, J = 2.1 Hz), 29.2, 26.4, 15.9 ppm; HRMS (ESI) exact mass calculated for [M+H]
(C16H19F20) requires m/z 265.1398, found m/z 265.1398.

tert-butyl (E)-(4-(7-formyl-4-methylocta-3,7-dien-1-yl)phenyl)carbamate (3.67)

NHBoc

OHC

From tert-butyl  (E)-(4-(7-(hydroxymethyl)-4-methylocta-3,7-dien-1-yl)phenyl)carbamatem
general procedure D was followed on a 0.41 mmol scale to give 52 mg (0.15 mmol, 36% yield) of
tert-butyl (E)-(4-(7-formyl-4-methylocta-3,7-dien-1-yl)phenyl)carbamate as a yellow oil. IR
(Film) 3346, 2976, 2927, 2853, 1725, 1690, 1524, 1161 cm™; *H NMR (400 MHz, CDCl3) § =
9.50 (s, 1H), 7.25 (d, J = 8.6 Hz, 2H), 7.08 (d, J = 8.6 Hz, 2H), 6.48 (bs, 1H), 6.19 (s, 1H), 5.95 (s,
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1H),5.14 (t, J = 7.1 Hz, 1H), 2.56 (t, J = 7.8 Hz, 2H), 2.33 (t, J = 8.0 Hz, 2H), 2.24 (dt, J = 7.1, 7.1
Hz, 2H), 2.10 (t, J = 7.1 Hz, 2H), 1.55 (s, 3H), 1.51 (s, 9H) ppm; 3C NMR (100 MHz, CDCl3) &
=194.8, 153.0, 149.9, 137.1, 136.2, 134.6, 134.3, 129.0, 124.7, 118.7, 80.4, 37.7, 35.4, 30.0, 28.5,
26.4, 15.9 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C21H20NNaO3) requires m/z
366.20396, found m/z 366.20292.

(E)-8-(4-chlorophenyl)-5-methyl-2-methyleneoct-5-enal (3.68)

Cl

OHC

From (E)-8-(4-chlorophenyl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure D was
followed on a 0.35 mmol scale to give 72 mg (0.27 mmol, 78% yield) of (E)-8-(4-chlorophenyl)-
5-methyl-2-methyleneoct-5-enal as a colourless oil. IR (Film) 3050, 2925, 2855, 2699, 1688, 1491,
1015 cm™; *H NMR (500 MHz, CDCl3) § =9.50 (s, 1H), 7.24 (d, J = 8.3 Hz, 2H), 7.09 (d, ] = 8.3
Hz, 2H), 6.19 (s, 1H), 5.95 (s, 1H), 5.13 (t, J = 7.1 Hz, 1H), 2.59 (t, J = 7.6 Hz, 2H), 2.33 (t, J =
7.6 Hz, 2H), 2.26 (dt, J = 7.6, 7.1 Hz, 2H), 2.11 (t, J = 7.6 Hz, 2H), 1.55 (s, 3H) ppm; *C NMR
(100 MHz, CDCl3) 8 = 194.7, 149.9, 140.7, 135.1, 134.2, 131.5, 129.9, 128.4, 124.3, 37.8, 35.4,
29.8, 26.4, 16.0 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C16H19CINaO) requires m/z
285.1017, found m/z 285.1014.

tert-butyl (E)-4-(7-formyl-4-methylocta-3,7-dien-1-yl)benzoate (3.69)

CO,'Bu

OHC

From tert-butyl (E)-4-(7-(hydroxymethyl)-4-methylocta-3,7-dien-1-yl)benzoate,  general
procedure D was followed on a 0.13 mmol scale to give 26 mg (0.09 mmol, 73% vyield) of tert-
butyl (E)-4-(7-formyl-4-methylocta-3,7-dien-1-yl)benzoate as a colourless oil. IR (Film) 2974,
2926, 2855, 1710, 1693, 1255, 1114 cm™*; *H NMR (500 MHz, CDCl3) § =9.50 (s, 1H), 7.89 (d,
J=8.5Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H), 6.19 (s, 1H), 5.95 (s, 1H), 5.13 (t, J = 6.8 Hz, 1H), 2.66
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(t, J = 8.6 Hz, 2H), 2.34 — 2.29 (m, 4H), 2.10 (t, J = 7.6 Hz, 2H), 1.59 (s, 9H), 1.55 (s, 3H) ppm;
13C NMR (125 MHz, CDCl3) § = 194.7, 166.0, 149.9, 147.3, 135.1, 134.3, 129.7, 129.6, 128.4,
124.3,80.8, 37.8, 36.1, 29.6, 28.4, 16.4, 16.0 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C21H28Na0s3) requires m/z 351.1931, found m/z 351.1926.

General procedure for the formation of chiral hydrazide salts

AcOH (70 uL) was added slowly to methanol in a 10-mL volumetric flask. The flask was topped
up with MeOH and shaken. An aliquot of the resulting 0.1M methanolic HCI solution (1 equiv.)
was taken up in a microsyringe and added dropwise to a vial containing a solution of hydrazide
freebase (1 equiv.) in MeOH. The solution was briefly swirled, left for 10 minutes, and

concentrated to give the HCI salt.
Asymmetric polyene cyclization: catalyst screen (general procedure G)

To a 1 mL vial containing aldehyde (0.035 mmol) was added a solution of catalyst (0.007 mmol,
as hydrochloride salt) in solvent (140 pL, 0.25M in substrate). The mixture was briefly swirled to
homogenize and let stand. When the reaction was determined complete by *H NMR, the reaction
was concentrated, and purified by flash chromatography to obtain aldehyde product as a mixture
of diastereomers. The enantiomeric excess of the product was determined by reduction to the

corresponding alcohol and chiral HPLC analysis (see section 7.2 for chromatographic conditions).
Racemic polyene cyclization (general procedure H)

To a1l mL vial containing aldehyde (25 mg) was added a solution of catalyst 3.47-HCI (0.2 equiv.)
in 5% HFIP/DCM (0.25M in substrate). The mixture was briefly swirled to homogenize and let
stand for 2-5 h (until done as monitored by *H NMR). The reaction mixture was concentrated and
purified by silica gel column chromatography (gradient from 97:3 hexanes/EtOAC to 90:10

hexanes/EtOAC) to obtain aldehyde product as a mixture of diastereomers.

'H and 3C peaks for the a diastereomer of trans-decalin products are reported with an asterisk (*)
where possible to distinguish from the B diastereomer peaks. The integrations are reported as a
proportion of the total signal (i.e. 1H x 0.5 for a signal that corresponds to one proton of one of the

two diastereomers).

Note: NMR spectra show small ratios of cis-decalin products.
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(4aRS,10aRS)-6-methoxy-4a-methyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-
carbaldehyde (3.55)

OMe

OHC

Tiny

Prepared according to general procedure H from polyene 2.56 (25 mg, 0.098 mmol). The reaction
was run for 2 h and product 3.55 was isolated as a colourless oil (16 mg, 0.060 mmol, 62% yield,
trans-B:a 2:1). IR (Film) 2929, 2858, 2836, 2713, 1723, 1610, 1176 cm™; 'H NMR (500 MHz,
CDCI3) 6 =9.72* (s, 1 H x 0.3),9.68 (d, J=1.5Hz, 1 Hx 0.7), 6.99 (d, J = 8.6 Hz, 1 H x 0.7),
6.96* (d, J=8.6 Hz, 1 Hx 0.3), 6.82 (d, J =2.3 Hz, 1 H x 0.7), 6.77* (d, J = 2.3 Hz, 1H x 0.3),
6.69 (dd, J=8.6, 2.3 Hz, 1H x 0.7), 6.66* (dd, J = 8.6, 2.3 Hz, 1H x 0.3), 3.79 (s, 3H x 0.7), 3.77
(s, 3H x 0.3), 2.90 — 2.77 (m, 2H x 0.7), 2.53 — 2.47* (m, 1H x 0.3), 2.40 — 2.31 (m, 2H x 0.7),
2.31-2.22* (m, 3H x 0.3), 2.15 — 2.09* (m, 1H x 0.3), 2.08 — 2.01 (m, 2H x 0.3), 2.01 — 1.95 (m,
1Hx0.7+1Hx0.3),1.80-1.75(m, 1Hx 0.7 + 1H x 0.3), 1.72 - 1.60 (m, 4H x 0.7 + 1H x 0.3),
1.54 — 1.40 (m, 2H x 0.7 + 2H x 0.3), 1.10* (s, 3H x 0.3), 1.08 (s, 3H x 0.7) ppm; **C NMR (100
MHz, CDCI3) 6 205.6, 204.4*, 157.8, 157.8*, 148.5*, 148.5, 130.3, 130.2*, 127.6, 127.6*, 111.2,
111.2*,110.6, 110.4*, 55.4, 55.4*, 50.7, 46.6*, 41.4, 38.7*, 37.0, 36.9*, 36.7, 34.6*, 28.6, 28.5,
28.5*, 27.7*, 25.9*, 25.8, 22.1, 21.6, 21.2*, 20.9* ppm; HRMS (ESI) exact mass calculated for
[M+Na] (C17H22NaO2) requires m/z 281.1512, found m/z 281.1506.

(4aRS,10aRS)-4a,6-dimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-carbaldehyde
(3.70)

OHC

T iy

Prepared according to general procedure E from polyene 3.63 (21 mg, 0.088 mmol). The reaction
was run for 24 h and product 3.70 was isolated as a colourless oil (7.7 mg, 0.032 mmol, 36% yield,
trans-p:a 5:1).
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Prepared according to general procedure H from polyene 3.63 (26 mg, 0.10 mmol). The reaction
was run for 3 h and product 3.70 was isolated as a colourless oil (20 mg, 0.082 mmol, 78% yield,
trans-p:a 3:1). IR (Film) 2925, 2856, 1723, 1692, 1489, 1170 cm™; *H NMR (500 MHz, CDCI3)
6=9.72* (s, 1H x 0.25), 9.69 (d, J = 1.6 Hz, 1H x 0.75), 7.10 — 7.08 (m, 1H x 0.75 + 1H x 0.25),
6.98 — 6.93 (m, 2H x 0.75 + 2H x 0.25), 2.93 — 2.71 (m, 2H x 0.75), 2.52 — 2.48* (m, 1H x 0.25),
2.43 -2.32 (m, 2H x 0.75+ 2H x 0.25), 2.31 (s, 3H x 0.75), 2.29* (s, 3H x 0.25), 2.24 — 2.14* (m,
3H x 0.25), 2.07 — 2.03* (m, 1H x 0.25), 2.01 — 1.94 (m, 1H x 0.75 + 1H x 0.25), 1.80 — 1.75 (m,
1H x 0.75 + 1H x 0.25), 1.71 — 1.61 (m, 4H x 0.75 + 1H x 0.25), 1.52 — 1.42 (m, 2H x 0.75 + 2H
x 0.25), 1.10* (s, 3H x 0.25), 1.08 (s, 3H x 0.75) ppm;*3C NMR (125 MHz, CDCI3) § 205.6%,
204.5, 147.1*, 147.0, 135.1, 135.0*, 132.3, 132.3*, 129.4, 129.4*, 126.7, 126.6*, 125.3, 125.2*,
50.7, 46.6*, 41.5, 38.7*, 36.8, 36.7, 36.6*, 34.5*, 29.0, 28.9*, 28.5, 27.7*, 25.9*, 25.8, 22.1, 21.7,
21.4, 21.2*, 21.1*, 20.9* ppm; HRMS (ESI) exact mass calculated for [M+Na] (C17H22NaO)
requires m/z 265.1563, found m/z 265.1556.

(4aRS,10aRS)-4a-methyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-carbaldehyde (3.71)

OHC

T ing

Prepared according to general procedure H from polyene 3.64 (25 mg, 0.11 mmol). The reaction
was run for 5 h and product 3.71 was isolated as a colourless oil (15 mg, 0.064 mmol, 58% yield,
trans-p:a 6:1). IR (Film) 3061, 3025, 2929, 2858, 1724, 1686, 1449 cm™; *H NMR (500 MHz,
CDCI3) 6 = 9.72* (s, 1H x 0.15), 9.69 (d, J = 1.4 Hz, 1H x 0.85), 7.29 — 7.27 (m, 1H x 0.85 + 1H
x 0.15), 7.24 — 7.02 (m, 4H x 0.85 + 4H x 0.15), 2.95 — 2.86 (m, 2H x 0.85), 2.54 — 2.49* (m, 1H
x 0.15), 2.42 — 2.23 (m, 2H x 0.85 + 1H x 0.15), 2.23 — 2.14* (m, 2H x 0.15), 2.00 — 1.97 (m, 1H
x 0.85 + 4H x 0.15) 1.82 — 1.60 (m, 5H x 0.85 + 2H x 0.15), 1.56 — 1.40 (m, 2H x 0.85 + 2H x
0.15), 1.11 (s, 3H x 0.15), 1.08 (3H x 0.85) ppm; *C NMR (125 MHz, CDCI3): § 205.6*, 204.4,
147.2*, 147.2, 135.5, 135.4*, 129.5, 129.5*, 128.5, 128.5*, 125.8, 125.7*, 124.7, 124.6*, 50.7,
46.6*, 41.4, 38.6*, 36.8, 36.7, 35.4*, 34.5*, 29.4, 29.3*, 28.5, 27.6*, 25.8*,25.7,22.1, 21.7, 21.2*,
20.9* ppm; HRMS (ESI) exact mass calculated for [M+H] (C16H210) requires m/z 229.1587,
found m/z 229.1581.
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(4aRS,10aRS)-4a-methyl-6-phenyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-
carbaldehyde (3.72)

Ph

OHC

Tiny

Prepared according to general procedure H from polyene 3.65 (25 mg, 0.083 mmol). The reaction
was run for 5 h and product 3.72 was isolated as a colourless oil (13 mg, 0.043 mmol, 52% yield,
trans-P:a 1.2:1). IR (Film) 3051, 3027, 2929, 2859, 1723, 1400 cm™; *H NMR (500 MHz, CDCI3)
3 =29.73 (s, 0.5H), 9.70 (0.5H), 7.62 — 7.50 (m, 2H), 7.46 — 7.39 (m, 3H), 7.39 — 7.30 (m, 2H),
7.20 —7.10 (m, 1H), 3.03 — 2.85 (m, 2H), 2.55 — 2.48 (m, 1H), 2.38 — 2.24 (m, 2H), 2.14 — 1.94
(m, 2H), 1.84 — 1.63 (m, 3H), 1.58 — 1.41 (m, 2H), 1.16 (s, 1.5H), 1.13 (s, 1.5H) ppm;*C NMR
(125 MHz, CDCI3) & 205.5, 204.4, 147.6, 147.6, 141.8, 141.7, 138.9, 138.8, 134.7, 134.7, 130.0,
129.9, 128.9, 128.9, 128.8, 128.8, 127.3, 127.2, 127.2, 127.1, 127.1, 127.0, 124.7, 124.6, 123.7,
123.6, 50.7, 46.6, 41.5, 38.7, 37.0, 36.8, 36.7, 34.6, 29.1, 29.0, 28.5, 27.6, 25.8, 25.7, 22.1, 21.8,
21.3, 20.9 ppm; HRMS (APCI) exact mass calculated for [M+H] (C22H250) requires m/z
305.18999, found m/z 305.19004.

(4aRS,10aRS)-5,7-difluoro-4a-methyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-
carbaldehyde (3.73)

F

OHC

H

Prepared according to general procedure H from polyene 3.66 (25 mg, 0.096 mmol). The reaction

was run for 5 h and product 3.73 was isolated as a colourless oil (9.8 mg, 0.037 mmol, 39% vyield,
trans-B:a 4:1). IR (Film) 3050, 2930, 2865, 1725, 1623, 1594, 1460, 1117 cm™; *H NMR (500
MHz, CDClz) 6 = 9.72* (s, 1H x 0.2), 9.66 (d, J = 1.0 Hz, 1H x 0.8), 6.77 — 6.48 (m, 2H x 0.8 +
2H x 0.2), 2.97-2.86 (m, 1H x 0.8+ 1H x 0.2), 2.85 - 2.77 (m, 2H x 0.8), 2.45 - 2.33 (m, 1H x 0.8
+2H x0.2), 1.96 — 1.88 (m, 1H x 0.8 + 2H x 0.2), 1.77 — 1.49 (m, 6H x 0.8 + 6H x 0.2), 1.48 —
1.41 (1Hx 0.8 + 1H x 0.2), 1.20* (3H x 0.2), 1.17 (s, 3H x 0.8) ppm;*3C NMR (100 MHz, CDCls)
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(assigned for major diastereomer): 6 204.3, 162.13 (dd, J = 251.4, 9.6 Hz), 160.61 (dd, J =243.7,
15.5 Hz), 140.5 (dd, J = 8.6, 7.0 Hz), 129.5 (dd, J = 12.1, 4.4 Hz), 111.6 (dd, J = 19.7, 3.3 Hz),
102.2 (dd, J = 29.0, 24.7 Hz), 50.6 (d, J = 1.1 Hz), 43.2, 37.2 (d, J = 3.1 Hz), 35.3 (d, J = 11.2 Hz),
31.2 (t, J = 2.0 Hz), 28.0, 25.4, 21.9, 18.1 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C16H18F2NaO) requires m/z 287.1218, found m/z 287.1215.

tert-butyl  ((4bRS,8aRS)-7-formyl-4b-methyl-4b,5,6,7,8,8a,9,10-octahydrophenanthren-3-
yl)carbamate (3.74)

NHBoc

OHC

T iy

Prepared according to general procedure H from polyene 3.67 (26 mg, 0.10 mmol). The reaction
was run for 5 h and product 3.74 was isolated as a colourless oil (10 mg, 0.029 mmol, 40% yield,
trans-p:a 1:1). IR (Film) 3055, 2930, 2862, 1723, 1690, 1123 cm™; *H NMR (500 MHz, CDCI3)
§=9.71(s, 0.5H), 9.69 (d, J = 1.4 Hz, 0.5H), 7.12 — 6.91 (m, 3H), 6.43 — 6.33 (m, 1H), 2.89 — 2.75
(m, 1H), 2.51 — 2.46 (m, 0.5H), 2.40 — 2.31 (m, 1H), 2.29 — 2.10 (m, 2H), 2.07 — 1.88 (m, 2H),
1.79 — 1.57 (m, 3.5H), 1.51 (s, 4.5H), 1.50 (s, 4.5H), 1.46 — 1.35 (m, 2H), 1.10 (s, 1.5H), 1.07 (s,
1.5H) ppm;*3C NMR (125 MHz, CDCI3) § 205.6, 204.5, 147.9, 147.9, 136.1, 136.1, 129.9, 129.8,
129.1, 129.0, 119.9, 119.0, 116.7, 115.3, 80.52, 80.4, 50.7, 46.6, 41.4, 38.6, 37.0, 36.8, 36.7, 36.7,
34.6, 28.8, 28.7, 28.5, 28.5, 27.6, 25.8, 25.7, 22.0, 21.6, 21.1, 20.9 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C21H29NNaOs) requires m/z 366.20396, found m/z 366.20330.
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(4aRS,10aRS)-6,7,8-trimethoxy-4a-methyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene-2-
carbaldehyde (2.64)

OMe
OMe

OMe
OHC

Tiny

Prepared according to general procedure E from polyene 2.50 (25 mg, 0.078 mmol) in 2%
HFIP/DCM as a solvent. The reaction was run for 4 h and product 2.64 was isolated as a colourless
oil (20. mg, 0.064 mmol, 81% yield, trans-f:o 4:1).

Prepared according to general procedure H from 2.50 (25 mg, 0.078 mmol). The reaction was run
for 5 h and product 2.64 was isolated as a colourless oil (16 mg, 0.051 mmol, 64% yield, trans-
B:a2:1).

5.4. Experimental Procedures from Chapter 4

2,7-di-tert-butylanthracene (4.2)

Bu l E E Bu

Following the procedure of Schmidbaur,?® to a solution of anthracene (3.02 g, 16.8 mmol) in
CHCI3 (15 mL) was added tert-butyl chloride (5.3 mL, 48.7 mmol), then AICI3 (120 mg, 0.90
mmol). The solution was brought to reflux and let stir for 17 h. The reaction was then cooled and
washed with water (2 x 3 mL). Solvent was evaporated and solid was redissolved in DCM and
filtered. The solids were collected and recrystallized from hexanes to provide 2,7-di-tert-
butylanthracene as white needle-like crystals (1.43 g, 4.9 mmol, 29% vyield). Spectroscopic data

were in accordance with previously reported literature.?®
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9-bromo-2,7-di-tert-butylanthracene (4.3)

Br

Bu l l ! Bu

To a solution of 2,7-di-tert-butylanthracene (658 mg, 2.3 mmol) in CHCI3 (20 mL) was added
FeCl3 (24 mg, 0.11 mmol) and NBS (136 mg, 0.78 mmol). The solution was brought to reflux and
let stir for 30 minutes. NBS (136 mg, 0.78 mmol) was added, and the solution was let stir for 30
minutes. NBS (136 mg, 0.78 mmol) was added, and the solution was let stir for 2 h before it was
cooled to room temperature. Solvent was evaporated and the crude solid was washed with MeOH.
Crude product was recrystallized from EtOH to provide 9-bromo-2,7-di-tert-butylanthracene as
yellow needle-like crystals (274 mg, 0.74 mmol, 33% vyield). Spectroscopic data were in

accordance with previously reported literature.*°
ethyl (R)-3-((2,7-di-tert-butylanthracen-9-yl)methyl)-1,2-diazepane-1-carboxylate (4.4)

tBu

NQ
O N “CO,Et
H

tBu

Following the procedure of Furkert et al.??: To a stirred solution of Cu(OAc), (35 mg, 0.19 mmol)
in AcOH (1.0 mL) was added Zn dust (350 mg, 5.3 mmol) at 100 °C. After 2 minutes, the solvent
was cannulated off and the solid was washed with AcOH (2 x 1.0 mL) and Et,O (3 x 1.0 mL).
Remaining solvent was removed under high vacuum. To the dry solid was added di-tert-butyl (R)-
3-(iodomethyl)-1,2-diazepane-1,2-dicarboxylate (392 mg, 0.89 mmol) in toluene/NMP (1.4
mL/0.4 mL). The solution was brought to 60 °C and let stir for 1 h. The reaction was let cool until
the solid was settled. Then the solvent was cannulated into a flask containing Pd(dba). (32 mg,
0.056 mmol), RuPhos (49 mg, 0.10 mmol) and 9-bromo-2,7-di-tert-butylanthracene (193 mg, 0.52
mmol). The reaction was brought to 100 °C and let stir for 16 h. The reaction was then let cool,

guenched with water, and extracted with EtOAc. The combined extracts were washed with brine,
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dried with Na SO, filtered, concentrated, and purified by flash chromatography (gradient from
95:5 to 85:15 hexane/EtOAC) to give a yellow oil.

To a solution of the isolated mixture (48 mg) in DCM (800 pL) was added TFA (60 pL) at 0 °C.
The solution was brought to room temperature and let stir for 4 h, then the solvent was removed
under reduced pressure. The resulting red oil was redissolved in DCM (800 uL) and brought to 0
°C. EtO2CCI (5 pL, 0.052 mmol), then EtsN (30 pL, 0.22 mmol) were added and the reaction was
let stir for 1 h. The reaction was then quenched with saturated NaHCO3 and extracted with DCM.
The combined extracts were washed with brine, dried with Na>SQg, filtered, concentrated, and
purified by flash chromatography (gradient from 90:10 to 70:30 hexanes/EtOACc). Product 4.4 was
isolated as a yellow oil (9.6 mg, 0.088 mmol, 29% yield over 3 steps). IR (Film) v = 2960, 2866,
1699, 1629, 1455, 1381, 1259, 1200, 1057 cm™; *H NMR (500 MHz, CDCl3) § = 8.27 (s, 1 H),
8.01 (s, 2 H), 7.91 (d, J =9.1 Hz, 2 H), 7.53 (d, J = 9.1 Hz, 2 H), 5.78 (s, 1 H), 5.20 (s, 1 H), 4.21
—4.06 (m, 3 H), 3.37 —3.34 (m, 2 H), 2.61 — 2.58 (m, 2 H), 1.66 — 1.52 (m, 4 H), 1.42 (s, 18 H),
1.28 — 1.20 (m, 3 H) ppm; *C NMR (125 MHz, CDCls) & = 156.2, 147.1, 137.8, 129.7, 128.8,
124.6, 124.1, 120.5, 116.8, 116.6, 62.3, 62.0, 61.7, 50.2, 38.6, 35.1, 29.7, 27.7, 25.3, 14.7, 14.4
ppm; HRMS (ESI) exact mass calculated for [M+Na] (C31Hs2N2NaO3) requires m/z 497.3138,
found m/z 497.3145.

ethyl (R)-3-(hydroxymethyl)-1,2-diazepane-1-carboxylate (4.7)

OH

o.nl\/
-NH

h

CO,Et
A stirred solution of dibenzyl (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (1.5040 g,
3.8 mmol) in MeOH (40 mL) was submitted to three cycles of vacuum/argon. AcCl (1.1 mL, 15.2
mmol) and 10% Pd/C (454 mg, 0.43 mmol) were added. Argon flow was removed, and a needle
attached to a hydrogen-filled balloon was inserted through the septum and into the reaction
mixture. A second needle was inserted through the septum to allow gas efflux and the hydrogen
was allowed to bubble through the mixture, with the balloon being refilled as needed. After 1 h,
the balloon was removed and the mixture was filtered through diatomaceous earth, rinsing with

MeOH. The filtrate was concentrated to give crude (R)-(1,2-diazepan-3-yl)methanol
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hydrochloride as a yellow solid. (Note: benzyloxycarbonyl removal is performed under acidic

conditions as the unprotected freebase is highly unstable to air oxidation.)

To a stirred suspension of crude (R)-(1,2-diazepan-3-yl)methanol in DCM (4.5 mL) at 0 °C was
added EtzN (1.6 mL, 11.4 mmol) and EtO,CCI (340 pL, 3.6 mmol). After 1 h, saturated aqueous
NaHCO3z was added, and the mixture was extracted with DCM (3 x 5 mL). The combined extracts
were washed with water, dried with MgSOs, filtered, concentrated, and purified by flash
chromatography (gradient from 70:30 to 20:80 hexanes/EtOAc). Product 4.7 was isolated as a
colourless oil (582 mg, 2.9 mmol, 76% yield over two steps). IR (Film) v = 3430, 3329, 2981,
2928, 2864, 1672, 1410, 1380, 1211, 1096, 1034 cm™; 'H NMR (500 MHz, CDCl3) § = 4.93 (bs,
1H),4.17 (9, J=7.5Hz, 2 H), 3.73-3.70 (m, 1 H), 3.49 (bs, 2 H), 3.37 - 3.32 (m, 2 H), 3.03 (bs,
1 H), 1.80 — 1.61 (m, 5 H), 1.28 (t, J = 7.6 Hz, 3 H), 1.22 — 1.20 (m, 1 H) ppm; *C NMR (125
MHz, CDCls) 6 = 157.7, 156.7, 64.0, 61.8, 61.4, 49.2, 30.7, 28.1, 27.4, 23.7, 14.4 ppm; HRMS
(ESI) exact mass calculated for [M+Na] (CoH1sN2NaOs) requires m/z 225.1210, found m/z
225.1200.

2-benzyl 1-ethyl (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (4.8)

OH
o.l“\/
N
N™ Cbz

|
CO,Et

To a stirred solution of ethyl (R)-3-(hydroxymethyl)-1,2-diazepane-1-carboxylate (582 mg, 2.9
mmol) and NaHCO3 (874 mg, 10.4 mmol) in CHCIz (30 mL) was added benzyl chloroformate
(0.020 mL, 0.21 mmol). After 19 h, the reaction was quenched with water and extracted with DCM
(3 x 30 mL). The combined extracts were dried with MgSOa, filtered, concentrated, and purified
by flash chromatography (gradient from 70:30 to 90:10 hexanes/EtOAC) to give product 4.8 (947
mg, 2.8 mmol, 95% yield) as a colourless oil. IR (Film) v = 3429, 2935, 1693, 1320, 1212, 1051
cm™; 'H NMR (500 MHz, CDCls) § 7.36 — 7.28 (m, 5 H), 5.29 — 5.12 (m, 2 H), 4.27 — 4.13 (m, 3
H), 4.12 — 3.87 (m, 2 H), 3.74 — 3.36 (m, 2 H), 3.11 - 2.92 (m, 1 H), 1.88 — 1.40 (m, 6 H), 1.32 -
1.11 (m, 3H) ppm; *C NMR (125 MHz, CDCls) § 158.1, 157.5, 155.0, 155.0, 136.0, 135.7, 68.0,
67.6, 63.1, 63.0, 62.9, 62.8, 61.5, 61.3, 50.8, 49.7, 28.5, 28.4, 28.2, 27.9, 24.6, 24.3, 14.3, 14.2,
14.0 ppm; HRMS (ESI) exact mass calculated for [M+Na] (Ci7H24N2 NaOs) requires m/z
359.1577, found m/z 359.1577.
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2-benzyl 1-ethyl (R)-3-(bromomethyl)-1,2-diazepane-1,2-dicarboxylate (4.9)

Br

.||\\/
: -N

N™ “Cbz

CO,Et

To a stirred solution of PPh3 (357 mg, 1.4 mmol) in THF (10 mL) at 0 °C was added CBr4 (412
mg, 1.2 mmol). After 15 minutes, 2-benzyl 1-ethyl (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-
dicarboxylate (325 mg, 0.97 mmol) was added in THF (5 mL). The solution was brought to room
temperature and stirred for 17 h. The reaction was quenched with the addition of saturated aqueous
NaHCO3z and extracted with EtOAc (3 x 10 mL). The combined extracts were washed with brine,
dried with NaxSOs, filtered, concentrated, and purified by flash chromatography (gradient from
90:10 to 80:20 hexanes/EtOAc). Product 4.9 was isolated as a colourless oil (367 mg, 0.92 mmol,
95% yield). IR (Film) v = 2934, 2857, 1705, 1350, 1229, 1210, 1078 cm™; '"H NMR (400 MHz,
CDCl3) 6=7.37-7.28 (m, 5 H), 5.30 - 5.07 (m, 2 H), 4.30 — 3.90 (m, 4 H), 3.85-3.54 (m, 1 H),
3.33-3.14(m, 1 H),3.02-2.81(m, 1 H), 2.56 — 2.34 (m, 1 H), 1.95 - 1.88 (m, 1 H), 1.70 — 1.50
(m, 2 H), 1.40 — 1.29 (m, 2 H), 1.29 — 1.04 (m, 3H) ppm; 3C NMR (100 MHz, CDCl3) § = 156.2,
156.1, 155.9, 155.7, 154.7, 154.6, 154.2, 154.0, 135.9, 135.8, 135.7, 135.6, 128.4, 128.4, 128.3,
128.3,128.1,128.1, 127.8, 127.7, 127.6, 127.3, 68.0, 68.0, 67.6, 62.4, 62.4, 62.2, 61.6, 61.2, 61.1,
60.7, 51.0, 50.4, 50.0, 49.4, 34.2, 33.7, 33.6, 33.3, 30.3, 30.0, 29.8, 29.6, 28.5, 28.3, 28.2, 28.0,
24.4, 24.3, 14.4, 14.4, 14.2, 14.2 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C17H23BrN2NaOa) requires m/z 421.0733, found m/z 421.0734.

Synthesis of m-terphenyls (general procedure 1)

ArB(OH), (2.5 equiv.),
Pd(PPhs), (10 mol%), O
Br Na,CO3

f toluene/H,0O
Br Br O O Br

Toluene and 1M aqueous Na2COz were degassed by bubbling argon through for 1 h. To a solution

of 1,3,5-tribromobenzene (1 mmol) and aryl boronic acid (2.2-2.5 mmol) in toluene (4 mL) was
added Pd(PPh3)s (0.1 mmol) then 1 M aqueous Na>COs (3.0 mL). The solution was brought to
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reflux and let stir for 17 h before it was cooled, diluted with water and extracted with DCM (3 x
10 mL). The combined extracts were washed with brine, dried with MgSQsa, filtered, concentrated,

and purified by flash chromatography (hexanes).

5'-bromo-1,1":3",1""-terphenyl (5.17)
C A

From phenylboronic acid (695 mg, 5.6 mmol), general procedure | was followed to give, after

flash chromatography (hexanes), product 5.17 (227 mg, 0.44 mmol, 18% yield) as a white foam.
Spectroscopic data were in accordance with previously reported literature.3!

5'-bromo-3,3",5,5"-tetramethyl-1,1':3",1""-terphenyl (5.18)

o

From 3,5-dimethylphenylboronic acid (741 mg, 4.9 mmol), general procedure | was followed to
give, after flash chromatography (hexanes), product 5.18 (347 mg, 0.95 mmol, 43% yield) of a

white foam. Spectroscopic data were in accordance with previously reported literature.?
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5'-bromo-3,3",5,5"-tetra-tert-butyl-1,1":3",1"'-terphenyl (5.19)

From 3,5-tert-butylphenylboronic acid (458 mg, 1.9 mmol), general procedure | was followed to
give, after flash chromatography (hexanes), product 5.19 (187 mg, 0.35 mmol, 37% yield) as a

white foam. Spectroscopic data were in accordance with previously reported literature.®
5'-bromo-3,3",4,4" 5,5"-hexamethoxy-1,1":3",1""-terphenyl (5.20)

OMe

MeO O OMe
MeO O O Br
MeO

OMe
From (3,4,5-trimethoxyphenyl)boronic acid (144 mg, 0.68 mmol), general procedure | was
followed to give, after flash chromatography (90:10 to 70:30 hexanes/EtOAcC), product 5.20 (70
mg, 0.15 mmol, 74% yield) as a white foam. IR (Film) v = 3050, 2935, 2838, 1718, 1508, 1407,
1344, 1124, 1006 cm™; 'H NMR (500 MHz, CDCl3) 8 = 7.64 (s, 2 H), 7.59 (s, 1 H), 6.76 (s, 4 H),
3.93 (s, 12 H), 3.90 (s, 6 H) ppm; 3C NMR (125 MHz, CDCls) § = 153.6, 143.9, 138.2, 135.6,

128.9, 124.8, 123.0, 104.6, 61.0, 56.3 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C24H25BrNaOe) requires m/z 511.07267, found m/z 511.07275.
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2,2'-(5-bromo-1,3-phenylene)dinaphthalene (5.21)

L,
-

From 2-naphthylboronic acid (493 mg, 2.9 mmol), general procedure | was followed to give, after
flash chromatography (98:2 to 95:5 hexanes/EtOAc), product 5.21 (123 mg, 0.30 mmol, 25%

yield) as a white foam. Spectroscopic data were in accordance with previously reported literature.3*

5'-bromo-3,3",5,5"-tetrakis(trifluoromethyl)-1,1":3",1"'-terphenyl (5.22)

s L,

CF3

From 3,5-bis(trifluoromethyl)phenylboronic acid (999 mg, 3.9 mmol), general procedure | was
followed to give, after flash chromatography (hexanes), product 5.22 (252 mg, 0.43 mmol, 43%
yield) as a white foam. Spectroscopic data were in accordance with previously reported literature.®
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5'-bromo-3,3",5,5"-tetra-tert-butoxy-1,1":3",1"*-terphenyl (5.23)

BuO l OBu
, ®
uo O Br

OBu

From (3,5-di-tert-butoxyphenyl)boronic acid (710 mg, 2.6 mmol), general procedure | was
followed to give, after flash chromatography (98:2 to 90:10 hexanes/EtOAc), product 5.23 (182
mg, 0.30 mmol, 28% yield) as a white foam. IR (Film) v = 2975, 2932, 2873, 1582, 1474, 1389,
1365, 1174, 1130, 1012 cm™; 'H NMR (500 MHz, CDCl3) § = 7.64 (d, J = 1.5 Hz, 2 H), 7.61 (t, J
= 1.3 Hz, 1 H), 6.97 (d,J = 2.0 Hz, 4 H), 6.70 (t, J = 2.0 Hz, 2 H), 1.39 (s, 36 H) ppm; 13C NMR
(125 MHz, CDCls) 6 = 156.2, 143.2, 140.3, 128.9, 124.7, 123.0, 119.5, 118.3, 78.9, 28.9 ppm,;
HRMS (ESI) exact mass calculated for [M+H] (C34H46BrOs) requires m/z 597.25740, found m/z
597.25857.

(5'-bromo-[1,1":3",1""-terphenyl]-3,3",5,5"-tetrayl) tetrakis(tert-butyldimethylsilane) (5.24)

TBS l TBS
TBS O O ar

TBS

From (3,5-bis(tert-butyldimethylsilyl)phenyl)boronic acid (717 mg, 2.0 mmol), general procedure
| was followed to give, after flash chromatography (hexanes), product 5.24 (166 mg, 0.22 mmol,
26% vyield) as a white foam. IR (Film) v = 3026, 2952, 2927, 2884, 2955, 1470, 1249, 860, 767cm"
114 NMR (500 MHz, CDCl3) § = 7.72 — 7.70 (m, 9 H), 0.93 (s, 36 H), 0.35 (s, 24 H) ppm; *C
NMR (125 MHz, CDCI3) 6 = 144.5, 140.4, 137.8, 137.2, 133.7, 128.8, 125.6, 123.2, 26.5, 16.9, -
6.2 ppm.
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1,1°,1",1"""-(5-bromo-[1,1":3",1""-terphenyl]-3,3",5,5" - tetrayl)tetrakis(adamantane) (5.25)
Ad O Ad
s L,

Ad

From (3,5-di((3R,5R,7R)-adamantan-1-yl)phenyl)boronic acid (732 mg, 1.9 mmol), general
procedure | was followed to give, after flash chromatography (hexanes), product 5.25 (489 mg,
0.58 mmol, 62% yield) as a white foam. IR (Film) v = 3062, 2900, 2847, 1589, 1449, 1344, 1103
cm™; 'H NMR (500 MHz, CDCl3) § =7.69 (s, 1 H), 7.66 (s, 2 H), 7.44 (s, 2 H), 7.39 (s, 4 H), 2.12
(s, 12 H), 2.00 (s, 24 H), 1.80 (s, 24 H) ppm; 3C NMR (125 MHz, CDCl3) § = 151.6, 145.1, 139.6,
128.9, 127.4, 125.8, 121.6, 121.2, 43.3, 36.8, 29.0 ppm; HRMS (APCI) exact mass calculated for
[M+H] (CsgH70Br) requires m/z 845.46554, found m/z 845.46425.

5'-bromo-4,4"-dimethoxy-1,1":3",1"'-terphenyl (5.26)

OMe

o

From (4-methoxyphenyl)boronic acid (510 mg, 3.4 mmol), general procedure | was followed to
give, after flash chromatography (95:5 to 85:15 hexanes/EtOAc), product 5.26 (104 mg, 0.28

mmol, 30% yield) as a white foam. Spectroscopic data were in accordance with previously reported

MeO

literature.3®
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5'-bromo-4,4"-di-tert-butyl-1,1":3",1""-terphenyl (5.27)

From (4-(tert-butyl)phenyl)boronic acid (732 mg, 4.1 mmol), general procedure | was followed to
give, after flash chromatography (hexanes), product 5.27 (326 mg, 0.77 mmol, 47% yield) of a

white foam. Spectroscopic data were in accordance with previously reported literature.®’
Synthesis of m-terphenyl catalysts (general procedure J)

1. ArBr
Nil, (9 mol %),
B 1,10-phenanthroline (9 mol %),
r

/ Nal (25 mol %), Zn dust (2 eq.), /
O'"" DMPU, 60 °C O'""
-N - -NH

N""“cbz 2. Hg Pd(OH),/C (10 mol %) N

1
CO,Et THF CO,Et

Following a modified procedure of Weix et al.?®: To a 1 mL HPLC vial containing bromo-m-
terphenyl (0.25 mmol), Nil2 (0.025 mmol), 1,10-phenanthroline (0.025 mmol), and Nal(0.063
mmol) was added a solution of 2-benzyl 1-ethyl (R)-3-(bromomethyl)-1,2-diazepane-1,2-
dicarboxylate (0.25 mmol) in DMPU (1 mL). Zn dust (0.50 mmol) was added, vial was capped,
and the solution was brought to 60 °C. After 72 h, the reaction was purified by flash
chromatography (gradient from 95:5 to 85:15 hexanes/EtOAC) to give coupled product which was

isolated as a mixture with the dehalogenated hydrazide.

A stirred solution of the isolated mixture in THF (2.0 mL) was submitted to three cycles of
vacuum/argon and 10% Pd(OH)2/C (0.050 mmol) was added. Argon flow was removed, and a
needle attached to a hydrogen-filled balloon was inserted through the septum and into the reaction
mixture. A second needle was inserted through the septum to allow gas efflux and the hydrogen
was allowed to bubble through the mixture, with the balloon being refilled as needed. After 6 h,

the balloon was removed and the mixture was filtered through diatomaceous earth, rinsing with
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DCM. The filtrate was concentrated and purified by flash chromatography (gradient from 80:20
to 50:50 hexanes/EtOAC) to give desired product.

ethyl (R)-3-([1,1":3",1""-terphenyl]-5'-ylmethyl)-1,2-diazepane-1-carboxylate (4.5)

o

Prepared according to general procedure J from 5'-bromo-1,1":3',1"-terphenyl (82 mg, 0.26 mmol).
Product 4.5 was isolated as a colourless oil (22 mg, 0.053 mmol, 22% yield). IR (Film) v = 3325,
2058, 3033, 2927, 2854, 1688, 1596, 1261, 1028 cm™; 'H NMR (500 MHz, CDCl3) § = 7.68 —
7.64 (m, 5 H), 7.48 — 7.44 (m, 6 H), 7.38 — 7.36 (t, = 7.5 Hz, 2 H), 4.62 (bs, 1 H), 4.15 (bs, 1 H),
3.82 (bs, 2 H), 3.39-3.14 (m, 2 H),2.93 -2.65 (m, 2 H), 1.84 - 1.76 (m, 4 H), 1.42 - 1.26 (m, 3
H), 0.84 (bs, 2 H) ppm; *C NMR (125 MHz, CDCls) § = 156.8, 156.0, 142.0, 141.0, 139.6, 128.8,
127.4, 127.2, 127.1, 124.3, 62.1, 61.3, 60.5, 48.3, 47.4, 41.2, 37.1, 35.0, 27.5, 26.9, 23.8, 14.4
ppm; *H NMR (400 MHz, DMSO-ds, 80 °C) = 7.75— 7.72 (m, 5 H), 7.51 — 7.46 (m, 6 H), 7.38
(t,J=7.2Hz, 2 H),4.82 (s, 1H),3.95(q,J=6.6 Hz, 2 H), 3.73 — 3.66 (m, 1 H), 3.26 — 3.18 (m,
2 H),2.83-2.73 (m, 2 H), 1.81 - 1.67 (m, 4 H), 1.41 - 1.35 (m, 2 H), 1.05 (t, J = 6.6 Hz, 3 H)
ppm; C NMR (100 MHz, DMSO-ds, 80 °C) § = 155.4, 140.6, 140.0, 139.9, 128.3, 127.0, 126.5,
126.3, 122.6, 60.2, 47.9, 40.0, 34.5, 26.6, 23.0, 13.9 ppm; HRMS (ESI) exact mass calculated for
[M+Na] (C27H30N2NaO>) requires m/z 437.2199, found m/z 437.2200.

ethyl (R)-3-((3,3",5,5"-tetramethyl-[1,1':3",1"'-terphenyl]-5'-yl)methyl)-1,2-diazepane-1-
carboxylate (4.12)
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Prepared according to general procedure J from 5'-bromo-3,3",5,5"-tetramethyl-1,1":3',1"-
terphenyl (94 mg, 0.26 mmol). Product 4.12 was isolated as a colourless oil (38 mg, 0.080 mmol,
31% vyield). IR (Film) v = 2927, 2865, 1696, 1593, 1447, 1408, 1380, 1336, 1212, 1112, 1025 cm"
L 14 NMR (500 MHz, CDCls) & = 7.65 (s, 1 H), 7.41 (s, 2 H), 7.28 (s, 4 H), 7.02 (s, 2 H), 4.89 —
4.50 (m, 1 H), 4.18 (bs, 1 H), 3.85 (bs, 2 H), 3.41 — 3.15 (m, 2 H), 2.89 — 2.64 (m, 2 H), 2.41 (s,
12 H), 1.95-1.69 (M, 4 H), 1.47 — 1.24 (m, 3 H), 0.87 (bs, 2 H) ppm; *3C NMR (125 MHz, CDCls)
0 =156.8, 156.0, 142.0, 141.1, 139.3, 138.2, 129.0, 126.9, 125.1, 124.3, 62.2, 61.3, 60.4, 48.2,
47.4,41.2,37.1,34.9, 275, 27.1, 26.9, 23.8, 23.5, 21.4, 14.7, 14.4 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (Cs1H3sN2NaO>) requires m/z 493.2825, found m/z 493.2822.

ethyl (R)-3-((3,3",5,5"-tetra-tert-butyl-[1,1":3",1""-terphenyl]-5'-yl)methyl)-1,2-diazepane-1-
carboxylate (4.13)

Prepared according to general procedure J from 5'-bromo-3,3",5,5"-tetra-tert-butyl-1,1":3',1"-
terphenyl (171 mg, 0.32 mmol). Product 4.13 was isolated as a colourless oil (65 mg, 0.10 mmol,
37% yield). IR (Film) v = 2962, 2865, 1697, 1590, 1476, 1464, 1408, 1248, 1111 cm*; 'H NMR
(500 MHz, CDCl3) 6 = 7.64 (bs, 1 H), 7.47 — 7.46 (m, 6 H), 7.39 (bs, 2 H), 4.66 (bs, 1 H), 4.16
(bs, 1 H), 3.84 (bs, 2 H), 3.44 — 3.24 (m, 2 H), 2.89 — 2.67 (m, 2 H), 1.85 - 1.77 (m, 4 H), 1.43 -
1.40 (m, 39 H), 0.87 (bs, 2 H) ppm: 13C NMR (125 MHz, CDCls) & = 156.8, 156.0, 151.2, 143.3,
140.8, 139.2, 127.2, 125.2, 121.9, 121.6, 62.2, 61.2, 60.1, 48.2, 47.4, 41.1, 37.1, 35.0, 31.5, 27.6,
26.9, 23.8, 14.6 ppm; *H NMR (400 MHz, DMSO-ds, 80 °C) § = 7.58 (s, 1 H), 7.47 — 7.46 (m, 4
H), 7.45-7.43 (m, 4 H), 4.80 (s, 1 H), 3.97 (9, J = 7.5 Hz, 2 H), 3.74 — 3.67 (m, 1 H), 3.28 (bs, 1
H), 3.23 —3.17 (m, 1 H), 2.85 — 2.73 (m, 2 H), 1.82 — 1.65 (m, 4 H), 1.42 — 1.37 (m, 38 H), 1.06
(t, J = 7.5 Hz, 3 H) ppm; 1*C NMR (100 MHz, DMSO-ds, 80 °C) & = 155.4, 150.5, 141.9, 139.8,
139.5, 126.3, 123.4, 120.8, 1206, 60.2, 60.0, 47.8, 40.0, 34.7, 34.2, 30.9, 26.6, 23.0, 14.0 ppm;
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HRMS (ESI) exact mass calculated for [M+Na] (Ca3sHs2N2NaO2) requires m/z 661.4703, found
m/z 661.4710.

ethyl (R)-3-((3,3",4,4" 5,5"-hexamethoxy-[1,1":3",1"-terphenyl]-5'-yl)methyl)-1,2-
diazepane-1-carboxylate (4.14)

OMe

Prepared according to general procedure J from 5'-bromo-3,3",4,4",5,5"-hexamethoxy-1,1":3",1"-
terphenyl (202 mg, 0.45 mmol). Product 4.14 was isolated as a colourless oil (42 mg, 0.071
mmol, 14% yield). IR (Film) v = 2933, 2865, 1691, 1581, 1430, 1409, 1240, 1127 cm*; *H NMR
(500 MHz, CDCl3) & = 7.54 (s, 1 H), 7.40 (s, 2 H), 6.83 (5, 4 H), 4.71 (bs, 1 H), 4.12 (bs, 1 H),
3.94 -3.84 (m, 20 H), 3.48 - 3.23 (m, 2 H), 2.84 - 2.67 (m, 2 H), 1.84 — 1.75 (m, 4 H), 1.45 —
1.39 (m, 2 H), 1.27 — 1.24 (m, 2 H), 0.91 (bs, 1 H) ppm; *C NMR (125 MHz, CDCls) & = 156.8,
156.0, 153.5, 142.2, 139.3, 137.8, 137.2, 127.1, 124.3, 104.7, 61.9, 61.4, 60.9, 59.5, 56.3, 48.1,
475, 41.0, 36.9, 35.7, 27.4, 23.6, 14.6 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C33H42N2NaOg) requires m/z 617.2833, found m/z 617.2812.
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ethyl (R)-3-(3,5-di(naphthalen-2-yl)benzyl)-1,2-diazepane-1-carboxylate (4.15)

Prepared according to general procedure J from 2,2'-(5-bromo-1,3-phenylene)dinaphthalene (103
mg, 0.25 mmol). Product 4.15 was isolated as a colourless oil (30 mg, 0.059 mmol, 24% vyield).
IR (Film) v = 3053, 3017, 2929, 2854, 1693, 1593, 1506, 1447, 1408, 1212, 1112 cm™; *H NMR
(800 MHz, CDCl3) 8=28.10(s,2 H), 7.92 -7.91 (m, 5 H), 7.87 - 7.86 (m, 2 H), 7.79 (s, 2 H), 7.63
(s,2 H), 7.52 - 7.48 (m, 4 H), 4.28 — 3.99 (m, 4 H), 3.84 — 3.46 (m, 2 H), 3.19 (bs, 1 H), 2.00 —
1.92 (m, 4 H), 1.58 (bs, 2 H), 1.28 — 1.18 (m, 3 H) ppm; *C NMR (200 MHz, CDCl3) § = 155.2,
153.6, 142.3, 137.9, 133.6, 132.7, 128.5, 128.2, 127.6, 127.3, 126.3, 126.0, 126.0, 125.5, 64.2,
63.6, 47.2, 38.8, 30.6, 26.6, 22.9, 14.4 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C3sH34N2NaOy) requires m/z 537.2512, found m/z 537.2534.

ethyl (R)-3-((3,3",5,5"-tetrakis(trifluoromethyl)-[1,1':3",1""-terphenyl]-5'-yl)methyl)-1,2-
diazepane-1-carboxylate (4.16)

Prepared according to general procedure J from 5'-bromo-3,3",5,5"-tetrakis(trifluoromethyl)-
1,13, 1"-terphenyl (114 mg, 0.20 mmol). Product 4.16 was isolated as a colourless oil (34 mg,
0.050 mmol, 17% yield). IR (Film) v = 3029, 2933, 1692, 1600, 1410, 1299, 1172, 1130 cm™; 'H

263



NMR (500 MHz, CDClz) 6 =8.13 (s, 4 H), 7.91 (s, 2 H), 7.62 (s, 3 H), 4.63 (bs, 1 H), 4.17 — 3.76
(m, 3 H), 3.55-3.22 (m, 2 H), 3.02 - 2.95 (m, 1 H), 2.83 - 2.75 (m, 1 H), 1.90 — 1.73 (m, 4 H),
1.50 — 1.20 (m, 4 H), 1.00 — 0.78 (m, 1 H) ppm; 3C NMR (125 MHz, CDCl3) & = 156.8, 142.8,
140.4, 139.7, 132.2 (g, J = 34.7 Hz), 128.8, 127.6, 124.5, 123.5 (g, J = 253.1 Hz), 121.3, 61.6,
59.4, 47.7, 40.7, 36.6, 27.2, 23.7, 14.6 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(Cs1H26F12N2NaO2) requires m/z 709.1695, found m/z 709.1668.

ethyl (R)-3-((3,3",5,5"-tetra-tert-butoxy-[1,1":3",1"'-terphenyl]-5'-yl)methyl)-1,2-diazepane-
1-carboxylate (4.17)

OBu

BuO O

N
Q N™ “co,Et
‘BuO O

OBu

Prepared according to general procedure J from 5'-bromo-3,3",5,5"-tetra-tert-butoxy-1,1"3',1"-
terphenyl (169 mg, 0.28 mmol). Product 4.17 was isolated as a colourless oil (26 mg, 0.038 mmol,
13% yield). IR (Film) v = 2975, 2929, 2873, 1694, 1579, 1259, 1036, 1012 cm™; *H NMR (500
MHz, CDClz) 6 = 7.57 (s, 1 H), 7.37 (s, 2 H), 7.00 (s, 4 H), 6.67 (s, 2 H), 4.58 (bs, 1 H), 4.17 —
4.13 (m, 1 H), 3.83 (bs, 2 H), 3.40 — 3.14 (m, 2 H), 3.01 — 2.61 (m, 2 H), 1.84 — 1.75 (m, 4 H),
1.39 — 1.25 (m, 39 H), 0.86 — 0.84 (m, 2 H) ppm; 3C NMR (125 MHz, CDCl3) § = 156.7, 156.0,
141.6, 141.5, 139.6, 127.0, 124.2,119.0, 118.4, 78.8, 62.0, 61.2, 48.2, 47.4, 41.1, 37.0, 35.2, 28.9,
27.5,26.9, 24.0, 23.8, 14.5 ppm; HRMS (ESI) exact mass calculated for [M+Na] (Ca3sHs2N2NaOs)
requires m/z 725.4500, found m/z 725.4510.
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ethyl (R)-3-((3,3",5,5"-tetrakis(tert-butyldimethylsilyl)-[1,1":3",1"*-terphenyl]-5'-yl)methyl)-
1,2-diazepane-1-carboxylate (4.18)

TBS

TBS O

Prepared according to general procedure J from (5'-bromo-[1,1":3',1"-terphenyl]-3,3",5,5"-
tetrayl)tetrakis(tert-butyldimethylsilane) (224 mg, 0.29 mmol). Product 4.18 was isolated as a
colourless oil (52 mg, 0.059 mmol, 22% yield). IR (Film) v = 3027, 2952, 2927, 2884, 2856, 2698,
1597, 1470, 1361, 1249, 1176 cm™; *H NMR (500 MHz, CDCl3) & = 7.74 (s, 4 H), 7.68 (s, 2 H),
7.62 (s, L H), 7.40 (s, 2 H), 4.70 — 4.57 (m, 1 H), 4.16 — 4.13 (m, 1 H), 3.92 - 3.76 (m, 2 H), 3.50
—3.12(m, 2 H), 2.97 - 2.66 (m, 2 H), 1.95 - 1.75 (m, 4 H), 1.48 — 1.22 (m, 3 H), 0.92 — 0.86 (m,
38 H), 0.33 (s, 24 H) ppm; *C NMR (125 MHz, CDCls) § = 156.8, 156.0, 142.8, 139.8, 139.6,
139.0, 137.0, 133.8, 126.9, 125.2, 62.3, 61.2, 60.1, 48.3, 47.4, 41.1, 37.0, 35.0, 26.5, 23.8, 23.5,
16.9, 14.5, -6.2 ppm; HRMS (ESI) exact mass calculated for [M+Na] (Cs1HssN2NaSisO>) requires
m/z 893.56586, found m/z 893.56383.

ethyl (R)-3-((3,3",5,5"-tetra(adamantan-1-yl)-[1,1':3",1""-terphenyl]-5'-yl)methyl)-1,2-
diazepane-1-carboxylate (4.19)

Ad

U

Ad

Prepared according to general procedure J from 1,1'1",1"-(5-bromo-[1,1":3',1"-terphenyl]-
3,3",5,5"-tetrayl)tetrakis(1-adamantane) (198 mg, 0.23 mmol). Product 4.19 was isolated as a
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colourless oil (52 mg, 0.054 mmol, 23% yield). IR (Film) v =2979, 2905, 2950, 1731, 1588, 1450,
1374, 1178, 1154 cm*; 'H NMR (500 MHz, CDCl3) § = 7.66 (bs, 1 H), 7.43 (s 6 H), 2.08 (s, 2 H),
4.60 (bs, 1 H), 4.16 (bs, 1 H), 3.84 (bs, 2 H), 3.44 — 3.23 (m, 2 H), 2.93 — 2.65 (m, 2 H), 2.13 (s,
12 H), 2.01 (s, 24 H), 1.83 — 1.78 (m, 28 H), 1.44 — 1.41 (m, 2 H), 1.27 — 1.25 (m, 1 H), 0.86 (s, 2
H) ppm; C NMR (125 MHz, CDCls) & = 156.8, 156.0, 151.4, 143.4, 140.9, 139.0, 127.0, 126.2,
125.4, 121.6, 120.6, 62.1, 61.3, 60.5, 48.5, 47.3, 43.3, 41.1, 36.8, 29.0, 23.8, 14.6 ppm; HRMS
(APCI) exact mass calculated for [M+H] (Ce7Hs7N20g) requires m/z 951.67621, found m/z
951.67554.

(R)-1-(3-(hydroxymethyl)-1,2-diazepan-1-yl)-2,2-dimethylpropan-1-one (4.22)

OH
o..u\/
I}I’NH
Piv

A stirred solution of dibenzyl (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (558 mg,
1.4 mmol) in MeOH (7 mL) was submitted to three cycles of vacuum/argon. AcCl (400 pL, 5.6
mmol) and 10% Pd/C (154 mg, 0.14 mmol) were added. Argon flow was removed, and a needle
attached to a hydrogen-filled balloon was inserted through the septum and into the reaction
mixture. A second needle was inserted through the septum to allow gas efflux and the hydrogen
was allowed to bubble through the mixture, with the balloon being refilled as needed. After 1 h,
the balloon was removed and the mixture was filtered through diatomaceous earth, rinsing with
MeOH. The filtrate was concentrated to give crude (R)-(1,2-diazepan-3-yl)methanol
hydrochloride as a yellow solid. (Note: benzyloxycarbonyl removal is performed under acidic
conditions as the unprotected freebase is highly unstable to air oxidation.)

To a stirred suspension of crude (R)-(1,2-diazepan-3-yl)methanol in DCM (7 mL) at 0 °C was
added EtsN (600 pL, 4.3 mmol) and PivCl (175 pL, 1.4 mmol). After 1 h, saturated aqueous
NaHCOz was added, and the mixture was extracted with DCM (3 x 10 mL). The combined extracts
were washed with water, dried with MgSOs, filtered, concentrated, and purified by flash
chromatography (gradient from 60:40 to 80:20 hexanes/EtOAc). Product 4.22 was isolated as a
colourless oil (264 mg, 1.2 mmol, 87% yield over two steps). IR (Film) v = 3396, 3268, 2927,
2861, 1603, 1403, 1356, 1211, 989 cm™; *H NMR (500 MHz, CDCls3) § 5.56 (bs, 1 H), 4.00 (bs, 1
H), 3.65 — 3.63 (m, 1 H), 3.42 — 3.38 (m, 2 H), 3.23 (bs, 1 H), 1.71 — 1.43 (m, 5 H), 1.14 (s, 9 H)
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ppm; 3C NMR (125 MHz, CDCl3) 5 = 178.3, 64.3, 61.5, 51.1, 38.4, 29.8, 27.8, 24.0 ppm; HRMS
(ESI) exact mass calculated for [M+Na] (C1:H22N2NaOz) requires m/z 237.1573, found m/z
237.1576.

benzyl (R)-7-(hydroxymethyl)-2-pivaloyl-1,2-diazepane-1-carboxylate (4.24)

OH
o.lﬂ\/
_N_
N Cbz

]
Piv

To astirred mixture (R)-1-(3-(hydroxymethyl)-1,2-diazepan-1-yl)-2,2-dimethylpropan-1-one (264
mg, 1.2 mmol) and NaHCOs (407 mg, 4.8 mmol) in CHCI3 (6.0 mL) was added benzyl
chloroformate (600 pL, 4.2 mmol). After 19 h, reaction was quenched with H>O and extracted
with DCM (3 x 10 mL). The combined extracts were dried with MgSOQa, filtered, concentrated,
and purified by flash chromatography (gradient from 80:20 to 50:50 hexanes/EtOAc) to give
product 4.24 (429 mg, 1.2 mmol, 99% yield) as a colourless oil. IR (Film) v = 3420, 3035, 2934,
2861, 1710, 1636, 1401, 1351, 1028 cm™; *H NMR (500 MHz, CDCl3) § 7.31 — 7.30 (m, 5 H),
5.26 - 5.10 (m, 2 H), 4.34 - 3.99 (m, 3 H), 3.90 — 3.64 (m, 1 H), 3.32 - 3.06 (m, 2 H), 1.95 - 1.38
(m, 6 H), 1.34 (s, 3 H), 1.18 (s, 6 H) ppm; *C NMR (125 MHz, CDCl3) § 179.9, 179.2, 154.4,
154.1, 135.7, 135.4, 128.1, 127.9, 127.8, 127.7, 127.6, 127.1, 67.5, 67.3, 63.0, 62.6, 60.4, 60.3,
52.8,51.8, 38.2, 38.2, 29.4, 29.2, 27.8, 27.5, 27.4, 27.2, 23.9, 23.7 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C19H28N2NaO4) requires m/z 371.1941, found m/z 371.1954.

2-benzyl 1-(tert-butyl) (R)-3-(hydroxymethyl)-1,2-diazepane-1,2-dicarboxylate (4.25)

To a stirred mixture of tert-butyl (R)-3-(hydroxymethyl)-1,2-diazepane-1-carboxylate (251 mg,
1.1 mmol) and NaHCOs (341 mg, 4.0 mmol) in chloroform (5.5 mL) was added benzyl
chloroformate (500 pL, 0.21 mmol). After 19 h, the reaction was quenched with H>0O and extracted
with DCM (3 x 10 mL). The combined extracts were dried with MgSOs, filtered, concentrated,
and purified by flash chromatography (gradient from 80:20 to 60:40 hexanes/EtOAc) to give
product 4.25 (390 mg, 1.1 mmol, 98% yield) as a colourless oil. IR (Film) v = 3420, 2976, 2928,
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2862, 1686, 1477, 1450, 1162, 1120, 1032 cm*; *H NMR (500 MHz, CDCls) § 7.38 — 7.30 (m, 5
H), 5.30 - 5.11 (m, 2 H), 4.29 — 4.15 (m, 2 H), 4.10 — 3.56 (m, 2 H), 3.77 — 3.36 (m, 2 H), 3.08 —
2.84 (m, 1 H), 1.87 — 1.53 (m, 6 H), 1.42 — 1.36 (m, 9 H) ppm; *C NMR (125 MHz, CDCl3) §
156.8, 156.3, 154.9, 154.7, 135.8, 135.6, 128.2, 128.1, 128.0, 127.9, 127.8, 127.6, 127.6, 127.4,
127.1, 82.0, 82.0, 67.6, 67.4, 67.3, 64.0, 63.0, 62.6, 61.3, 61.2, 61.2, 50.8, 49.7, 49.4, 28.3, 28.3,
28.0, 27.8, 27.8, 27.7, 27.6, 24.5, 24.2 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C19H28N2 NaOs) requires m/z 387.1890, found m/z 387.1872.

benzyl (R)-7-(bromomethyl)-2-pivaloyl-1,2-diazepane-1-carboxylate (4.26)

Br
.ll\\/
: N
N Cbz

]
Piv

To a stirred solution of PPhs (522 mg, 2.0 mmol) in THF (7 mL) was added CBrs4 (611 mg, 1.8
mmol) at 0 °C. After 15 minutes, benzyl (R)-7-(hydroxymethyl)-2-pivaloyl-1,2-diazepane-1-
carboxylate (494 mg, 1.4 mmol) was added in THF (4 mL). The solution was brought to room
temperature and stirred for 15 h. The reaction was quenched with the addition of saturated NaHCO3
and extracted with EtOAc (3 x 10 mL). The combined extracts were washed with brine, dried with
Na>S0s, filtered, concentrated, and purified by flash chromatography (gradient from (90:10 to
80:20 hexanes/EtOAcC). Product 4.26 was isolated as a yellow oil (444 mg, 1.1 mmol, 76% yield).
IR (Film) v = 3034, 2933, 2859, 1709, 1660, 1398, 1304, 1024, 1012, 985 cm™*; 'H NMR (500
MHz, CDCl3) 6 =7.34 - 7.26 (m, 5 H), 5.21 - 5.04 (m, 2 H), 4.26 — 4.16 (m, 2 H), 3.90 — 3.77 (m,
1 H), 3.15-3.07 (m, 2 H), 2.54 — 2.51 (m, 1 H), 1.94 — 1.92 (m, 1 H), 1.75 — 1.72 (m, 1 H), 1.66
~1.55(m, 1 H), 1.43 -1.35 (m, 1 H), 1.30 (s, 3 H), 1.24 — 1.17 (m, 1 H), 1.15 (s, 6 H) ppm; 1°C
NMR (125 MHz, CDCl3) 6 =177.7, 177.2, 154.5, 153.7, 135.6, 135.5, 128.3, 128.1, 127.9, 127.9,
127.8,127.2,67.7, 67.6, 61.0, 60.4, 52.8, 52.3, 38.2, 38.1, 34.8, 34.2, 29.8, 29.4, 29.1, 27.6, 27.6,
27.4,24.0, 23.8 ppm; HRMS (ESI) exact mass calculated for [M+H] (C19H28BrN203) requires m/z
411.12778, found m/z 411.12691.
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2-benzyl 1-(tert-butyl) (R)-3-(bromomethyl)-1,2-diazepane-1,2-dicarboxylate (4.27)

Br
nl\\/
: N
N Cbz

|
Boc

To a stirred solution of PPhs (392 mg, 1.5 mmol) in THF (7 mL) was added CBrs (459 mg, 1.4
mmol) at 0 °C. After 15 minutes, 2-benzyl 1-(tert-butyl) (R)-3-(hydroxymethyl)-1,2-diazepane-
1,2-dicarboxylate (390 mg, 1.1 mmol) was added in THF (4 mL). The solution was brought to
room temperature and stirred for 15 h. The reaction was quenched with the addition of saturated
NaHCO3z and extracted with EtOAc (3 x 10 mL). The combined extracts were washed with brine,
dried with NaxSOs, filtered, concentrated, and purified by flash chromatography (gradient from
(90:10 to 80:20 hexanes/EtOAC). Product 4.27 was isolated as a yellow oil (383 mg, 0.90 mmol,
84% yield). IR (Film) v = 3033, 2974, 2932, 2857, 1704, 1450, 1305, 1018 cm™; *H NMR (500
MHz, CDCl3) 6 =7.38 — 7.26 (m, 5 H), 5.32 — 5.08 (m, 2 H), 4.27 — 4.00 (m, 2 H), 3.86 — 3.51 (m,
1 H), 3.40 - 3.13 (m, 1 H), 2.96 — 2.75 (m, 1 H), 2.53 — 2.37 (m, 1 H), 1.98 — 1.86 (m, 1 H), 1.67
—1.52 (m, 2 H), 1.50 — 1.29 (m, 11 H) ppm; **C NMR (125 MHz, CDCl3) § = 154.8, 154.7, 154.6,
154.5, 135.9, 135.7, 128.4, 128.4, 18.3, 128.2, 128.0, 128.0, 128.0, 127.9, 127.8, 127.8, 127.5,
127.3,81.3,81.2,81.2, 67.8, 67.6, 67.5, 61.1, 61.1, 60.8, 51.2, 49.4, 48.7, 33.8, 33.4, 30.2, 29.6,
29.5, 28.3, 28.3, 28.0, 28.0, 27.9, 27.8, 24.4, 24.4, 24.3 ppm; HRMS (ESI) exact mass calculated
for [M+Na] (C19H27BrN2NaOas) requires m/z 449.10464, found m/z 449.10345.
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(R)-2,2-dimethyl-1-(3-((3,3",5,5" -tetra-tert-butyl-[1,1':3",1""-terphenyl]-5'-yl)methyl)-1,2-
diazepan-1-yl)propan-1-one (4.20)

Following a modified procedure of Weix et al.?®: To a 1 mL HPLC vial containing 5'-bromo-
3,3",5,5"-tetra-tert-butyl-1,1":3",1"-terphenyl (130 mg, 0.24 mmol), Nil> (12 mg, 0.039 mmol),
1,10-phenanthroline (7.9 mg, 0.044 mmol), and Nal (17 mg, 0.11 mmol) was added a solution of
benzyl (R)-7-(bromomethyl)-2-pivaloyl-1,2-diazepane-1-carboxylate (100 mg, 0.24 mmol) in
DMPU (1 mL). Zn dust (48 mg, 0.73 mmol) was added, vial was capped, and the solution was
brought to 60 °C. After 72 h, the reaction was purified by flash chromatography (gradient from
95:5 to 85:15 hexanes/EtOAC) to give coupled product which was isolated as a mixture with the

dehalogenated hydrazide.

A stirred solution of the isolated mixture in THF (2.0 mL) was submitted to three cycles of
vacuum/argon and 20% Pd(OH)2/C (34 mg, 0.048 mmol) was added. Argon flow was removed,
and a needle attached to a hydrogen-filled balloon was inserted through the septum and into the
reaction mixture. A second needle was inserted through the septum to allow gas efflux and the
hydrogen was allowed to bubble through the mixture, with the balloon being refilled as needed.
After 6 h, the balloon was removed and the mixture was filtered through diatomaceous earth,
rinsing with DCM. The filtrate was concentrated and purified by flash chromatography (gradient
from 95:5 to 85:15 hexanes/EtOAC) to give product 4.20 as a colourless oil (31 mg, 0.047 mmol,
19% vyield over 2 steps). IR (Film) v = 3272, 3032, 2953, 2866, 1714, 1697, 1589, 1318, 1306,
1213, 1185 cm™; *H NMR (500 MHz, CDCl3) & = 7.62 (bs, 1 H), 7.48 (m, 2 H), 7.45 (m, 4 H),
7.38 (m, 2 H), 3.67 (bs, 2 H), 3.32 - 3.31 (m, 1 H), 3.02 - 2.98 (m, 1 H), 2.86 (bs, 1 H), 1.90 —
1.74 (m, 4 H), 1.40 (s, 38 H), 1.32 (s, 9 H) ppm; °C NMR (125 MHz, CDCls) & = 178.5, 151.2,
143.2, 140.8, 139.4, 127.3, 125.2, 121.5, 62.3, 50.8, 42.1, 39.0, 37.1, 35.0, 33.4, 31.5, 28.0, 27.0,
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26.4 ppm; HRMS (ESI) exact mass calculated for [M+Na] (CssHesN2NaO) requires m/z
673.50674, found m/z 673.50646.

tert-butyl (R)-3-((3,3",5,5"-tetra-tert-butyl-[1,1":3",1""-terphenyl]-5'-yl)methyl)-1,2-
diazepane-1-carboxylate (4.21)

Q /N
N N
H Boc

Following a modified procedure of Weix et al.?>: To a 1 mL HPLC vial containing 5'-bromo-
3,3",5,5"-tetra-tert-butyl-1,1":3',1"-terphenyl (125 mg, 0.23 mmol), Nil2 (12 mg, 0.038 mmol),
1,10-phenanthroline (7.8 mg, 0.044 mmol), and Nal (16 mg, 0.11 mmol) was added a solution of
2-benzyl 1-(tert-butyl) (R)-3-(bromomethyl)-1,2-diazepane-1,2-dicarboxylate (125 mg, 0.24
mmol) in DMPU (1 mL). Zn dust (48 mg, 0.73 mmol) was added, vial was capped, and the solution
was brought to 60 °C. After 72 h, the reaction was purified by flash chromatography (gradient
from 95:5 to 85:15 hexanes/EtOAC) to give coupled product which was isolated as a mixture with

the dehalogenated hydrazide.

A stirred solution of the isolated mixture in THF (2.0 mL) was submitted to three cycles of
vacuum/argon and 20% Pd(OH)./C (34 mg, 0.048 mmol) was added. Argon flow was removed,
and a needle attached to a hydrogen-filled balloon was inserted through the septum and into the
reaction mixture. A second needle was inserted through the septum to allow gas efflux and the
hydrogen was allowed to bubble through the mixture, with the balloon being refilled as needed.
After 6 h, the balloon was removed and the mixture was filtered through diatomaceous earth,
rinsing with DCM. The filtrate was concentrated and purified by flash chromatography (gradient
from 95:5 to 85:15 hexanes/EtOAC) to give product 4.21 as a colourless oil (18 mg, 0.026 mmol,
11% yield over 2 steps). IR (Film) v = 3323, 3033, 2952, 2932, 2866, 1713, 1696, 1664, 1589,
1399, 1319, 1026 cm™*; *H NMR (500 MHz, CDCl3) § = 7.61 (bs, 1 H), 7.47 (bs, 2 H), 7.44 (bs, 4
H), 7.36 (bs, 2 H), 4.67 (bs, 1 H), 3.92 -3.77 (m, 1 H), 3.43 - 3.18 (m, 2 H), 2.93 - 2.74 (m, 2 H),
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1.82 —1.70 (m, 4 H), 1.48 — 1.25 (m, 47 H) ppm; 13C NMR (125 MHz, CDCl3) & = 156.0, 155.2,
151.2, 143.4, 143.1, 140.9, 139.5, 127.2, 125.2, 121.9, 121.5, 80.0, 61.9, 60.3, 48.8, 47.0, 41.5,
41.2,36.4,35.0, 31.5, 28.4, 27.7, 27.1, 23.5 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(CssHesN2NaO2) requires m/z 689.50165, found m/z 689.50088.

ethyl (R)-3-((4,4""-dimethoxy-[1,1":3",1"*-terphenyl]-5"-yl)methyl)-1,2-diazepane-1-
carboxylate (4.28)

MeO

MeO

Prepared according to general procedure J from 5'-bromo-4,4"-dimethoxy-1,1":3',1"-terphenyl (104
mg, 0.23 mmol). Product 4.28 was isolated as a colourless oil (24 mg, 0.12 mmol, 22% yield). IR
(Film) v =2930, 2836, 1687, 1608, 1512, 1451, 1440, 1247, 1177, 1032 cm™*; *H NMR (500 MHz,
CDCl3) § 7.58 (d, J = 7.9 Hz, 5 H), 7.35 (s, 2 H), 6.99 (d, ] = 7.9 Hz, 4 H), 4.71 — 4.55 (m, 1 H),
4.15 (bs, 1 H), 3.86 —3.78 (m, 8 H), 3.39 - 3.13 (m, 2 H), 2.85-2.61 (m, 2 H), 1.83 - 1.77 (m, 4
H), 1.41—-1.26 (m, 3 H), 0.84 (bs, 2 H) ppm; 1*C NMR (125 MHz, CDCl3) § = 159.2, 156.8, 156.0,
141.4,139.5, 133.6, 128.2, 126.1, 123.4, 114.2, 62.2, 61.3, 60.4, 55.3, 48.2, 47.4, 41.2, 37.1, 34.9,
27.5, 26.9, 23.8, 14.6 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C29H34N2NaOs)
requires m/z 497.2411, found m/z 497.2408.
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ethyl (R)-3-((4,4-di-tert-butyl-[1,1":3",1""-terphenyl]-5’-yl)methyl)-1,2-diazepane-1-
carboxylate (4.29)

Bu

Bu

Prepared according to general procedure J from 5'-bromo-4,4"-di-tert-butyl-1,1":3',1"-terphenyl
(106 mg, 0.25 mmol). Product 4.29 was isolated as a colourless oil (18 mg, 0.034 mmol, 13%
yield). IR (Film) v = 3307, 3031, 2933, 2862, 1709, 1597, 1322, 1308, 1080, 1063 cm™; *H NMR
(500 MHz, CDCl3) 6 =17.68 (s, 1 H), 7.58 (d, J = 8.0 Hz, 4 H), 7.48 (d, J = 8.0 Hz, 4 H), 7.40 (s, 2
H), 4.61 (bs, 1 H), 4.16 (bs, 1 H), 3.84 (bs, 2 H), 3.37 —3.12 (m, 2 H), 2.86 — 2.63 (m, 2 H), 1.83
—1.77 (m, 4 H), 1.38 — 1.25 (m, 21 H), 0.84 (bs, 2 H) ppm; 3C NMR (125 MHz, CDCls3) § = 156.8,
156.0, 150.4, 141.7, 139.5, 138.2, 126.8, 125.7, 124.0, 62.2, 61.3, 48.3,47.4,41.2,37.1, 34.5, 31.4,
27.1,26.9, 24.0, 23.8, 14.4 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C3sHssN2NaO>)
requires m/z 549.3451, found m/z 549.3475.

ethyl (R)-3-(hydroxymethyl)tetrahydropyridazine-1(2H)-carboxylate (4.31)

CI)H

. \\\\

h

CO,Et
A stirred solution of dibenzyl (R)-3-(hydroxymethyl)tetranydropyridazine-1,2-dicarboxylate (290
mg, 0.76 mmol, obtained from Dr. Samuel Plamondon) in MeOH (7.0 mL) was submitted to three
cycles of vacuum/argon. AcCl (0.20 mL, 2.8 mmol) and 10% Pd/C (76 mg, 0.07 mmol) were
added. Argon flow was removed, and a needle attached to a hydrogen-filled balloon was inserted
through the septum and into the reaction mixture. A second needle was inserted through the septum
to allow gas efflux and the hydrogen was allowed to bubble through the mixture, with the balloon

being refilled as needed. After 1 h, the balloon was removed and the mixture was filtered through
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diatomaceous earth, rinsing with MeOH. The filtrate was concentrated to give crude (R)-
(hexahydropyridazin-3-yl)methanol hydrochloride as a yellow solid. (Note: benzyloxycarbonyl
removal is performed under acidic conditions as the unprotected freebase is highly unstable to air
oxidation.)

To a stirred suspension of crude (R)-(hexahydropyridazin-3-yl)methanol hydrochloride in DCM
(4.5 mL) at 0 °C was added EtsN (320 pL, 2.7 mmol) and EtO>CCI (, 0.99 mmol). After 1 h,
saturated aqueous NaHCO3 was added, and the mixture was extracted with DCM (3 x 5 mL). The
combined extracts were washed with water, dried with MgSOQsa, filtered, concentrated, and purified
by flash chromatography (gradient from 80:20 to 50:50 hexanes/EtOAc). Product 4.31 was
isolated as a colourless oil (50 mg, 0.26 mmol, 32% yield over two steps). IR (Film) v = 3422,
2982, 2935, 2860, 1693, 1408, 1264, 1180, 1050, 970 cm™; *H NMR (400 MHz, CDCls) § = 4.14
(9,J=7.3Hz, 2 H), 4.20 - 3.94 (bs, 1 H), 3.77 - 3.71 (m, 1 H), 3.52 - 3.50 (m, 2 H), 3.31 - 3.26
(m, 1 H), 2.94 - 2.88 (m, 1 H), 1.68 — 1.64 (m, 2 H), 1.54 — 1.51 (m, 1H), 1.40 — 1.30 (m, 2 H),
1.24 (t, J = 7.3 Hz, 3 H) ppm; *C NMR (100 MHz, CDCl3) § = 155.8, 63.1, 61.9, 57.6, 45.0, 25.8,
22.7, 14.6 ppm; HRMS (ESI) exact mass calculated for [M+Na] (CsH1sN2NaOs) requires m/z
211.1053, found m/z 211.1049.

2-benzyl 1-ethyl (R)-3-(hydroxymethyl)tetrahydropyridazine-1,2-dicarboxylate (4.32)

(I)H

P4 N ~

N”"“Cbz

CO,Et
To a stirred mixture of ethyl (R)-3-(hydroxymethyl)tetrahydropyridazine-1(2H)-carboxylate (49
mg, 0.26 mmol) and NaHCO3 (86 mg, 1.0 mmol) in CHCIs (3.0 mL) was added benzyl
chloroformate (110 pL, 0.77 mmol). After 19 h, reaction was quenched with water and extracted
with DCM (3 x 5 mL). The combined extracts were dried with MgSOs, filtered, concentrated, and
purified by flash chromatography (gradient from 70:30 to 30:70 hexanes/EtOAC) to give product
4.32 (74 mg, 0.23 mmol, 88% yield) as a colourless oil. IR (Film) v = 3399, 3067, 3035, 2954,
2929, 2856, 1686, 1595, 1489, 1454, 1254, 929 cm; *H NMR (400 MHz, CDCl3) & 7.35 — 7.28
(m, 5 H), 5.30 - 5.20 (m, 2 H), 4.56 — 4.45 (m, 1 H), 4.30 — 4.03 (m, 3 H), 3.81 - 3.63 (m, 1 H),
3.58-3.46 (M, 1 H +1Hx0.6),3.12-3.02 (m, 1 H), 2.42 —2.37 (m, 1 H x 0.4), 1.87 — 1.47 (m,
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4 H), 1.34—1.16 (m, 3 H) ppm; C NMR (100 MHz, CDCls3) § 156.7, 156.0, 155.6, 154.8, 136.1,
135.8, 128.4,128.4, 128.2,127.9, 127.7, 127 .4, 68.0, 62.8, 62.6, 60.3, 60.2, 59.8, 56.0, 54.8, 45.5,
45.1,43.8,22.8,22.4,19.5,19.2, 14.4, 14.2 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C16H22N2 NaOs) requires m/z 345.1421, found m/z 345.1421.

2-benzyl 1-ethyl (R)-3-(bromomethyl)tetrahydropyridazine-1,2-dicarboxylate (4.33)

Br
|

rd N ~

N""“Cbz

CO,Et
To a stirred solution of PPhs (112 mg, 0.34 mmol) in THF (1.5 mL mL) was added CBr4 (79 mg,
030 mmol) at 0 °C. After 15 minutes, 2-benzyl 1l-ethyl (R)-3-
(hydroxymethyl)tetrahydropyridazine-1,2-dicarboxylate (73 mg, 0.23 mmol) was added in THF
(0.8 mL). The solution was brought to room temperature and stirred for 15 h. The reaction was
quenched with the addition of saturated NaHCO3 and extracted with EtOAc. The combined
extracts were washed with brine, dried with Na2SOs, filtered, concentrated, and purified by flash
chromatography (gradient from (90:10 to 60:40 hexanes/EtOAc). Product 4.33 was isolated as a
yellow oil (71 mg, 0.18 mmol, 80% yield). IR (Film) v = 3035, 2953, 1704, 1451, 1298, 2360,
1209, 1094 cm™*; *H NMR (400 MHz, CDCl3) § = 7.39 — 7.29 (m, 5 H), 5.28 - 5.09 (m, 2 H), 4.65
—4.45 (m, 1 H), 4.23 - 3.95 (m, 3 H), 3.68 —3.53 (m, 1 H), 3.39 - 3.32 (m, 1 H), 3.22 — 2.98 (m,
1H),1.87-1.78 (m, 3 H), 1.52 — 1.50 (m, 1 H), 1.27 — 1.12 (m, 3 H) ppm; :*C NMR (100 MHz,
CDCl3) 6 =155.4,155.1, 135.8, 128.4, 128.2, 127.7, 67.9, 62.2, 54.8, 43.9, 30.3, 24.4, 18.7, 14.3
ppm; HRMS (ESI) exact mass calculated for [M+Na] (C1sH21BrN2NaOs) requires m/z 407.0577,
found m/z 407.0568.
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ethyl (R)-3-((3,3",5,5"-tetra-tert-butyl-[1,1":3",1""-terphenyl]-5'-
yl)methyl)tetrahydropyridazine-1(2H)-carboxylate (4.34)

Following a modified procedure of Weix et al.?®: To a 1 mL HPLC vial containing 5'-bromo-
3,3",5,5"-tetra-tert-butyl-1,1":3",1"-terphenyl (103 mg, 0.19 mmol), Nil2 (8.5 mg, 0.027 mmol),
1,10-phenanthroline (5.1 mg, 0.028 mmol), and sodium iodide (22 mg, 0.14 mmol) was added a
solution of 2-benzyl 1-ethyl (R)-3-(bromomethyl)tetrahydropyridazine-1,2-dicarboxylate (71 mg,
0.18 mmol) in DMPU (720 pL). Zn dust (34 mg, 0.52 mmol) was added, vial was capped, and the
solution was brought to 60 °C. After 72 h, the reaction was purified by flash chromatography
(gradient from 90:10 to 80:20 hexanes/EtOAC) to give coupled product which was isolated as a
mixture with the dehalogenated hydrazide.

A stirred solution of the isolated mixture in THF (2.0 mL) was submitted to three cycles of
vacuum/argon and 20% Pd(OH)2/C (27 mg, 0.038 mmol) was added. Argon flow was removed,
and a needle attached to a hydrogen-filled balloon was inserted through the septum and into the
reaction mixture. A second needle was inserted through the septum to allow gas efflux and the
hydrogen was allowed to bubble through the mixture, with the balloon being refilled as needed.
After 6 h, the balloon was removed and the mixture was filtered through diatomaceous earth,
rinsing with DCM. The filtrate was concentrated and purified by flash chromatography (gradient
from 95:5 to 80:20 hexanes/EtOAC) to give product 4.34 as a colourless oil (23 mg, 0.036 mmol,
20% yield over 2 steps). IR (Film) v=2961, 2906, 2967, 1694, 1589, 1476, 1346, 1303, 1178 cm’
1 IH NMR (500 MHz, CDCl3) 6 = 7.64 (s, 1 H), 7.48 — 7.47 (m, 2 H), 7.47 — 7.46 (m, 4 H), 7.39
(m, 2 H), 4.86 (bs, 1 H), 4.07 — 4.04 (m, 3 H), 3.11 - 3.06 (m, 2 H), 2.90 — 2.79 (m, 2 H), 1.87 -
1.85 (m, 1 H), 1.73 — 1.71 (m, 1 H), 1.62 — 1.36 (m, 38 H), 1.12 (bs, 3 H) ppm; *C NMR (125
MHz, CDCl3) 6 = 155.3, 151.1, 143.3, 140.8, 138.4, 127.0, 125.3, 121.9, 121.5, 61.6, 57.9, 44.9,
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40.8, 35.0, 31.5, 30.6, 24.1, 145 ppm; HRMS (ESI) exact mass calculated for [M+Na]
(C42HsoN2NaOy) requires m/z 647.4547, found m/z 647.4537.

ethyl (E)-7-(2-hydroxyphenyl)-5-methylhept-5-enoate (4.35)

H

]
O
IaGe
EtO,C

Following a modified procedure by Luo et al.,*® To a solution of ethyl (E)-7-hydroxy-5-
methylhept-5-enoate (190 mg, 1.0 mmol) in THF (3.5 mL) at —40 °C was added EtsN (210 pL,1.5
mmol), then MsCI (100 pL, 1.3 mmol). Solution was let stir for 1 h, then a solution of LiBr (485
mg, 5.6 mmol) in THF (3.5 mL) was added. Solution was let stir for 1 h, then quenched with water
and extracted with EtOAc (3 x 10 mL). The combined extracts were washed with saturated aqueous

NaHCOs3, washed with brine, dried with magnesium sulfate, filtered, concentrated.

To asolution of phenol (94 mg, 1.0 mmol) in Et2O (3 mL) at 0 °C was added NaH (60% dispersion
in mineral oil, 44 mg, 1.1 mmol). The solution was brought to room temperature and let stir for 1
h. A solution of crude product from the first step in Et2O (2 mL) was added. The solution was
brought to 50 °C and let stir for 15 h then cooled, quenched with saturated aqueous NH4ClI and
extracted with DCM (3 x 5 mL). The combined extracts were washed with washed with brine,
dried with MgSOs, filtered, concentrated. Crude product was purified by flash chromatography
(gradient from 90:10 to 75:25 hexanes/EtOAC) to give product 4.35 as a colourless oil (102 mg,
0.39 mmol, 38% yield). IR (Film) v = 3053, 2982, 1728, 1656, 1265, 1154, 1028 cm™; *H NMR
(400 MHz, CDCl3) & 7.12 — 7.07 (m, 2 H), 6.86 (ddd, J = 7.4, 7.4, 1.1 Hz, 1 H), 6.80 (d, J = 7.9
Hz, 1 H), 5.65 (s, 1 H), 5.36 (t, J = 7.3 Hz, 1 H), 4.14 (q, J = 7.6 Hz, 2 H), 3.37 (d, J = 7.3 Hz, 2
H), 2.30 (t, J=7.6 Hz, 2 H), 2.09 (t, J= 7.6 Hz, 2 H), 1.79 (tt, J = 7.6, 7.6 Hz, 2 H), 1.75 (s, 3 H),
1.26 (t, J = 7.5 Hz, 3 H) ppm; 3C NMR (100 MHz, CDCls) § 174.0, 154.1, 136.5, 129.7, 127.2,
127.0, 122.7, 120.5, 115.4, 60.4, 38.9, 33.7, 29.0, 23.0, 15.9, 14.1 ppm; HRMS (ESI) exact mass
calculated for [M—H] (C16H2103) requires m/z 261.1496, found m/z 261.1492.
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ethyl (E)-7-(2-((tert-butyldimethylsilyl)oxy)phenyl)-5-methylhept-5-enoate (4.36)

TBS

]
(@)
Iaee
EtO,C

To a stirred solution of ethyl (E)-7-(2-hydroxyphenyl)-5-methylhept-5-enoate (102 mg, 0.39
mmol) in DCM (4 mL) was added imidazole (63 mg, 0.92 mmol) and TBSCI (68 mg, 0.45 mmol).
The resulting solution was stirred for 2 h, then concentrated and purified by silica gel column
chromatography (gradient from hexanes to 93:7 hexanes/ethyl acetate) to obtain product 4.36,
which was isolated as a colourless oil (87 mg, 0.23 mmol, 60% yield). IR (Film) v = 2955, 2930,
2858, 1735, 1488, 1389, 1250 cm™; *H NMR (400 MHz, CDCl3) 6 7.13 (d, ] = 7.4 Hz, 1 H), 7.07
(dd,J=7.6,7.4Hz,1H),6.89(dd,J=7.6,7.4Hz,1H),6.80(d,J=7.4Hz, 1H),536(t,J=74
Hz, 1 H), 4.14(q, J=7.5Hz,2H),3.34 (d,J=7.4Hz, 2 H), 230 (t, J=7.6 Hz, 2 H), 2.09 (t,J =
7.6 Hz, 2 H), 1.79 (tt, J = 7.6, 7.6 Hz, 2 H), 1.70 (s, 3 H), 1.26 (t, J = 7.5 Hz, 3 H), 1.04 (s, 9 H),
0.26 (s, 6 H) ppm; $3C NMR (100 MHz, CDCl3) § 173.7, 153.3, 135.1, 132.0, 129.5, 126.6, 123.5,
121.0,118.3,60.1, 38.9, 33.8, 28.4, 25.8, 23.1, 18.2, 15.9, 14.2, -4.2 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C22H3sNaOsSi) requires m/z 399.1577, found m/z 399.1577.

(E)-7-(2-((tert-butyldimethylsilyl)oxy)phenyl)-5-methylhept-5-en-1-ol (5.28)

T"BS

o)

OH

To a stirred solution of ethyl (E)-7-(2-((tert-butyldimethylsilyl)oxy)phenyl)-5-methylhept-5-
enoate (87 mg, 0.23 mmol) in THF (1.8 mL) at 0 °C was added DIBAL-H (25 wt. % in toluene,
510 pL, 0.51 mmol) dropwise. The solution was stirred for 2 h, then quenched with a saturated
aqueous solution of Rochelle’s salt. The mixture was extracted with EtOAc (3 x 5 mL). The
combined organic layers were washed with brine, dried with MgSOg, filtered and concentrated.
The crude extracts were purified by silica gel column chromatography (gradient from (90:10 to
80:20 hexanes/ EtOAC) to obtain product 5.28 which was isolated as a colourless oil (72 mg, 0.21
mmol, 92% yield). IR (Film) v = 3351, 2930, 2858, 1488, 1451, 1252, 927 cm™; *H NMR (400
MHz, CDClz) 6 =7.13 (d, J = 7.6 Hz, 1 H), 7.07 (dd, J = 7.7, 7.7 Hz, 1 H), 6.89 (dd, J =7.7, 7.6
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Hz, 1 H), 6.79 (d, J=7.7 Hz, 1 H), 5.35 (t, J = 6.9 Hz, 1 H), 3.65 (t, J = 7.0 Hz, 2 H), 3.33 (d, J =
7.0 Hz, 2 H), 2.07 (t, J=7.0 Hz, 2 H), 1.69 (s, 3 H), 1.59 — 1.49 (m, 4 H), 1.42 (s, 1 H), 1.03 (s, 9
H), 0.25 (s, 6 H) ppm; *C NMR (125 MHz, CDCls) § = 153.3, 135.9, 132.1, 129.5, 126.5, 122.7,
121.0, 118.4, 62.9, 39.3, 32.4, 28.4, 25.8, 24.0, 18.2, 16.0, -4.2 ppm. HRMS (ESI) exact mass
calculated for [M+Na] (C20H34NaO>Si) requires m/z 357.22203, found m/z 357.22153.

(E)-7-(2-((tert-butyldimethylsilyl)oxy)phenyl)-5-methylhept-5-enal (4.37)

TBS

|
(@)
Iave
OHC

To a solution of (E)-7-(2-((tert-butyldimethylsilyl)oxy)phenyl)-5-methylhept-5-en-1-ol (72 mg,
0.21 mmol) in DCM (2.0 mL) was added pyridine (30 pL, 0.37 mmol) and Dess-Martin
periodinane® (109 mg, 0.25 mmol). The mixture was stirred for 1 h. The reaction was quenched
with saturated aqueous sodium thiosulfate and extracted with DCM (3 x 5 mL). The combined
organic layers were washed with brine, dried with MgSQOg, filtered and concentrated. The crude
extracts were purified by silica gel column chromatography (gradient from hexanes to 93:7
hexanes/EtOAC). Product 4.37 was isolated as a colourless oil (49 mg, 0.15 mmol, 69% yield). IR
(Film) v = 2954, 2930, 2895, 2858, 2712, 1726, 1489, 1252, 1008 cm™; 'H NMR (400 MHz,
CDCl3) 8§=9.77 (t,J=1.7Hz, 1 H), 7.11 (d, J = 7.5 Hz, 1 H), 7.07 (dd, J = 7.5, 7.5 Hz, 1 H), 6.88
(dd,J=7.5,7.5Hz, 1 H),6.79 (d, J = 7.5 Hz, 1 H), 5.35 (t, 7.0 Hz, 1 H), 3.33 (d, J = 7.0 Hz, 2 H),
241 (td,J=7.4,1.7Hz, 2 H), 2.08 (t, J=7.5 Hz, 2 H), 1.78 (tt, J = 7.5, 7.4 Hz, 2 H), 1.69 (s, 3
H), 1.02 (s, 9H), 0.24 (s, 6 H) ppm; 3C NMR (100 MHz, CDCl3) § = 202.6, 153.3, 134.8, 131.9,
129.5, 126.6, 123.8, 121.0, 118.4, 43.2, 38.8, 28.4, 25.8, 20.2, 18.2, 15.9, -4.2 ppm; HRMS (ESI)
exact mass calculated for [M+Na] (C20H32NaO2Si) requires m/z 355.20638, found m/z 355.20565.

(E)-7-(2-((tert-butyldimethylsilyl)oxy)phenyl)-5-methyl-2-methylenehept-5-enal (4.38)

TBS

]
(@)
IqVe
OHC

To a solution of (E)-7-(2-((tert-butyldimethylsilyl)oxy)phenyl)-5-methylhept-5-enal (47 mg, 0.15
mmol) in 'PrOH (1.5 mL) was added formaldehyde (37 wt. % in H20, 25 pL, 0.30 mmol),
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pyrrolidine (100 pL of a 1.5 M solution in 'PrOH, 0.15 mmol) and propionic acid (100 pL of a 1.5
M solution in 'PrOH, 0.15 mmol). Resulting solution was brought to 50 °C and let stir for 3 h
before it was cooled and diluted with H>O. The reaction was extracted with DCM (3 x 10 mL).
The combined organic layers were washed with brine, dried with MgSOs, filtered and
concentrated. The crude extracts were purified by silica gel column chromatography (gradient
from hexanes to 93:7 hexanes/EtOAC). Product 4.38 was isolated as a colourless oil (47 mg, 0.14
mmol, 92% vyield). IR (Film) v = 2955, 2929, 2857, 1692, 1489, 1451, 1252, 928, 838 cm™; 1H
NMR (400 MHz, CDCl3) § =9.52 (s, 1 H), 7.10 — 7.04 (m, 2 H), 6.87 (dd, J = 7.4, 7.4 Hz, 1 H),
6.78 (d,J=7.4 Hz, 1 H), 6.22 (s, 1 H), 5.98 (s, 1 H), 5.33 (t, J = 6.9 Hz, 1 H), 3.31 (d, J = 7.0 Hz,
2H),239(t,J=74Hz 2H),218 (t, J=7.4 Hz, 2 H), 1.71 (s, 3 H), 1.02 (s, 9 H), 0.24 (s, 6 H)
ppm; 13C NMR (100 MHz, CDCls) & = 194.6, 153.3, 149.8, 134.8, 134.1, 131.9, 129.5, 126.6,
123.6, 121.0, 118.4, 37.7, 28.4, 26.3, 25.8, 18.2, 16.0, -4.2 ppm; HRMS (ESI) exact mass
calculated for [M+Na] (C21H32NaO>Si) requires m/z 367.2064, found m/z 367.2072.

(E)-7-(2-hydroxyphenyl)-5-methyl-2-methylenehept-5-enal (4.39)

H

|
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To astirred solution of (E)-7-(2-((tert-butyldimethylsilyl)oxy)phenyl)-5-methyl-2-methylenehept-
5-enal (47 mg, 0.14 mmol) in THF (1 mL) was added a solution of TBAF (1.0 M in THF, 180 pL,
0.18 mmol) and the resulting solution was stirred for 1 h. The reaction was quenched with saturated
aqueous NaHCO3 and extracted with EtOAc (3 x 5 mL). The combined organic layers were washed
with brine, dried with MgSOQeu, filtered, and concentrated. The crude extracts were purified by silica
gel column chromatography (gradient from 85:15 to 75:25 hexanes/EtOAc). Product 4.39 was
isolated as a colourless oil (25 mg, 0.11 mmol, 80%). IR (Film) v = 3399, 3067, 3035, 2954, 2929,
2856, 1686, 1594, 1454, 1254, 929, 839 cm™; *H NMR (400 MHz, CDCl3) § =9.51 (s, 1 H), 7.12
—7.08 (m, 2 H), 6.86 (t, J=7.5Hz, 1 H), 6.80 (d, J = 7.5 Hz, 1 H), 6.24 (s, 1 H), 6.00 (s, 1 H),
5.32 (t,J = 7.1 Hz, 1 H), 5.09 (s, 1 H), 3.36 (d, J = 7.1 Hz, 2 H), 2.40 (t, J = 7.5 Hz, 2 H), 2.20 (t,
J=7.5Hz, 2 H), 1.78 (s, 3 H) ppm; *C NMR (100 MHz, CDCl3) § = 194.6, 154.1, 149.6, 136.8,
134.5, 129.9, 127.4, 126.7, 122.7, 120.7, 115.6, 37.7, 29.3, 26.3, 16.0 ppm; HRMS (ESI) exact
mass calculated for [M+Na] (C1sH1sNaO) requires m/z 253.1199, found m/z 253.1197.
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(4aS,9aR)-4a-methyl-2,3,4,4a,9,9a-hexahydro-1H-xanthene-2-carbaldehyde (4.40)

)

:

OHC

Followed general procedure G from (E)-7-(2-hydroxyphenyl)-5-methyl-2-methylenehept-5-enal
(0.035 mmol) with catalyst 4.13. The reaction was run for 6 h and, after acetal deprotection,
(4aS,9aR)-4a-methyl-2,3,4,4a,9,9a-hexahydro-1H-xanthene-2-carbaldehyde was isolated as a
colourless oil (2.3 mg, 0.010 mmol, 28% vyield, 29% ee determined from major diastereomer) and
4-ethoxy-3-(2-hydroxybenzyl)-4-methylcyclohexane-1-carbaldehyde as a colourless oil (6.3 mg,
0.023 mmol, 65%). IR (Film) v = 3308, 2972, 2928, 1902, 1723, 1488, 1393, 1380, 1173, 1113
cm™; *H NMR (500 MHz, CDCl3) § =9.73* (s, 1 Hx 0.3),9.69 (s, 1 Hx 0.7), 7.11 — 7.03 (m, 2
H), 6.85 - 6.76 (m, 2 H), 2.70 — 2.62 (m, 1 H), 2.56 — 2.46 (m, 1 H), 2.46 — 2.30 (m, 1 H), 2.13 -
2.02 (m, 2 H), 1.94 — 1.89 (m, 1 H), 1.83 — 1.69 (m, 2 H), 1.56 — 1.44 (m, 1H), 1.29 — 1.22 (m, 1
H), 1.17* (s, 3H x 0.3), 1.15 (s, 3 H x 0.7) ppm; $3C NMR (125 MHz, CDCls) assigned for major
diastereomer 6 =203.2, 153.4, 129.4, 127.5,121.5, 120.0, 117.3, 76.3, 49.9, 38.6, 38.0, 29.1, 29.0,
23.1, 16.3 ppm; HRMS (ESI) exact mass calculated for [M+Na] (CisH1gsNaO2) requires m/z
253.1199, found m/z 253.1197.

4-ethoxy-3-(2-hydroxybenzyl)-4-methylcyclohexane-1-carbaldehyde (4.41)

OEt

OHC : : ;

OH

IR (Film) v = 3305, 3034, 2975, 2932, 2867, 2716, 1722, 1584, 1488, 1455, 1379, 1305, 1264,
1180, 1074 cm™; *H NMR (500 MHz, CDCl3) § =9.62 (s, 1 Hx 0.8), 9.49* (s, 1 Hx 0.2), 7.70 (s,
1HXx0.8),7.52* (s, 1 Hx0.2), 7.15-7.01 (m, 2 H), 6.90 — 6.78 (m, 2 H), 3.56 — 3.42 (m, 2 H),
3.18 - 3.12 (m, 1 H), 2.41—2.17 (m, 1 H), 2.16 — 2.10 (m, 2 H), 2.01 — 1.92 (m, 2 H), 1.58 — 1.52
(m, 1 H), 1.44 —1.21 (m, 9 H) ppm; **C NMR (125 MHz, CDCl5) assigned for major diastereomer
0=1203.1, 154.8, 129.8, 128.1, 127.3, 119.4, 116.2, 77.8, 56.6, 49.7, 48.6, 35.6, 32.0, 29.1, 23.1,
15.7, 14.8 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C17H22NaOs) requires m/z
299.1618, found m/z 299.1620.
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2-vinylfuran (4.42)

[\
X0
From furan-2-carbaldehyde (1.0 mL, 12.1 mmol), general procedure A was followed to give, after
flash chromatography (90:10 pentane/Et.O), 760 mg (8.1 mmol) of product 4.42 as a yellow oil

(33% yield). Spectroscopic data were in accordance with previously reported literature.®

(E)-8-(furan-2-yl)-5-methyl-2-methyleneoct-5-en-1-ol (4.43)

O

HO X

Followed general procedure C from 2-vinylfuran on a 0.54 mmol scale and purified using silica
gel column chromatography to give 78 mg (0.35 mmol, 64% yield over 2 steps) of (E)-8-(furan-
2-yl)-5-methyl-2-methyleneoct-5-en-1-ol (4.43) as a colourless oil. IR (Film) 3331, 2915, 2853,
1383, 1072 cm; *H NMR (500 MHz, CDCl3) § = 7.29 (d, J =2.2 Hz, 1 H), 6.27 (dd, ] = 3.1, 2.2
Hz, 1 H), 5.97 (d, J = 3.1 Hz, 1 H), 5.18 (t, J = 7.0 Hz, 1 H), 5.01 (s, 1 H), 4.86 (s, 1 H), 4.06 (s, 2
H), 2.64 (t, J = 7.2 Hz, 2 H), 2.33 (dt, J = 7.2, 7.0 Hz, 2 H), 2.14 (s, 4 H), 1.60 (s, 4 H) ppm; 3C
NMR (125 MHz, CDClz) 6 = 156.0, 148.8, 140.7, 135.6, 123.5, 110.0, 109.3, 104.8, 65.8, 37.8,
21.4,28.1, 26.4, 15.8 ppm; HRMS (ESI) exact mass calculated for [M+Na] (C14H20NaO3) requires
m/z 243.13555, found m/z 243.13547.

(E)-8-(furan-2-yl)-5-methyl-2-methyleneoct-5-enal (4.44)

O

OHC A

From (E)-8-(furan-2-yl)-5-methyl-2-methyleneoct-5-en-1-ol, general procedure D was followed
on a 0.20 mmol scale to give 38 mg (0.17 mmol, 86% vyield) of (E)-8-(furan-2-yl)-5-methyl-2-
methyleneoct-5-enal as a colourless oil. IR (Film) 2959, 2921, 2851, 1749, 1689, 1476, 1073 cm’
1 IH NMR (500 MHz, CDCl3) 6 =9.50 (s, 1 H), 7.29 (d, J = 1.1 Hz, 1 H), 6.27 (dd, J =3.0, 1.1
Hz, 1 H), 6.20 (s, 1 H), 5.96 (m, 2 H), 5.14 (t, J = 7.2 Hz, 1 H), 2.63 (t, J = 7.3 Hz, 2 H), 2.36 —
2.30 (M, 4 H), 2.12 (t, J = 7.3 Hz, 2 H), 1.60 (s, 3 H) ppm; 3C NMR (125 MHz, CDCl3) § = 194.6,
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155.9, 149.8, 140.7, 134.9, 134.1, 124.1, 110.0, 104.8, 37.6, 28.1, 26.4, 26.2, 15.7 ppm; HRMS
(ESI) exact mass calculated for [M+Na] (CisH1sNaO2) requires m/z 241.1199, found m/z
241.1190.

(5aS,9aS)-9a-methyl-4,5,5a,6,7,8,9,9a-octahydronaphtho[2,1-b]furan-7-carbaldehyde (4.45)

OHC

H

Followed general procedure G from (E)-8-(furan-2-yl)-5-methyl-2-methyleneoct-5-enal with
catalyst 4.13 in EtOH as a solvent. The reaction was run for 8 h and acetal deprotection was
conducted with CSA in THF/water. Product 4.44 was isolated as a colourless oil (2.3 mg, 0.010,
30% yield, 76% ee determined from major diastereomer). IR (Film) v =2929, 2854, 1721, 1614,
1368, 1279, 1138 cm™; 'H NMR (500 MHz, CDCls) § 9.70* (s, 1 H x 0.2), 9.67 (s, 1 H x 0.8),
7.23(s,1Hx0.8) 7.19* (s, 1 Hx 0.2), 6.23 (s, 1 Hx 0.8), 6.18* (s, 1 H x 0.2), 2.68 — 2.65 (m, 2
H), 2.40 — 2.33 (m, 1 H), 2.05 - 2.00 (m, 1 H), 1.92 — 1.86 (m, 1 H), 1.84 — 1.56 (m, 5 H), 1.47 —
1.37 (m, 2 H), 1.06* (s, 3 H x 0.2), 1.02 (s, 3 H x 0.8) ppm; 3C NMR (125 MHz, CDCl3) § =
205.4*,204.1, 148.9, 148.8*, 140.7, 140.6*, 128.0, 127.9*, 107.1, 107.0*, 50.9, 46.8*, 42.8, 40.1*,
36.4,34.4*,33.3,33.1*%, 27.1, 26.2*, 25.6*, 25.5, 23.4, 23.3*,21.2, 20.2, 20.0*, 19.7* ppm; HRMS
(APCI) exact mass calculated for [M+H] (Ci1sH19NaO2) requires m/z 219.13796, found m/z
219.13728.
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Chapter 6. Density Functional Theory Calculations
All DFT calculations were conducted using Gaussian 16, Revision B.01.! Structures were
optimized at the MO06-2X/6-311G(d,p) with EtOH solvation using the PCM model. All
thermochemistry was determined using frequency calculations on stationary points.
Conformations for the starting iminium ions were identified by a GMMX conformational search
using the MMFF94 force field, substituting carbon for the iminium nitrogen, as the MMFF94 force
field is not parameterized for iminium ions. GMMX structures within 5 kcal/mol of the global
minimum were then converted back to iminium ions and reoptimized by DFT. In addition, simple
iminium ion structures relaxing from the transition state were also assessed. Both proximal and
distal transition states with s-cis and s-trans o,3-unsaturated iminium ions were assessed. In all

cases the s-trans proximal structure was the global minimum.
6.1. DFT Calculations from Chapter 4

Catalyst 4.13 / 2.4 Iminium
MeO OMe
/COzMe
N

+N\

|
Bu

Bu
)

Bu
EE =-2746.1340 a.u.
AG® = -2744.9166 a.u.

-0.6807 -3.01893 -0.49981
1.67968 -3.61437 -0.01807
-1.38653 -4.36047 -0.70037
-0.21039 -2.35704 -1.79759
-1.37844 -2.34088 0.0089
0.28676 -2.93284 1.73943
1.85539 -4.98313 -0.56048
2.84593 -2.89424 0.22143
-0.55304 -5.47651 -1.31916
-1.78407 -4.68595 0.27068
-2.24896 -4.1487 -1.33852

TTOOOOTOO=Z0O
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TOITIOOOOIITIOIIIOIITIOOIIOIOIIOIIOIIIOIIIIOOIIOIIOI®X

-1.05282
0.62615
1.24307

-0.66957
0.63842
2.69243
2.16402
2.64506
3.91702

-1.20876

-0.20809
0.32039
0.99426
3.84786
3.50855
4.44046
4.42393
1.54579
2.0375
2.28147
1.74058
1.51241
2.36781

-1.60379

-2.22249
0.35041

-0.41518
0.73166

-0.27302

-2.32314

-1.84376

-2.23457
0.66543
1.55084
0.18408
1.01777

-3.81186

-4.28025

-4.29802

-4.03229

-4.22847

-4.01728

-4.42855

-4.23171

-4.23782

-3.88266

-2.44773 -2.49344
-2.91138 -2.23425
-3.19896 2.81778
-2.46925 1.98398
-5.88833 -0.4567
-5.41958 -0.00822
-4.88697 -1.60614
-1.75133 0.86807
-3.31151 -0.15335
-6.3424 -1.45177
-5.19327 -2.32141
-6.00342 0.58749
-6.8727 -0.77502
-1.03017 1.19646
-0.09894 1.64733
-1.61682 1.90131
-0.82395 0.29278
-2.08416 3.79648

-2.53637 4.66172

-1.41696 3.33318
-4.43515 2.94163
-5.2332  2.24248
-4.68977 3.79008
-0.23532 3.1305
-0.83998 3.79594
-1.2462 4.27489
-1.89658 4.71254
-0.61612 5.08971
-0.33889 3.23517
0.71775 2.2135
0.73523 1.22782
1.74078 2.60919
0.47848 2.37867
0.781 2.95081
1.38412 1.99968
-0.08876 1.50346
0.39491 2.02708
0.24328 3.00683
1.26103 1.56261
-0.8146 1.15011
-0.6262 -0.21613
-2.11144 1.6682
-1.71923 -1.05988
0.37296 -0.64192
-3.2015 0.8218
-2.29736 2.72924

289



ITTOOIIIOIIITIOIIITOOOIOOIOIOIOIOOOIOIZIOOOIOOITOOOIO

-4.46264
-4.65401
0.14172
-0.87846
-0.58898
-1.91651
1.7862
0.7508
0.98914
-1.69149
-1.58499
-2.86679
-0.67159
-3.9457
-2.92816
3.20653
3.57747
4.19921
2.80142
5.55155
3.90468
1.46539
2.26594
-3.81096
-4.64711
-2.64567
5.88767
6.9318
4.91805
-2.58388
-3.70889
-4.69697
-3.6009
-3.67354
-1.24619
-1.07174
-0.40497
-1.25031
-2.77131
-3.73361
-2.73641
-1.97796
-5.25661
-5.21552
-4.41983
-5.06494

-3.01945 -0.54803
-3.86543 -1.19408
-0.90056 -1.61074
0.03295 -1.41416
1.37705 -1.16046
-0.29468 -1.44095
0.85783 -1.28587
1.77331 -1.0875

2.81819 -0.90562
2.3451 -0.92944
3.29274 0.09317
2.27626 -1.68346
3.32183 0.67923
3.12243 -1.41539
1.54537 -2.48428
1.25841 -1.13543
2.13959 -0.1171

0.69347 -1.9394

2.54849 0.52652
0.96987 -1.72449
0.02229 -2.74243
-0.47636 -1.56791
-1.19512 -1.72907
4.04018 -0.36838
4.69681 -0.13997
4.14688 0.3986

1.84902 -0.68818
2.06975 -0.50711
2.4491 0.1234

5.16367 1.54214
4.86465 2.54793
493519 2.08297
3.85613 2.96299
5.58165 3.37552
5.11472 2.28773
41321 2.74103
5.34285 1.62442
5.85737 3.09179
6.58077 0.97417
6.68616 0.46359
7.31771 1.78411
6.81902 0.25796
3.06849 -2.2068

2.02379 -3.32732
2.24125 -4.0482

1.00998 -2.9397

290
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-6.16809 2.03695
-5.52888 4.44421
-4.72163 4.72143
-6.46661 4.41714
-5.61596 5.22903
-6.40791 2.70977
-6.51007 3.44607
-7.35507 2.67564
-6.24304 1.72747
5.27497 3.39177
6.78274 3.64458
7.17691 4.09797
6.98091 4.33262
7.3361 2.71977
457057 4.7434
3.48223 4.63207
4.8152 5.42293
4.89274 5.20926
480042 2.76727
5.05072 3.42616
3.71633 2.61283
5.28582 1.7993

-3.8671
-2.83869
-3.52483
-3.40452
-2.08103
-1.25091
-0.44748
-1.80067
-0.79352
1.27728
1.37744
0.46179
2.20536
1.57178
1.07075
1.03905
1.89448
0.13362
2.601
3.43984
2.60746
2.76831

6.60424 0.2837 -2.60065

8.03053 0.71179
8.28213 0.45179
8.73995 0.19763
8.17295 1.78985
6.49203 -1.23916
5.50012 -1.60924
7.23304 -1.75371
6.67207 -1.51122
6.35334 0.63199
5.36407 0.30302
6.42501 1.71276

-2.2408

-1.20717
-2.89691
-2.3712

-2.40775
-2.68639
-3.02953
-1.36172
-4.07739
-4.40958
-4.23836

7.1006 0.14014 -4.70968

0.45784 -3.18508
-4.58184 -1.42383
-4.21308 -4.4264
-4.61439 -5.54574
-3.92004 -5.73296
-4.602 -6.39832
-5.62489 -5.40633
-4.79706 -2.49379
-4.89409 -2.04009
-3.94846 -3.18756
-5.71482 -3.03917

0.48058
-2.37683
1.41247
0.64032
-0.18714
1.3181
0.24176
-3.28043
-4.2658
-3.28035
-3.03639
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Catalyst 4.13 / 2.4 Transition state 1

Bu
Proximal s-trans

EE =-2746.1293 a.u.
AG? = -2744.9089 a.u.

-2.59172
-0.45821
-2.88117
-2.37703
-3.44441
-1.37456
-0.6512

0.66584
-2.97624
-2.12473
-3.83128
-1.55033

-0.42926
-2.24997
-1.62894
0.32717
-1.01793
1.52895
0.84749
-3.64494
-3.44135
-1.16951
-1.78217
2.7617
2.56428
3.3043
3.32247

IITOIIIIOOIIOIOIIITIOONOOTOOZO

s

OMe

427206 0.10397
4.96726 -0.92579
5.76833 0.2045
3.6522 1.49613
3.78374 -0.38059
2.87688 -1.49264
5.93106 -2.02027
4.83749 -0.14254
6.5149 -1.13437
6.2427 0.84218
5.8474 0.74214
4.17618 1.98675

-3.286  3.85916 2.07318

2.40539 -2.40503
2.25086 -1.33849
7.03532 -1.64374
6.33648 -2.27709
5.35723 -2.8795
5.82262 -0.39103
3.93417 0.64936
7.37106 -1.00617
5.86818 -1.89086
7.66572 -0.87276
7.66392 -2.52728
5.74365 0.3389

5.74025 1.41149
4.83825 0.0596

6.63032 0.05234
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OIOITOOOIOOIOOOIOIOITOOOO0OIIOIIIOIIOOIIOZIOIIOZITITO

0.97957
1.23844
1.19598
-1.43985
-0.71143
-0.26526
-1.63432
0.54574
0.14965
1.90184
2.94634
1.68602
1.60608

2.85318
2.74328
3.88395
4.00461
1.12519
0.78532
0.61721
-0.16518
0.28204

-2.63381
-3.6923

-2.35835
-0.79619
-2.90022
-3.83072
-2.62638
-1.61202
-0.70054

1.8815 -1.7945

2.14074
2.04654
0.47709

-1.99215
-0.73588
-2.19939

0.08535 -1.57311 -1.86579
-0.99135 -1.62203 -1.66394
0.22983 -1.86611 -2.91137
2.35877 -0.0556 -3.37842

2.48848 0.72511 -4.13776
3.36235 -0.35792 -3.05049
1.886 -0.92736 -3.83358

0.81381
0.68758
0.34364
2.28347
3.20474
2.70887
4.55277
2.89087
4.05502
2.00757
4.99283

-2.58081
-2.2747

-3.56406
-2.66423
-1.89701
-3.44665
-1.91887
-1.26936
-3.45521
-4.04955
-2.69026

-0.94766
0.09789
-1.06669
-1.27701
-0.5647
-2.34955
-0.9309
0.2648
-2.7152
-2.91943
-2.01177

6.0371 -2.70541 -2.29065

-2.09146
-3.04652
-2.75496
-4.02635
-0.49949
-1.47504
-1.24306
-3.77946
-5.13807
-3.40497
-5.43352
-4.34905

2.16881
1.2418
-0.12813
1.59047
0.35574
-0.55251
-1.61359
-1.11884
-0.88447
-2.31095
0.02213
-3.25848

1.47676
1.05031
1.01354
0.72956
1.81484
1.39345
1.36752
0.58478
0.81492
-0.04238
1.33618
-0.44212

-2.35156 -2.50214 -0.22831
0.87796 -0.07808 2.16951
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TOIITTOOIIIOIIIOIITOOIIIOIIIOIIIOOOIOZOOZOIOIZOONO

1.9462

1.14089
1.75362
2.44007

0.81444 2.02365

-1.36805 2.63899
1.80963 1.62965

-1.78199 2.94412

0.31384 -2.05942 2.77866
-0.83476 1.71345 1.86445
-0.10788 2.43708 2.21273

3.25012
3.47628
4.4863

0.45476 2.37026
-0.84946 2.8235
-1.15216 3.06672

-5.69965 -2.98177 -0.20506
-6.44506 -3.70408 -0.51184
-6.11533 -1.80248 0.4227

4.36878
4.43187
4.58822
3.5059

5.25793
4.06119
3.99933
4.85354
3.11248
5.73486
6.50673
5.76064
5.98466
2.68104
4.17328
4.64016
4.29821
4.71145
1.98739

1.49245 2.23615
1.98951 0.78253
1.1511 0.09469
2.50382 0.50474
2.70116 0.6651
2.68648 3.15659
2.36876 4.20292
3.43911 3.07179
3.16298 2.88638
0.9162 2.61769
1.68035 2.47893
0.60001 3.66624
0.05544 1.98983
-3.22801 3.38906
-3.54189 3.53935
-2.93352 4.32101
-4.5935 3.8164
-3.37185 2.59978
-3.46865 4.74008

0.90874 -3.29427
2.14318 -4.50339
2.3929 -2.80187
2.09752 -4.18728

4.67266
5.06525
5.50839
2.33609

1.01543

2.56111

2.28482
-3.87437
-3.08688
-3.70989
-2.19765
-2.75411
-2.959
-2.08094

-4.06218 2.22519
-4.01483 1.35808
-5.2256 2.63161
-4.55254 -1.11232
-4.21285 -2.38912
-3.65213 -3.09383
-3.6128 -2.16888
-5.13367 -2.88052
-5.31791 -0.14091
-4.72596 0.13817
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-3.49814 -5.57815 0.77601
-2.60654 -6.24419 -0.60786
-5.04074 -5.46843 -1.49764
-5.62199 -5.77221 -0.62072
-5.7167 -4.98323 -2.20978
-4.64966 -6.37491 -1.97034
-7.59023 -1.49535 0.70474
-7.79816 -1.35096 2.22205
-1.52918 -2.27772 2.73967
-7.19161 -0.54055 2.63783
-8.84941 -1.12955 2.43707
-7.97801 -0.17864 0.01027
-9.03084 0.05261 0.20605
-7.37656 0.66129 0.37162
-7.83906 -0.25625 -1.07325
-8.52221 -2.59945 0.1948

-8.43288 -2.73503 -0.88829
-8.31686 -3.55854 0.68181
-9.55968 -2.32807 0.41432
5.38761 -1.15002 -0.1803

4.37698 -4.24262 -3.77441
5.73293 -4.28596 -4.18084
5.77047 -4.96304 -5.0334

6.08711 -3.29509 -4.48592
6.37442 -4.67105 -3.38061
6.73253 -1.02165 -0.60647
7.26372 -1.97736 -0.53979
6.78574 -0.64488 -1.63384
7.19571 -0.30191 0.06853

ITTOITITOOOIITITOIIIOIIITOOITIIOII

Catalyst 4.13 / 2.4 Transition state 1 proximal s-cis
EE =-2746.121 a.u.
AGP = -2744.9033 a.u.

3.17118 4.08202 -0.7159
1.46134 4.90576 0.87644
3.44374 5.55839 -0.99109
2.53779 3.40453 -1.94825
4119 3.59106 -0.48118
2.49884 2.83431 1.27133
1.99804 5.9338 1.78557
0.20585 4.89584 0.31374
3.95632 6.37075 0.20672
2.5393 6.02557 -1.39511
4.18269 5.57461 -1.7953
2.09504 1.97745 -1.73164

OTITO0000TOO=Z0O
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OOIIITOIITIOIITIOIIIOOIOIIOZIIOIOIIIOOOIIIIOOIIOIOIIX

1.68106
3.29077
1.86402
3.30548
2.83524
1.15265
2.59608
-0.46646
-0.22517
4.57575
4.60766
2.17957
3.25891
-1.80593
2.54326
0.27677
-1.79615
-2.41863
-2.17409
1.18257

3.99783 -2.27346
3.4537 -2.74107
2.40707 2.44177
2.20179 0.9179
6.97476 1.0571
6.38907 2.29685
5.40005 2.5295
5.98987 0.66313
4.00239 -0.37646
7.18691 -0.16922
5.74749 0.83061
7.57507 0.41864
7.64645 1.80793
6.07925 0.15213
-0.31776 -1.07013
0.36054 -1.65793
6.0197 -0.93497
5.27742 0.56174
7.04578 0.48111
-0.60654 -1.21775

0.82 -1.58685 -0.92927

0.68007
0.41962
0.18362
2.34332
2.23789

2.90929 2.97399
2.65118 3.99426
3.78995 2.58984
3.90666 0.51141
1.0367 2.91578

2.21784 0.96979
3.22606 0.72292
-0.84032 1.48361
-0.49917 1.71404
-0.17822 0.49776
-0.6168 -0.04713
-1.40392 0.53325
-1.00154 -1.06221
0.23677 -0.12913
1.15882 0.04777
1.23899 0.07548
1.38287 -0.9626
-2.19458 2.02471
-2.27281 3.05948
-2.34132 2.03571
-3.33095 1.21406
-4.28464 1.66627
-3.22852 1.2968
-3.30732 -0.24432
-2.58838 -1.14106

4.00545
2.57821
2.10351
1.09381
2.78601
4.10906
4.58551
3.95206
4.78891
2.31831
1.23249
2.66711
2.46696
2.12168
3.5489
1.80182
2.08578
0.71865
2.17961
1.39289
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ITTOOIIIOIIITIOIIITOOOIOIZIOOIOIOOOIOIOOOIOIOIZIOIOIOON

-3.93966
-2.48147
-2.09968

-0.68894 3.33674
-2.47538 1.77898
-0.8185 0.48037

-3.8418 -2.02833 3.71133

-4.50758
-3.10778
-3.03268
0.75515
0.07586
2.99081
4.05011
3.47123
4.53794
3.27046
4.69662
4.09676
2.46094
-1.16539
-2.12751
-1.57705
-1.80727
-2.92555
-0.82757
-3.48257
-3.85507
-4.90452
5.15018
5.79662
5.39278
6.55917
7.32318
8.13088
6.67362
7.77128
6.03233
5.57961
5.28582
6.85685
7.53756
7.93318
7.04995
8.37651
3.82386
3.95288
3.24024
4.96005

-0.01176 3.96475
-2.93668 2.94077
-3.9722 3.23423
1.65011 -1.90564
242373 -2.23677
0.97719 -1.34859
1.20574 -1.27103
-1.36337 -0.5649
-1.02918 0.27229
-2.70496 -0.89409
0.0114 0.53393
-3.70983 -0.39155
-2.96147 -1.56833
0.047 -1.83708
1.05588 -1.72445
-1.25901 -2.11886
2.05582 -1.45641
-1.57497 -2.26938
-2.03188 -2.22289
0.78563 -1.92496
-0.53449 -2.18689
-0.76191 -2.33777
-3.33834 0.44899
-4.10602 0.84811
-2.00413 0.78845
-1.584 1.68922
-2.78816 2.24941
-2.43339 2.89352
-3.43296 2.84709
-3.38794 1.45358
-0.75612 2.8737
0.18067 2.54183
-1.31856 3.44072
-0.5031 3.54538
-0.72607 0.86859
-1.29498 0.02346
0.17023 0.47832
-0.41147 1.49548
-5.16665 -0.7794
-5.31819 -2.30469
-4.68211 -2.83386
-5.05069 -2.63429
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ITITOITITOOOIITIOIIIOIIITIOOIIIOIIIOIIIOOIIIOCIIODI

3.76007
2.39654
1.64735
2.19256
227773
4.80255
5.83468
4.74053

-6.35497 -2.59357

-5.54747 -0.34869

-4.92203 -0.83911
-6.58846 -0.61382
-5.43791 0.73249

-6.13925 -0.11391

-5.93966 -0.41275
-6.08959 0.97623

4558 -7.15961 -0.41777

-4.54783
-3.99401
-3.19866
-4.79617
-3.59871
-5.74277
-6.47475
-6.24715
-5.42966
-5.04226
-5.48042
-5.80428
-4.21662
-3.41425
-2.26071
-2.66069
-1.55275
-1.72349

1.88825 -1.92215
3.23035 -1.4277
3.60372 -2.07761
3.97206 -1.42354
3.15745 -0.4106
1.4951 -1.03682
2.30698 -1.0279
0.60134 -1.4081
1.30524 -0.0081
2.07397 -3.36844
1.15085 -3.75524
2.85751 -3.40695
2.36175 -4.0242
-3.00426 -2.51923
-4.01209 -2.53115
-5.0174 -2.68333
-3.80814 -3.33874
-3.99779 -1.57955

-4.1403 -3.07152 -3.87278

-4.49443
-5.00442
-3.46612
-4.38312
-5.2573

-4.73276
-3.87672
-4.49205
-1.74372
-4.42755
-3.39139
-4.88422
-4.98531
-1.65744
-1.04385
-1.18023
-2.64751

-4.08977 -4.05594
-2.40404 -3.8998
-2.79036 -4.686

-3.40472 -1.39273

-2.751 -1.35866

-4.42901 -1.55011
-3.35286 -0.42571
-2.37361 4.85148
-3.27273 0.96018
-3.7258 5.2746

-4.06823 5.34391
-3.75307 6.26055
-4.37787 4.5969

-4.6527 1.2774

-5.10338 0.50099
-4.80549 2.24926
-5.11819 1.27542
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Catalyst 4.13 / 2.4 Cation 2

Proximal s-trans
EE =-2746.1693 a.u.
AGP? = -2744.9397 a.u.

TOIIIOIIIIOOIIOIOIIIIOOOOTOONZO

-1.54535
0.83051
-1.3682
-1.95205
-2.36777
-0.53701
1.01734
1.65433
-1.07651
-0.58552
-2.30099
-1.22833
-2.93301
0.29843
-1.57295
0.40557
2.08224
0.53517
2.74016
1.45835
-1.44436
-1.64732
0.96667
0.53213
3.61681
3.09165
3.99189
4.43193
1.78704
1.9901

4.48503 -0.52317
4.38213 -1.1699
5.98766 -0.72854
4.18005 0.94264
4.15674 -1.16972
2.46299 -1.51255
499449 -2.49233
4.61012 -0.10577
6.416 -2.17529
6.3616 -0.05813
6.44991 -0.39571
4.6569 1.60813
4.63098 1.11709
1.59909 -2.10922
2.15301 -1.4216
6.38746 -2.55783
5.01775 -2.71901
43179 -3.20304
5.30336 -0.48307
4.24419 1.03455
7.4348 -2.31734
5.78039 -2.86268
7.04838 -1.88861
6.77417 -3.57285
5.6899 0.58204
6.33826 1.283

4.81242 1.10729
6.22665 0.10555
1.67118 -2.33039
1.62613 -3.40831
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OO0OO0OITOITOOOITOOIOOOIOIOIOOOOIIOIIIOIIOONIIOIOIIOZIX

2.22407
-0.35359
-0.26433
-0.13461
-1.33865

0.42048

0.28306

2.51467

3.57316

2.4375

1.95313
-0.24982
-1.32384
-0.12221

2.33515

1.86844

3.41674

2.03588

0.32818

0.09975
-0.09732

1.80932

2.53992

2.43353

4.02314

2.3045

3.84915

1.90264

4.64286

5.71495
-1.9825
-3.0766
-2.98606
-3.99268
-0.67604
-1.77431

2.60055 -1.96689
3.71886 -0.94066
0.26103 -2.52197
0.08927 -3.59803
0.21461 -2.31844
-0.85972 -1.7263

-0.59894 -0.66746
0.50632 -1.62852
0.55756 -1.88842
0.65595 -0.54948
-0.88741 -1.96625
-2.20864 -1.94672
-2.11278 -1.777

-2.55416 -2.97731
-1.28439 -3.39643
-0.61564 -4.12043
-1.20732 -3.53593
-2.30415 -3.64552
-3.23336 -0.96191
-2.90076 0.05764
-4.2272 -1.10571
-3.27191 -1.14213
-1.98127 -0.933

-4.37933 -1.58459
-2.1241 -1.0208

-1.5835 0.06591

-4.3726 -1.80426
-5.3022 -1.78123
-3.25434 -1.51033
-3.30623 -1.60945
2.69732 1.2026

1.90694 0.85986
0.51103 0.89807
2.37435 0.51009
0.69112 1.64829
-0.08473 1.26382

-1.70088 -1.16768
-4.1559 -0.32565
-5.44134 0.02221
-3.98642 -1.47261
-5.56651 0.9045
-5.06695 -2.27553
-2.98741 -1.72203
0.63867 0.09315
1.79844 0.86786
0.75634 -1.21781

1.25466
0.52358
0.94023
-0.25132
1.559
-0.61459
-0.58831
2.01475
1.90336
2.48605
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ITITOIIIOOIIIOIIIOIIIOOIIIOIIIOIIIOOOIZIOIOOIOIIOX

1.72506
1.99761
-0.13966
-0.81661
0.01071
3.04807
3.13028
4.09245
-6.34027
-7.18829
-6.54944

1.87907 1.51843
-1.75688 2.83824
-1.81498 2.61762

2.07979 1.64124

2.71777 1.91855
0.379 2.27875
-0.94285 2.72727
-1.34171 3.01327
-1.9 -0.17608
-2.51249 -0.44539
-0.75597 0.60018

4.25259 1.32797
4.43292 1.96067
4.61721 1.19851
3.54823 2.52916
5.28365 2.64823
3.99096 2.45746
3.81996 2.05196
4.8554 3.12704
3.11726 3.04607
5.55147 0.61277
6.38796 1.31182
5.51692 0.23648
5.75392 -0.23002
2.0733 -3.18667
3.51609 -3.63503
4.00411 -3.01838
3.51338 -4.6661
411417 -3.59929
1.30076 -3.25182
0.24879 -2.99167
1.35001 -4.26371
1.73175 -2.5614
1.44327 -4.16805
0.39059 -3.94319
1.97651 -4.14043
1.50219 -5.18726
-4.82532 -3.50313
-4.33776 -3.03222
-5.08993 -2.39949
-3.41166 -2.45749
-4.15081 -3.8944
-3.75312 -4.40208
-2.79927 -3.88162
-4.07328 -4.74275
-3.58137 -5.28014

2.25957
0.87005
0.1133
0.56927
0.88891
3.27316
4.27364
3.31506
2.9808
2.64159
2.56978
3.66712
1.97552
3.38712
3.64281
4.40133
4.00342
2.72772
4.71602
4.57989
5.12758
5.44539
2.38611
2.20191
1.43103
2.77718
-1.49881
-2.88007
-3.35805
-2.80387

-3.5263

-0.85972
-0.74627

0.12821
-1.48808

301



ITITOITITOOOIITITOIIIOIIITOOIITITO

-6.09478 -4.33837 -1.69411
-6.49382 -4.68978 -0.73905
-6.87484 -3.7728 -2.20946

-5.86023 -5.21337 -2.30467
-7.93893 -0.33818 1.09268
-71.94752 -0.31671 2.63074
-7.71382 -1.30671 3.03071
-7.21815 0.39247 3.02739
-8.9363 -0.02336 2.99392

-8.26388 1.06841 0.56141

-9.25436 1.3777 0.90615

-7.53949 1.80758 0.90965

-8.26187 1.07684 -0.53162
-0.03748 -1.29547 0.61951
-9.09515 -1.33453 -0.47126
-8.87801 -2.30925 0.99552
-10.00301 -0.94764 0.99393
4.68574 -1.07606 -0.60236
4.32972 -5.49442 -2.25994
5.73733 -5.63254 -2.52131

5.85563 -6.63609 -2.91469
6.05181 -4.89576 -3.26006
6.29834 -5.52137 -1.59367
6.11812 -1.04759 -0.71713

6.55584 -1.83052 -0.09672
6.41006 -1.16807 -1.7606

6.41847 -0.06904 -0.35542

Catalyst 4.13 / 2.4 Cation 2 proximal s-cis
EE =-2746.1674 a.u.

AG?

TITIOITOOOOTOO=Z0

-2744.9404 a.u.

0.76847 4.74472 -0.89188
-1.20166 4.61663 0.56819
0.3972 6.22093 -1.01887
0.65475 4.03277 -2.26136
1.81583 4.69118 -0.57118
0.57463 3.05112 0.89759
-1.13226 5.60086 1.65531
-2.34705 4.26558 -0.08719
0.4883 7.02401 0.28793
-0.61068 6.3099 -1.44029
1.07827 6.64622 -1.76034
0.87286 2.54542 -2.1436
-0.33974 4.22231 -2.67235
1.39197 4.48273 -2.93378
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0.08826
1.62098
-0.78783
-2.08155
-0.35937
-3.39825
-2.42744
0.70573
1.3353
-1.62787
-0.68042
-4.66187

2.21408 1.8254
2.93527 0.6344
6.99048 1.13487
5.602 2.18766
5.23612 2.33772
4.93997 0.4056
3.45508 -0.98512
8.06615 0.0429
6.65979 0.88157
7.36017 0.53718
7.66277 1.99071
4.6232 -0.18651

2.27683 0.66045
-0.0942 0.31598
-4.62168 4.76166
-4.93682 3.59319

-1.54
-1.97747

-1.26631
0.03926

-5.373 5.31176 0.26049

1.16299 -0.17893
1.27618 -1.21765
-1.32865 2.04427
-1.35451 2.09009
-2.00023 2.8221
-0.00924 4.07241
0.99422 1.12678
1.05915 1.16731
2.01108 1.24782
-1.8729 0.68089
-1.81839 0.69137
-0.98324 -0.50014
-1.05019 -0.72562
-2.05781 -0.92713
-0.41542 -1.56774
-0.6804 0.15265
0.47698 -0.25329
0.55909 -0.31139
1.1197 -1.03204
-3.33532 0.49678
-3.92748 1.32083
-3.44251 0.5418
-3.90236 -0.83313
-4.89761 -1.03128
-3.97557 -0.76258
-2.97818 -1.9669
-1.57466 -1.78271
-3.33223 -3.03908
-0.72304 -2.98935

-1.62035
-1.32888
2.30716
3.40362
1.9483
0.15782
2.3477
3.44146
1.96401
1.84082
0.74249
2.31744
3.83363
4.19608
4.12092
4.36368
1.90446
0.81653
2.32393
2.23862
1.83141
3.32621
1.70647
2.10656
0.61615
2.00627
1.53827
2.74065
1.686
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-1.56451
-2.36621
-4.32944
-1.06516
-0.39861
-0.21258
-1.17205
2.12296
2.98409
3.58426
4.3704
4.03482
4.00781
5.25309
3.42872
-1.29378
-2.57616
-1.16061
-2.68024

-1.50238 0.47733
-4.05791 3.03768
-3.16562 3.14272
-4.04403 2.50439
-4.87774 2.65795
1.6828 -2.24623
2.10784 -2.50463
2.02061 -1.81846
2.68049 -1.75588
0.11808 -1.0892

0.84142 -0.1909

-1.12647 -1.53272
1.80092 0.16361
-1.65282 -1.1004

-1.67333 -2.24742
-0.56612 -2.00827
-0.0198 -1.8986

-1.9553 -2.13224
1.04902 -1.75762

-2.27313 -2.79248
-0.17224 -2.37814
-3.71871 -0.82435
-3.54213 -2.20553
-4.41256 -2.8497
6.01125 -0.90343
6.95391 -1.30056
5.58844 0.34395
6.40385 1.17096
7.69445 0.46356
8.23201 1.09306
7.48738 -0.49314
8.35478 0.28401
5.55744 1.42797
4.65182 1.99301
5.26156 0.48412
6.13637 2.00393
6.77898 2.51667
7.38232 2.35903
5.89182 3.08812
7.35994 3.11854
5.72006 -3.00912
5.86051 -2.92446
4.91043 -2.67804
6.59074 -2.16002
6.20004 -3.88509
4.68206 -4.08677

-2.11885
-2.24784
-1.95053
-2.03641
-2.05384
-0.19528
0.15173
0.27356
1.27267
1.69763
2.41041
2.18406
0.84546
2.53151
2.3003
2.997
3.25858
0.62881
-0.26881
0.34748
1.33303
-1.63975
-3.16933
-3.6477
-3.44668
-3.5662
-1.28364
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3.70387
5.00414
4.57207
7.07115
7.86074
7.02742
7.35133
-5.11862
-5.17692
-4.52239
-6.19837
-4.89685
-6.18899
-7.14971
-6.32091
-5.94699
-5.45275
-5.43425
-6.45
-4.72929
-2.15731
-0.70025
-0.66727
-0.21292
-0.12265
-2.90407
-2.81408
-3.96667
-2.48198
-2.78439
-3.8358
-2.72051
-2.25295
-2.81297
0.36863
-1.95284
-1.07882
-2.55094
-1.66086

-3.86183 -1.71534
-5.0578 -1.66943
-4.16874 -0.19884
-3.43509 -1.05637
-2.7229 -1.30871
-3.53443 0.03124
-4.40625 -1.47072
-0.20023 -2.0077
1.14932 -1.27745
1.89746 -1.72796
1.53666 -1.31711
1.0488 -0.22483
-1.12456 -1.40752
-0.60455 -1.39738
-2.03488 -1.99504
-1.41079 -0.38064
0.0365 -3.49275
-0.90455 -4.04816

0.47556 -3.5883

0.71801 -3.94709
-4.31712 -2.20156
-4.78102 -2.28899
-5.87257 -2.31053
-4.41184 -3.19493
-4.44216 -1.42485
-4.82628 -3.44591
-5.9137 -3.51508
-4.57797 -3.40886
-4.38765 -4.35354
-4.93433 -0.93988

-4.65926 -0.83326

-6.02504 -0.98357
-4.59813 -0.04479
-5.01356 3.80317
-2.94392 0.96596
-6.09869 4.19161
-5.71047 4.71401
-6.71038 4.85799
-6.6729 3.31237

1.34222 -3.99333
2.13757 -3.71804
1.72089 -4.04151
0.89923 -4.94609

1.07635
0.39085
2.09803
0.78246
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Catalyst 4.13 / 2.4 Enamine

)
Bu

MeO
/COZMe
N
N~

Proximal s-trans
EE =-2745.7498 a.u.
AG? = -2744.5341 a.u.

TOIIIOIIIIOOIIOIOIIIIOOOOTOONZO

-1.54535
0.83051
-1.3682
-1.95205
-2.36777
-0.53701
1.01734
1.65433
-1.07651
-0.58552
-2.30099
-1.22833
-2.93301
0.29843
-1.57295
0.40557
2.08224
0.53517
2.74016
1.45835
-1.44436
-1.64732
0.96667
0.53213
3.61681
3.09165
3.99189
4.43193
1.78704
1.9901

OMe

Bu

Bu

4.48503 -0.52317
4.38213 -1.1699
5.98766 -0.72854
4.18005 0.94264
4.15674 -1.16972
2.46299 -1.51255
499449 -2.49233
4.61012 -0.10577
6.416 -2.17529
6.3616 -0.05813
6.44991 -0.39571
4.6569 1.60813
4.63098 1.11709
1.59909 -2.10922
2.15301 -1.4216
6.38746 -2.55783
5.01775 -2.71901
43179 -3.20304
5.30336 -0.48307
4.24419 1.03455
7.4348 -2.31734
5.78039 -2.86268
7.04838 -1.88861
6.77417 -3.57285
5.6899 0.58204
6.33826 1.283

4.81242 1.10729
6.22665 0.10555
1.67118 -2.33039
1.62613 -3.40831
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2.22407 2.60055 -1.96689
-0.35359 3.71886 -0.94066
-0.26433 0.26103 -2.52197
-0.13461 0.08927 -3.59803
-1.33865 0.21461 -2.31844
0.42048 -0.85972 -1.7263
0.28306 -0.59894 -0.66746
2.51467 0.50632 -1.62852
3.57316 0.55756 -1.88842
2.4375 0.65595 -0.54948
1.95313 -0.88741 -1.96625
-0.24982 -2.20864 -1.94672
-1.32384 -2.11278 -1.777

-0.12221 -2.55416 -2.97731
2.33515 -1.28439 -3.39643
1.86844 -0.61564 -4.12043
3.41674 -1.20732 -3.53593
2.03588 -2.30415 -3.64552
0.32818 -3.23336 -0.96191
0.09975 -2.90076 0.05764
-0.09732 -4.2272 -1.10571
1.80932 -3.27191 -1.14213
2.53992 -1.98127 -0.933

2.43353 -4.37933 -1.58459
4.02314 -2.1241 -1.0208

3.84915 -4.3726 -1.80426
1.90264 -5.3022 -1.78123
4.64286 -3.25434 -1.51033
5.71495 -3.30623 -1.60945
-1.9825 2.69732 1.2026

-3.0766 1.90694 0.85986
-2.98606 0.51103 0.89807
-3.99268 2.37435 0.51009
-0.67604 0.69112 1.64829
-1.77431 -0.08473 1.26382
-1.70088 -1.16768 1.25466
-4.1559 -0.32565 0.52358
-5.44134 0.02221 0.94023
-3.98642 -1.47261 -0.25132
-5.56651 0.9045 1.559

-5.06695 -2.27553 -0.61459
-2.98741 -1.72203 -0.58831
0.63867 0.09315 2.01475
1.79844 0.86786 1.90336
0.75634 -1.21781 2.48605
1.72506 1.87907 1.51843
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1.99761
-0.13966
-0.81661

0.01071

3.04807

3.13028

4.09245
-6.34027
-7.18829
-6.54944

-1.75688 2.83824
-1.81498 2.61762
2.07979 1.64124
2.71777 1.91855
0.379 2.27875
-0.94285 2.72727
-1.34171 3.01327
-1.9  -0.17608
-2.51249 -0.44539
-0.75597 0.60018

4.25259 1.32797
4.43292 1.96067
461721 1.19851
3.54823 2.52916
5.28365 2.64823
3.99096 2.45746
3.81996 2.05196
4.8554 3.12704

3.11726 3.04607
5.55147 0.61277
6.38796 1.31182
5.51692 0.23648
5.75392 -0.23002
2.0733 -3.18667

3.51609 -3.63503

2.25957
0.87005
0.1133
0.56927
0.88891
3.27316
4.27364
3.31506
2.9808
2.64159
2.56978
3.66712
1.97552
3.38712
3.64281

4.00411
3.51338
411417
1.30076
0.24879
1.35001
1.73175
1.44327
0.39059
1.97651
1.50219
-4.82532
-4.33776
-5.08993
-3.41166
-4.15081
-3.75312
-2.79927
-4.07328
-3.58137
-6.09478

-3.01838 4.40133
-4.6661 4.00342
-3.59929 2.72772
-3.25182 4.71602
-2.99167 4.57989
-4.26371 5.12758
-2.5614 5.44539
-4.16805 2.38611
-3.94319 2.20191
-4.14043 1.43103
-5.18726 2.77718
-3.50313 -1.49881
-3.03222 -2.88007
-2.39949 -3.35805
-2.45749 -2.80387
-3.8944 -3.5263
-4.40208 -0.85972
-3.88162 -0.74627
-4.74275 0.12821
-5.28014 -1.48808
-4.33837 -1.69411
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-6.49382 -4.68978 -0.73905
-6.87484 -3.7728 -2.20946
-5.86023 -5.21337 -2.30467
-7.93893 -0.33818 1.09268
-71.94752 -0.31671 2.63074
-7.71382 -1.30671 3.03071
-7.21815 0.39247 3.02739
-8.9363 -0.02336 2.99392
-8.26388 1.06841 0.56141
-0.25436 1.3777 0.90615
-7.53949 1.80758 0.90965
-8.26187 1.07684 -0.53162
-9.03748 -1.29547 0.61951
-9.09515 -1.33453 -0.47126
-8.87801 -2.30925 0.99552
-10.00301 -0.94764 0.99393
4.68574 -1.07606 -0.60236
4.32972 -5.49442 -2.25994
5.73733 -5.63254 -2.52131
5.85563 -6.63609 -2.91469
6.05181 -4.89576 -3.26006
6.29834 -5.52137 -1.59367
6.11812 -1.04759 -0.71713
6.55584 -1.83052 -0.09672
6.41006 -1.16807 -1.7606
6.41847 -0.06904 -0.35542

ITTOITITOOOIITITOIITIOIITIITOOIITT

Catalyst 4.13 / 2.4 Enamine proximal s-cis
EE =-2745.7478 a.u.
AG® = -2744.532 a.u.

3.02365 -3.45114 -1.85766
4.05794 -2.88699 0.29262
4.30568 -4.24196 -2.12373
2.88665 -2.31936 -2.89958
2.17494 -4.13612 -1.99613
1.73104 -3.31888 0.22007
4.48479 -4.10301 0.9945

4.80736 -1.74831 0.24257
4555 -542781 -1.18174

5.16601 -3.55916 -2.09289
4.23791 -4.59762 -3.15803
1.82474 -1.30046 -2.56719
3.84956 -1.80187 -2.97455
2.69025 -2.78308 -3.8746

1.19002 -2.66155 1.25084

OITOITOOOOTOO=ZO
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1.26704
5.2878
5.05662
3.56672
5.94589
4.52181
5.15358
3.59879
6.24192
5.52405
6.78699
-0.48799
1.30165

-4.24669 -0.1243

-5.044  0.10558

-3.80852 1.87452
-4.58848 1.34098
-1.89345 0.95213
-0.72607 -0.35637
-6.17816 -1.70876
-5.91086 -0.93537
-4.56467 -0.14853
-5.94518 0.68308
-0.74006 0.97511
-0.6477 -2.18578
0.96497 -1.83859

7.078 -0.45784 -0.03872

6.27469
7.66119
-0.05533
-0.78653
1.62818
2.07591
2.38881
2.90272
-0.00652
0.27086

0.10052 1.44882
-1.02842 1.55637
0.63968 -1.8443

1.36572 -1.49723
-1.30296 1.71892
-1.35373 2.72314
-0.89593 1.04198
-2.9441 -0.48059
-3.22128 1.9673
-3.47957 2.99943

-0.3269 -4.15789 1.49514

0.42022
0.06221
-0.78515
-0.43769
-0.20746
-1.29284
0.42205
-1.17765
-1.54922
-1.99007
0.80664
1.73608
0.99238
-0.31222
-0.2135
-0.21842
-1.70324
-1.93279
-2.75846
-3.26486
-4.06551

-0.34951 1.71839
-0.32773 0.67598
-0.84275 2.56551
-0.97197 4.06127
0.00153 4.50339
-1.38989 4.60043
-1.62855 4.22805
-2.22929 1.99647
-2.082 0.97337
-2.66668 2.5768
1.07789 2.0775
1.35807 1.56986
1.167 3.15533
2.00901 1.63259
2.99737 2.09766
2.17636 0.5524
1.47512 1.92193
0.17451 2.40709
2.363 1.70069
-0.13314 2.77209
1.99807 1.98823
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-2.56366
-4.32676
-5.33465
2.22304
3.28163
0.46236
0.13279
-1.93143
-2.33343
-2.90149
-1.56671
-4.25797
-2.57544
1.78546
2.96448
1.05733
3.50128
1.48717
0.14741
3.43307
2.68103
3.01852
-4.61951
-5.67101
-3.68172
-4.15574
-5.19296
-5.54268
-6.06539
-4.75456
-4.79491
-4.07284
-5.66673
-5.12403
-3.00302
-2.49289
-2.26464
-3.39403
-5.34332
-4.76815
-4.0574
-4.26051
-5.58113
-6.04416
-5.33553
-6.85041

3.35973 1.31334
0.74605 2.54629
0.46435 2.81435
-0.01269 -2.22299
0.2217 -2.22079
-1.6117 -2.54471
-2.61455 -2.8111

-0.9743 -2.05931
-2.20209 -1.52458
-0.02263 -2.39272
-2.91875 -1.24532
-0.26469 -2.17546
0.91577 -2.82838
2.2688 -1.32188
2.29844 -0.58037
3.45414 -1.49867
1.36652 -0.41571
4.65013 -0.92942
3.42069 -2.0894

3.4835 -0.00214
4.6425 -0.18627

5.57244 0.26066
-1.49445 -1.61583
-1.68929 -1.41858
-2.47652 -1.2836

-3.77034 -0.61534
-4.47169 -1.50759
-5.3905 -1.02394
-3.83786 -1.69318
-4.73867 -2.47507
-3.41291 0.73835
-2.89062 1.37728
-2.76234 0.60911
-4.3216 1.25591
-4.74615 -0.36003
-5.02083 -1.28972
-4.32083 0.3281

-5.66215 0.09457
0.76776 -2.49645
2.02969 -3.14787
2.53642 -2.48609
1.80074 -4.09102
2.73018 -3.36443
1.17882 -1.18975
1.65825 -0.50518
1.89111 -1.40131
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-6.48198
-6.37264
-5.89336
-6.85982
-7.15127
471798
5.86045
6.03866
6.78596
5.6334
4.49542
5.40478
3.67671
4.24826

0.31437
0.15304

-0.67892
-3.45949

-0.15144 -4.39598

-0.7256
0.88703
3.43095
2.86382
3.49447
2.82308
1.84836
2.49578
2.44355

-3.02573
-3.69486
0.82929
-0.03134
-0.90905
0.55535

-0.3736

2.03099
2.64165

2.858 2.66291

1.48019

1.70006

5.1302 4.81076 1.34912

4.36853
6.05994
5.30364
0.69976
-0.57092
-1.09836
-0.34021
-1.25334
1.58046
1.02602
2.48597
1.88337
0.28703
1.15774
-0.28174
-0.34291
-3.47706
-5.03034
-6.36327
-6.96673
-6.71642
-6.45701
-4.77844
-5.49217
-4.69971
-5.12743

5.23622
4.72439
5.51365
5.95701
5.78141
6.73839
5.45319
5.05275
7.02287
7.96307
7.22428
6.69857
6.44528
6.63362
7.37852
5.69975
-1.33309
2.92122
2.60234
3.46242
1.71464
2.43541
-1.64461
-1.70386
-2.62197
-0.90654

2.0113
1.92072
0.52699
-1.06757
-1.9056
-1.97226
-2.92463
-1.45396
-1.74091
-1.83731
-1.16033
-2.74213
0.33193
0.96755
0.25271
0.83003
3.38667
1.71688
2.07058
1.78151
1.5334
3.14964
3.8454
3.01619
4.3214
457618
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Catalyst 4.13 / 2.46 Iminium

Bu

Me

Bu

EE =-2595.7259 a.u.
AG® = -2594.5144 a.u.

TIOIIIOIIIIOOIIOIOIIIIOOOOITOONZO

Me

-0.17963 3.93227 -2.9307

-1.52376 3.75788 -0.8661
-0.5116 5.29135 -3.55049
-1.02806 2.78133 -3.4679
0.87768 3.72167 -3.10789
0.7349 4.30817 -0.69641

-2.67153
-1.67222
-1.93798
-0.31754

0.20096
-2.09103
-0.79083
0.74454

1.68164
-2.31824
-3.08425
-3.43458
-0.54779
-2.74508

4.65587
2.71518
5.78892
5.20087
6.02799
3.02925
2.72018
4.49881
4.35464
5.94423
4.89015
4.09722
2.04306
2.49907

-1.1091
0.04134
-3.31974
-4.62419
-3.16083
-3.40099
-4.53681
0.75405
-1.23343
-1.84422
-0.12368
-1.66215
0.25524
0.55932

-2.0252 6.76602 -3.80359
-2.664 5.13638 -3.81867

-3.21736
-1.53232
-0.64208
0.32536
-0.84233
-1.43876
1.84499
2.81875
1.82199

6.56349
6.49254
0.98167
0.47817
1.40285
0.28958
3.73346
4.14444
2.69866

-1.77639
-1.30854
1.22314
1.20307
2.21213
0.94293
1.45303
1.15463

1.0871
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-0.12886
-0.08401
-0.88665
2.22487
1.16496
1.70599
0.67589
1.88564
2.66239
3.05017
3.67198
3.74714
4.0917
4.76079
4.17362
4.45813
2.16922
2.81176
1.51239
1.33063
1.94247
-0.05835
1.19697
3.02416
-0.83433
-0.54734
-0.19182
-0.79364
-0.77402
-1.84718
-1.64726
-2.85882
0.74659
-0.34117
-0.15208
-2.77825
-2.76762
-3.83861
-1.94565
-4.90096
-3.81193
2.12339
2.50092
3.02714
1.77382
4.31093

5.32878
5.53126
5.86036
1.49547
1.27932
3.70913
3.43293
4.71382
2.71218
0.36351
0.71231
-0.00938

1.33316
2.39767
0.76643
3.92746
3.78085
2.97908
3.23352
3.383

3.58933
4.48492
5.31798
3.71975

3.16029 3.73575

2.33516
3.92539
3.61634
-0.79925
-1.57366
-0.44113
-1.40033
-2.10208
-1.2542
-2.66809
-2.23205
-1.80817
-0.70103
-2.51254
-2.94727
1.45458
0.71465
-0.50909
1.09665
-0.26488
-0.99238
-1.92022
-1.24826
-2.65054
-0.55268
-3.18311
-1.22543
0.53379
-0.79392
-1.99683
-0.10403
-2.51504
-0.60586

3.99077
451776
2.80854
4.96997
5.40383
5.7709
3.86409
2.82294
3.84526
1.78654
2.83011
2.82291
4.646
1.80223
1.00436
-2.79066
-2.29493
-1.64557
-2.41706
-2.01036
-1.5274
-0.99497
-1.0295
-0.97139
-0.45273
-1.43861
0.1668
-0.44555
-1.82024
-2.42041
-1.01016
-3.03735
-0.78279
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2.69878
0.52335
1.3765
-4.85441
-5.65561
-3.78965
4.66484
5.6641
3.78355
-3.76921
-2.56728
-2.57259
-1.61771
-2.60279
-3.68323
-2.77236
-4.54136
-3.66079

0.82094 -0.54523
0.96335 -2.63559
1.52061 -3.01742
-2.61714 0.21191
-3.15871 0.70384
-3.35132 -0.33846
-1.80221 -1.41645

-2.2  -1.2552

-2.51724 -2.23474
-4.8746 -0.1846

-5.51265 -0.88905
-5.30434 -1.96431
-5.15788 -0.47241
-6.59861 -0.75645
-5.20989 1.31511
-4.78487 1.75294
-4.81188 1.86603
-6.29592 1.45891

-5.0527 -5.48106 -0.77517

-5.13331
-5.04021
-5.94966
-6.02339
-6.60721
-5.85542
-7.00522
-71.42318
-5.43739
-4.60915
-6.2112
-5.06391
-7.16078
-6.81799
-7.94836
-7.6032
4.24114
3.14277
2.8408
3.51487
2.25541
5.46417
6.29967
5.80294
5.21396
4.62367
4.96188

-5.25256 -1.84312
-6.57008 -0.65704
-5.10116 -0.27701
-0.4083 0.81229
0.57502 -0.21646
1.28832 -0.5684
0.03999 -1.0852
1.14774 0.2376
0.38296 1.99472
1.02474 1.67558
1.01555 2.44475
-0.30108 2.76476
-1.29318 1.33172
-1.97123 2.12021
-0.66208 1.75575

-1.8924 0.52842

-3.83549 -2.86589
-4.47805 -3.71876

-3.82672 -4.54576

-5.41422 -4.1469
-4.7121 -3.12055
-3.57719 -3.76173
-3.15662 -3.19356
-4.51581 -4.2139
-2.87844 -4.56697
-4.82323 -1.75012
-5.76977 -2.18625
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5.43135
3.76227
5.31891
5.73569
6.22783
6.43239
4.85788
6.55856
6.28667
7.29433
7.03754
4.73512
4.4399
3.8612
5.49321
-2.33469
-2.80587
-2.62914
-2.74751
1.89193
2.76126
2.24968
1.22442
-0.29029

-4.43298 -1.12298
-5.03051 -1.10564
0.08974 0.13577
-0.88104 1.25351
-1.77395 0.85605
-0.38868 1.94123
-1.20362 1.82442
0.4954 -0.67894
1.19736 -1.47432
0.9808 -0.02829
-0.37345 -1.14114
1.34503 0.79243
2.09405 0.04826
1.11108 1.41475
1.79872 1.43894
-1.65628 2.82367
-2.38813 3.49081
-0.66056 3.1712
-1.80702 1.82122
-3.44849 0.70009
-2.90142 0.31889
-4.41136 1.08315
-3.6537 -0.14312
4.02264 -1.43088
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Catalyst 4.13 / 2.46 Transition State 1

Proximal s-trans cage
EE =-2595.7159 a.u.
AGP =-2594.5042 a.u.

TTOIIIIOOIIOIOIIIIOOOOITOOZO

-1.07959
-2.64825
-1.93261
-1.22218
-0.03345
-0.43104
-2.81538
-3.62938
-1.94267
-2.9582
-1.53057
-2.28352
-0.82095
-0.4643

0.54505
-3.02828
-3.65407
-1.90976
-4.79848
-3.44444
-2.11332
-0.95722
-4.00413
-3.06457
-5.89792
-6.04207
-5.71031

4.61372 -1.21985
4.02669 0.60522
5.8704 -1.36792
3.69914 -2.454

491487 -1.11875
3.2606 0.70963
5.13022 1.56603
3.15235 0.20473
6.80729 -0.15116
5.58655 -1.62684
6.39578 -2.23718
3.52721 -2.64482
4.26282 -3.30155
2.52148 1.89314
3.39634 0.25573
6.46882 0.87459
4.87672 2.21071
5.14316 2.179

3.48398 0.74707
2.20334 -0.52125
7.82647 -0.50253
6.80521 0.32952
6.45968 0.37896
7.24254 1.64563
2.62257 0.41082
2.60552 -0.66845
1.61334 0.7755
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-6.76169
-1.63697
-1.5218
-2.60196
-1.38834
0.78191
0.9451
1.68261
0.76459
0.52689
-1.61085
-2.42361
-1.78224
-0.28884
2.15118
2.86322
2.44967
-0.17226
-0.73654
-0.61438
0.85765
2.25216
1.99223
3.29356
1.35637
0.05966
1.78449
-0.81073
-0.28853
0.94058
2.79157
-0.35722
-1.03083
-0.52123
0.85994
1.47543
1.46251
-0.69368
0.68524
1.13477
2.90467
3.50053
3.64629
2.92936
494732
3.19039

3.05409
1.86175

0.90663
2.54533

1.8761 3.63155

2.30125
3.89839
2.0445
1.75083
2.28227
-0.09094
0.24572
0.35883
-0.17591
0.34423
-0.23356
-0.64511
-0.00986
-0.66001
-0.79143
-0.17855
-1.79465
-0.88203
-2.08096
-2.06481
-2.40389
-3.04134
-3.29902
-3.60904
-4.09792
-2.85594
-4.41589
-3.40519
-4.64328
-5.25695
2.36993
2.28224
1.05172
3.18501
-0.03927
-0.10212
-1.05491
0.96364
2.00233
-0.20099
2.90239
-0.33955
-0.99425

2.31353
0.05113
2.30474
3.33556
1.74499
1.56216
0.55754
2.05998
2.55578
0.9808
2.42109
1.7343
1.19679
2.78537
3.80495
451432
3.8188
4.14625
1.16255
0.10077
1.23499
1.90151
1.45568
3.102
2.2004
0.52357
3.86323
3.45713
3.40164
3.99346
-2.31526
-2.13133
-1.87672
-2.17279
-2.05539
-1.86725
-1.61488
-1.47542
-0.76475
-1.72129
-0.56464
-1.25231
-2.29916
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-1.54916 -1.23998 -1.88634
-2.81082 -1.0944 -1.30581
-1.1164 -2.51218 -2.25986
-3.13017 -0.10656 -0.99036
-1.92843 -3.63374 -2.07735
-0.13777 -2.62143 -2.71557
-1.27996 1.20564 -2.291

-2.35036 1.27685 -2.42859
5.50931 0.72609 -0.53189
6.52358 0.62506 -0.16853
4.81124 1.90365 -0.28206
-3.19416 -3.44916 -1.51202
-3.83124 -4.30925 -1.36186
-3.64891 -2.18965 -1.10909
5.41707 3.07687 0.49382
5.50527 4.29996 -0.43486
6.1463 4.08565 -1.29363
4.52068 4.59047 -0.80833
5.92753 5.15082 0.10671
452165 3.41716 1.69774
3.53901 3.77578 1.38208
4.38299 2.54176 2.33871
4.98332 4.20956 2.29258
6.82236 2.76166 1.01588
7.51851 2.55503 0.19937
7.20278 3.62385 1.56798
6.81616 1.90367 1.6932

5.79118 -1.58863 -1.52284
4.98086 -2.69676 -2.20319
4.12314 -2.99615 -1.59382
4.6183 -2.3878 -3.18655
5.61671 -3.57363 -2.34427
6.3457 -2.14448 -0.20039
5.53289 -2.41394 0.47835
6.93779 -3.04195 -0.39765
6.99036 -1.42545 0.30816
6.96407 -1.20379 -2.4412

7.59814 -0.44403 -1.97851
7.58106 -2.08248 -2.64826
6.59565 -0.80927 -3.39154
-5.01588 -1.95998 -0.45669
-4.82287 -1.28609 0.91337
-4.31141 -0.32504 0.81425
-5.7963 -1.10644 1.37918
-4.23505 -1.91909 1.58375
-5.84694 -1.02396 -1.35172
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-5.99481 -1.46347 -2.34144
-6.82843 -0.84953 -0.9012
-5.35269 -0.05655 -1.47447
-5.78811 -3.26595 -0.25157
-6.74615 -3.04962 0.22677
-5.9933 -3.76565 -1.20169
-5.2388 -3.95849 0.3928

-1.40141 -5.01312 -2.48615
-2.43262 -6.12259 -2.25676
-3.34228 -5.95201 -2.83835
-2.00784 -7.07911 -2.56973
-2.70706 -6.20862 -1.20224
-1.03262 -5.00304 -3.97933
-0.25387 -4.27014 -4.19938
-0.66148 -5.98739 -4.27733
-1.90739 -4.76602 -4.59031
-0.1493 -5.33556 -1.65185
0.63815 -4.5935 -1.80641
-0.38895 -5.35273 -0.58495
0.24636 -6.31522 -1.93401
1.42162 -5.04451 5.14611
0.60344 -5.15957 5.85864
1.83575 -6.03846 4.95531
2.20463 -4.44317 5.6101

-2.21079 -4.36511 1.71279
-2.57524 -3.53382 1.10818
-2.24046 -5.25979 1.08215
-2.89658 -4.52526 2.54691

ITITOIITITIOIIITIOIITITOIIITIOOIIIIOIIT

Catalyst 4.13 / 2.46 Transition state 1 proximal s-trans rotated
EE =-2595.7162 a.u.
AG? = -2594.5061 a.u.

1.20591 4.65644 -0.2888
-0.99254 4.8318 0.832

1.08117 6.1662 -0.47529
1.1108 3.92265 -1.63779
2.17347 4.44089 0.17215
0.47522 3.09994 1.44306
-1.00793 5.87631 1.87011
-2.07326 4.39861 0.10087
1.03651 6.98911 0.82067
0.19824 6.38453 -1.08505
1.94855 6.46071 -1.07014
0.17001 4.1993 -2.11904
1.92437 4.30986 -2.25843

TITITOOOOTOO=ZO
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-0.26835
1.4791
-0.37542
-2.04315
-0.46218
-3.13898
-2.05561
1.45041

2.44858 2.42774
2.72332 1.27337
7.17181 1.3846
6.02691 2.16818
5.47024 2.72727
5.15605 0.34423
3.447 -0.64597
7.97792 0.6152

1.686 6.53101 1.57584

-1.0179

-0.35149
-4.33638
-4.17123
-4.63505
-5.08607

7.61304 0.61612
7.86868 2.22614
4.76837 -0.34926
4.7978 -1.42512
3.7648 -0.04762
5.49593 -0.05504

-1.73628 2.50752
-1.91666 2.38206
-2.23293 3.4239
0.20037 4.15021
0.37099 1.32779
0.05367 0.91793
1.38728 1.0782
-0.52227 -0.31249
-0.29944 0.19092
-2.3844  1.27968
-3.44784 1.24948
-2.26529 1.44933
-1.69446 0.03223
0.34132 -1.5082
1.3713 -1.24824
0.3371 -1.76964
-2.22801 -0.64025
-2.58542 0.1022
-3.08712 -1.25991
-1.50136 -1.29406
-0.09992 -2.73576
-0.15733 -2.4624
0.6593 -3.51767
-1.43692 -3.25755
-2.60827 -2.93849
-1.52174 -4.01182
-3.85077 -3.37079
-2.54764 -2.34865
-2.75289 -4.44456
-0.6119 -4.26166
-3.90661 -4.11355

2.70306
3.77328
2.39746
0.68506
2.96331
3.91555
2.67224
1.76391
0.82619
1.9433
2.18819
0.87268
2.37903
2.04676
1.78444
3.10825
3.60396
4.324
3.31997
4.08441
1.21926
0.16109
1.32156
1.68074
0.9902
2.84874
1.45344
0.07776
3.34359
3.38953
2.63499
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-4.87192
1.19876
2.37003
2.42666
3.24754
0.08582
1.27503
1.31494
3.68406
4.92834
3.64521
4.96562
4.81126
2.68443

-1.16551

-2.40122

-1.14421

-2.42473

-2.32496

-0.18941
0.07617

-0.81964

-3.60034

-3.54139

-4.46311
6.03795
6.95049
6.11816

-4.91568

-5.04992

-4.9814

-4.26215

-6.01379

-4.88999

-4.78218

-5.82371

-4.06458

-6.13956

-7.04059

-6.09047

-6.24809

-2.24501

-3.62959

-4.24547

-3.5162

-4.16221

-4.44922 3.00433
2.41729 -1.54521
1.76736 -1.15181
0.3705 -1.07615
2.35433 -0.89727
0.26234 -1.74714
-0.36627 -1.37455
-1.44811 -1.32196
-0.32688 -0.69057
0.22233 -1.00607
-1.55168 -0.02021
1.15361 -1.55991
-2.22501 0.3428

-1.98832 0.2282

-0.49874 -2.00376
0.12188 -1.79884
-1.82111 -2.44993
1.13943 -1.4234

-2.5261 -2.69043
-2.30256 -2.63069
1.6561 -1.84942

2.16748 -2.17217
-0.53001 -2.08373
-1.85532 -2.52555
-2.37887 -2.713746
-1.6383 0.02015

-2.14575 0.29659
-0.41739 -0.65591
0.23671 -1.90965
0.68947 -0.44622
-0.15925 0.24012
1.40069 -0.1892

1.18363 -0.29322
1.48707 -2.80769
1.20801 -3.85897
2.04531 -2.6933

2.15139 -2.53942
-0.60266 -2.28861
0.00397 -2.17271
-0.93416 -3.32897
-1.48259 -1.64989
-3.99223 -3.12675
-4.63945 -3.23252
-4.15687 -3.99544

-5.68956 -3.51133

-4.59939 -2.27781
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-1.55697 -4.07817 -4.49924
-0.54465 -3.66944 -4.46523
-1.4906 -5.12165 -4.81937
-2.12462 -3.52286 -5.2503
-1.42613 -4.78486 -2.09198
-0.40341 -4.40956 -2.00943
-1.89098 -4.72309 -1.1041
-1.37451 -5.83656 -2.38657
4.70238 -3.5664 1.07525
3.94898 -3.36466 2.40116
44741 -2.64947 3.03942
2.93478 -2.99295 2.23687
3.87445 -4.31508 2.93652
3.92693 -4.56272 0.19598
2918 -4.20657 -0.02568

4.44591 -4.72431 -0.75218
3.83969 -5.52403 0.7095

6.07483 -4.16979 1.39001
6.64902 -4.3592 0.47959
6.66165 -3.5174 2.04161
5.93918 -5.12349 1.90504
7.45549 0.22778 -1.03437
7.53851 0.36212 -2.5645

7.47266 -0.61922 -3.04115
6.73442 0.98725 -2.95821
8.49084 0.81897 -2.84711
7.54628 1.62348 -0.39397
8.4987 2.09231 -0.65575
6.74286 2.27793 -0.73846
7.48595 1.5521 0.69507

8.65527 -0.59742 -0.55845
8.66077 -0.7098 0.52878
8.66504 -1.59227 -1.01077
9.57806 -0.08942 -0.84768
-5.11417 -3.04587 0.69945
-4.87677 -2.59278 -0.26331
-5.70587 -3.94671 0.52112
-5.74145 -2.3483 1.26173
-2.82492 -5.2788 4.59713
-3.81936 -5.23541 5.04273
-2.60362 -6.32633 4.37516
-2.09792 -4.93939 5.33696

ITITOIITITIOIIITIOIIITOIITITIOOIIIOIIIOIIIOOIIIZIOIIIITO

Catalyst 4.13 / 2.46 Transition state 1 proximal s-cis
EE =-2595.7091 a.u.
AG = -2594.4993 a.u.
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1.6726 4.23308 -1.53434

-0.03149 4.78553 0.17609
1.55622 5.70012 -1.93896
1.10979 3.31575 -2.63891
2.72758 3.99809 -1.3726

1.49722 3.05359 0.59782
0.3256 5.98904 0.94784
-1.29374 4.43222 -0.24193
1.96802 6.71789 -0.86593
0.53251 5.90518 -2.27004
2.19173 5.81118 -2.82031
1.05342 1.85279 -2.27272
0.10714 3.65732 -2.90286
1.74999 3.46663 -3.51366
1.09088 2.61234 1.86225
2.39263 2.58461 0.20464
0.8191 7.1231 0.06189

-0.55326 6.28218 1.51794
1.0994 5.67825 1.65552
-2.17566 5.36549 0.10737
-1.55738 3.40463 -0.82058
2.33504 7.61636 -1.36512
2.80569 6.32411 -0.27852
-0.01716 7.4951 -0.53834
1.13818 7.94037 0.71357
-3.53659 5.09517 -0.26448
2.11598 -0.19109 -1.49703
-0.29307 -0.13142 -1.85888
-3.60913 4.95887 -1.34234
-3.8958 4.2029 0.24633

-4.09873 5.96818 0.05137
0.8613 -0.80911 -1.46233
0.78127 -1.81602 -1.06777
-0.1183 2.89132 2.48987
-0.21327 2.68513 3.54979
-0.84501 3.58954 2.09769
1.02581 3.98577 -0.21384
1.82236 1.4192 2.39588
1.93263 1.46822 3.48115
2.81576 1.30064 1.96259
-1.34477 1.06031 1.92535
-1.16459 1.24835 0.86634
-0.4013 0.34229 2.60942
-0.56288 -0.12539 4.02216
-1.41002 0.3218 4.53826
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-0.71676 -1.21146 4.01143
0.35063 0.06558 4.59347
0.95155 0.15485 2.022

0.91485 0.07727 0.93571
1.44047 -0.73399 2.42688
-2.75037 1.30757 2.39597
-3.11635 2.24355 1.96396
-2.79308 1.41713 3.48164
-3.70452 0.16978 1.95792
-4.71014 0.41254 2.31139
-3.72935 0.14082 0.8675
-3.27203 -1.17982 2.46741
-2.3965 -1.95622 1.70305
-3.65662 -1.63616 3.72504
-1.87311 -3.1487 2.19624
-2.1036 -1.60949 0.71459
-3.17116 -2.84331 4.23466
-4.33832 -1.03862 4.3251
-2.27247 -3.5804 3.46436
-1.87399 -4.51143 3.85832
-0.17511 1.20311 -2.25652
-1.05455 1.75554 -2.55812
2.20031 1.13651 -1.9266
3.17362 1.61458 -1.9925
3.32197 -0.91946 -1.02357
4.35224 -0.23982 -0.36944
3.43237 -2.2999 -1.19858
4.27062 0.83346 -0.22995
453541 -3.00834 -0.72232
2.64799 -2.82346 -1.73368
-1.62672 -0.78724 -1.84245
-2.78288 -0.02212 -1.65912
-1.74342 -2.16855 -2.02888
-2.68108 1.04117 -1.47449
-2.98872 -2.79463 -2.01681
-0.84691 -2.74919 -2.20563
-4.04924 -0.60936 -1.69232
-4.12346 -1.9938 -1.85676
-5.09909 -2.46621 -1.87553
5.54405 -2.29559 -0.06726
6.40349 -2.8308 0.30878
5.4753 -0.91134 0.1153

6.58136 -0.11774 0.81875
7.69877 -1.0223 1.34825
8.45243 -0.40832 1.84643
7.31996 -1.74567 2.07493
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8.19327 -1.56745 0.54055
5.98625 0.65692 2.00696
5.25264 1.39673 1.67939
5.49817 -0.02396 2.70931
6.77933 1.19003 2.53795
7.19569 0.87871 -0.17939
7.63095 0.35109 -1.0318

6.44721 1.57875 -0.55752
7.98551 1.45699 0.30789
4.60028 -4.52421 -0.93506
457852 -4.82786 -2.44284
3.6669 -4.45682 -2.91576
5.43452 -4.36563 -2.94103
4.62753 -5.90795 -2.60556
3.38155 -5.18224 -0.26464
2.44282 -4.82038 -0.6901
3.41936 -6.26601 -0.40418
3.37278 -4.97355 0.80838
5.86873 -5.14196 -0.33823
6.77122 -4.7339 -0.8003

5.92666 -4.97922 0.74104
5.86078 -6.21997 -0.51451
-5.33906 0.21722 -1.62714
-5.07473 1.68073 -1.25112
-4.44557 2.18169 -1.99106
-6.02507 2.21767 -1.20375
-4.58984 1.77007 -0.27518
-6.32857 -0.38213 -0.61323
-7.22174 0.24576 -0.55916
-6.64908 -1.38439 -0.90276
-5.89067 -0.44145 0.38517
-5.98638 0.19037 -3.0243

-6.22595 -0.83192 -3.32645
-6.91212 0.77263 -3.01963
-5.31191 0.61864 -3.7701

-3.1565 -4.30847 -2.17545
-1.81866 -5.02476 -2.3868
-1.99921 -6.09599 -2.5014
-1.31191 -4.67207 -3.28882
-1.14684 -4.89074 -1.5353
-4.05418 -4.60648 -3.38833
-4.17682 -5.68692 -3.50258
-5.0469 -4.16618 -3.27665
-3.60655 -4.21256 -4.30441
-3.81369 -4.86725 -0.90103
-4.80454 -4.43626 -0.74101
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-3.9243 -5.95216 -0.98185
-3.20244 -4.64479 -0.02188
-0.86199 -3.92937 1.39544
-1.08855 -4.9982 1.39426
-0.83852 -3.57767 0.36209
0.14032 -3.80601 1.81604
-3.62494 -3.34227 5.58294
-4.5884 -3.85272 5.49969
-2.90895 -4.04956 6.00319
-3.75051 -2.51662 6.28548

ITTOITITOIIT

Catalyst 4.13 / 2.46 Cation 1
Me Me
CO,Me

N
I

N~

+
Bu
Bu

o)
Bu

Proximal s-trans cage
EE =-2595.7279 a.u.
AGP = -2594.5157 a.u.

-1.26944 4.48649 -1.15845
-2.7032 3.77343 0.72207
-2.20271 5.69251 -1.23236
-1.33901 3.65787 -2.46522
-0.24231 4.86367 -1.05453
-0.43939 3.0305 0.63239
-2.78802 4.84131 1.72791
-3.78458 3.06515 0.26984
-2.17327 6.61511 -0.00472
-3.22982 5.35191 -1.42183
-1.90034 6.25296 -2.12337
-2.39098 3.48509 -2.71523
-0.90032 4.26641 -3.26483
-0.39267 2.0611 1.56814
0.5098 3.42105 0.26966
-3.12876 6.19341 1.1146
-3.52821 4.54641 2.47262
-1.8081 4.86522 2.21557
-4.90528 3.45034 0.8963

OITOIOIITIITOOOOTOO=ZO
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-3.74127 2.18208 -0.56732
-2.44469 7.6271 -0.32137
-1.1472 6.67552 0.38354
-4.15257 6.15276 0.72232
-3.11992 6.9442 1.91253
-6.07654 2.70742 0.54189
-6.27358 2.79826 -0.5275
-5.95094 1.65363 0.80027
-6.8856 3.14887 1.12008
-1.5477 1.25757 2.07974
-1.75931 1.45458 3.13778
-2.46001 1.42585 1.50851
-1.51035 3.66245 0.03962
0.95778 1.63905 2.06398
1.09443 1.78147 3.14358
1.77002 2.16823 1.55487
1.20036 0.08549 1.72304
0.98008 0.00661 0.65471
-1.24189 -0.2966 1.93569
-2.00721 -0.85717 2.47871
-1.26902 -0.54101 0.8701
0.10102 -0.47484 2.50359
2.62388 -0.38101 1.99165
3.31185 0.28897 1.46236
2.87077 -0.32635 3.05783
0.2075 -0.76343 3.94712
-0.53581 -0.16116 4.48604
-0.08324 -1.81174 4.11394
1.20167 -0.60042 4.36041
2.82806 -1.82086 1.46996
2.72939 -1.81524 0.37745
3.8497 -2.13364 1.70575
1.83386 -2.76752 2.08637
0.56311 -2.93326 1.51449
2.10798 -3.38998 3.30573
-0.43268 -3.68249 2.15719
0.34308 -2.49052 0.54142
1.14315 -4.15775 3.95898
3.08694 -3.25846 3.76212
-0.12822 -4.27846 3.37929
-0.89426 -4.85209 3.89733
-0.63557 2.3298 -2.33849
0.74887 2.24399 -2.17406
1.36469 1.02565 -1.86477
1.35551 3.14407 -2.25655
-0.80944 -0.06895 -1.96557
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0.57339

-0.12779 -1.78107

1.03509 -1.07402 -1.50394

2.80715
3.41396
3.56623

2.82449

4.90052

3.09679

0.95994 -1.51184
2.01574 -0.83177
-0.18343 -1.80506
2.89939 -0.59795
-0.28316 -1.41993
-0.98737 -2.36207

-1.67507 -1.2607 -1.78194
-2.93878 -1.09749 -1.20602
-1.26206 -2.54022 -2.16003
-3.23922 -0.10339 -0.88046
-2.09741 -3.64903 -1.99414

-0.2841

-1.39553

-2.66123 -2.61999
1.16829 -2.24837

-2.47052 1.23586 -2.37018

5.47122

6.51091

4.75407

-3.36839

0.79634 -0.72528
0.72482 -0.42439
1.9535 -0.42537
-3.44466 -1.44191

-4.02485 -4.29539 -1.30637

-3.80131

5.37054
5.36844
5.96508
4.35358
5.7963
4.53751
3.51765
4.48015
4.99673
6.81249
7.46726
7.20205
6.87078
5.76794
4.96414
4.13926
4.55025
5.61937
6.38559
5.60413
7.02405
7.00081
6.89523
7.532

-2.17942 -1.02735
3.14095 0.32077
4.37026 -0.60394
4.18008 -1.50215
4.63367 -0.91867
5.23369 -0.08266
3.45094 1.57639
3.75739 1.32132
2.57637 2.23473
427214 2.13734
2.86413 0.75812
2.68224 -0.10042
3.73392 1.29621
1.99929 1.42774
-1.49869 -1.76258
-2.60643 -2.45131
-2.9567 -1.82025
-2.2718 -3.40816
-3.45997 -2.65187
-2.08139 -0.48081
-2.42926 0.20249
-2.93563 -0.73093
-1.34783 0.04845
-1.0527 -2.71029
-0.29322 -2.24571
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7.52581 -1.90916 -2.97334
6.48184 -0.63295 -3.63333
-5.15873 -1.92775 -0.36429
-4.93088 -1.32086 1.03178
-4.39731 -0.36523 0.96636
-5.89308 -1.13631 1.52349
-4.34765 -1.99952 1.66443
-5.96029 -0.92384 -1.21134
-6.13004 -1.31247 -2.22107
-6.93545 -0.73664 -0.74674
-5.43474 0.03408 -1.29255
-5.97562 -3.21326 -0.20989
-6.93163 -2.9843 0.27161
-6.19017 -3.67292 -1.18052
-5.45262 -3.94819 0.41231
-1.59673 -5.03053 -2.42923
-2.58519 -6.14557 -2.07308
-3.54416 -6.0153 -2.58524
-2.17098 -7.11071 -2.38135
-2.77356 -6.18933 -0.99447
-1.38945 -5.03339 -3.95369
-0.65711 -4.27946 -4.25932
-1.0252 -6.01297 -4.28282
-2.33074 -4.8241 -4.47267
-0.25594 -5.33435 -1.73725
0.51561 -4.60658 -2.00692
-0.36315 -5.3226 -0.64683
0.10142 -6.32619 -2.03507
1.4531 -4.84825 5.26114

0.60233 -4.79815 5.94605
1.67272 -5.90754 5.0888

2.32214 -4.40209 5.75013
-1.80359 -3.80615 1.54861
-1.99901 -2.98665 0.85025
-1.90917 -4.7404 0.98462
-2.57813 -3.80265 2.32213

ITITOIITITIOIIITIOIITITOITITIOOIIIOIITIOIZIIIOOLT

Catalyst 4.13 / 2.46 Cation 1 proximal s-trans rotated
EE =-2595.7229 a.u.
AG = -2594.5056 a.u.

C -0.57849 4.53409 -0.59382
N 1.74783 3.98913 -1.2395
C -0.13286 5.97453 -0.83023
C -1.03563 4.33333 0.87523
H -1.44332 4.34181 -1.23893
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0.06753 2.33595 -1.49416
2.03202 4.53508 -2.57556
2.58196 4.14522 -0.16708
0.22739 6.31602 -2.28487
0.70371 6.21661 -0.16445
-0.96796 6.6016 -0.50845
-0.24646 4.69682 1.53745
-1.92792 4.94618 1.02857
0.74041 1.31329 -2.05764
-1.0071 2.21458 -1.40803
1.67866 6.01338 -2.66689
3.08304 4.36264 -2.8024
1.4336 3.94209 -3.27199
3.76812 4.63016 -0.55595
2.3078 3.87655 0.98316
0.05065 7.38204 -2.44418
-0.45214 5.78377 -2.96092
2.35241 6.57528 -2.01154
1.86887 6.35101 -3.68925
4.68822 4.91636 0.50578
42695 5.67211 1.16952
4.90823 4.01268 1.07252
5.58398 5.29003 0.01889
2.21671 1.13597 -2.26682
2.45625 1.14036 -3.33624
2.81371 1.9133 -1.79506
0.46126 3.5594 -0.99838
-0.07718 0.13216 -2.50096
-0.00398 -0.04795 -3.5798
-1.13435 0.25775 -2.25552
0.40763 -1.16907 -1.74282
0.39559 -0.90821 -0.67934
2.71819 -0.24046 -1.67451
3.75174 -0.40242 -1.98531
2.6568 -0.17676 -0.58737
1.81175 -1.28982 -2.20096
-0.50261 -2.36076 -1.98084
-1.52429 -2.07672 -1.72474
-0.51471 -2.65565 -3.03302
2.13412 -1.8292 -3.54604
2.34598 -0.97282 -4.19829
3.0582 -2.41319 -3.51179
1.34256 -2.42906 -3.98521
-0.06236 -3.54374 -1.09532
-0.19745 -3.26756 -0.0453
-0.68721 -4.41389 -1.30343
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1.37857 -3.85223 -1.36761
2.38193 -3.065 -0.76131
1.74634 -4.80815 -2.30741
3.7455 -3.30703 -1.03124
2.11907 -2.41575 0.0713
3.08653 -5.01658 -2.63257
0.97743 -5.39769 -2.79669
4.07322 -4.2594 -1.98162
5.11788 -4.44192 -2.21525
-1.31392 2.88157 1.16031
-2.52386 2.27502 0.83235
-2.65976 0.88259 0.88488
-3.35589 2.88157 0.48646
-0.34006 0.69492 1.602

-1.55214 0.10154 1.23485
-1.65217 -0.97948 1.23655
-3.96152 0.24524 0.55495
-5.15833 0.82022 0.98449
-4.01  -0.93955 -0.17901
-5.11652 1.72916 1.57498
-5.22036 -1.55919 -0.48812
-3.07816 -1.37011 -0.52493
0.87137 -0.09391 1.96101
2.13381 0.4933 1.81756
0.79428 -1.39339 2.46863
2.20805 1.49171 1.40059
1.94347 -2.1011 2.83528
-0.18046 -1.84477 2.61814
-0.26005 2.08796 1.59743
0.6589 2.58569 1.87304
3.29784 -0.16057 2.21651
3.18276 -1.46333 2.713

4.07714 -1.99095 3.01285
-6.39947 -0.95697 -0.03941
-7.34586 -1.42503 -0.26762
-6.39093 0.23183 0.69642
4.62917 0.60209 2.16321
490986 1.1295 0.74475
5.04762 0.316 0.02945
4.10076 1.77337 0.38776
5.82877 1.72248 0.75156
45216 1.81056 3.11307
428472 1.48403 4.12879
5.47383 2.34902 3.13808
3.74498 2.50364 2.77915
5.81459 -0.26076 2.60686
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6.73183 0.32932
5.70073 -0.5948
5.94094 -1.1413
1.80838 -3.51441
3.16954 -4.18792
3.77991 -3.65751
3.01623 -5.20474
3.72817 -4.24866
1.09582 -3.42315
0.09641 -2.99444
0.99522 -4.42019
1.66606 -2.79823
0.97998 -4.40017
-0.02714 -4.00639
1.46788 -4.49097

2.54613
3.64109
1.97152
3.41425
3.61831
4.35296
3.98664
2.67964
4.77481
4.67157
5.2124
5.46672
2.46875
2.31683
1.494

0.88266
-5.21421

-5.40236 2.89429
-2.84377 -1.32326

-4.6815 -2.52073 -2.72999

-5.32321
-3.66898
-4.65925
-4.30256
-3.27054
-4.65884
-4.29794

-1.78736 -3.22488
-2.11212 -2.69184
-3.4276 -3.34063
-3.89051 -0.66017
-3.5414 -0.57843
-4.13147 0.34457
-4.80882 -1.25341

-6.6134 -3.45151 -1.46571

-7.04615
-7.29463
-6.54755
-7.67567
-7.64118
-7.57118
-6.79091
-8.55525
-7.76933
-8.68511
-6.92289
-7.79054
-8.93279
-9.02281
-8.93962
-9.81532
4.81355
4.38053
5.3282
5.56384

-3.69292 -0.49144
-2.77785 -1.99112
-4.3758 -2.04426
0.89584 1.20281
0.9619 2.73931
-0.04186 3.16621
1.54555 3.09816
1.43166 3.11273
2.32184 0.63353
2.80434 0.98574
2.93673 0.94637
2.29978 -0.4591
0.12763 0.78279
0.06685 -0.30482
-0.88689 1.18923
0.64653 1.16382
-2.5535 -0.29257
-1.73773 0.2843

-3.21813 0.40761

-2.15249 -0.97856
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3.47856 -6.02431 -3.6756
4.3762 -6.56666 -3.37518
2.67605 -6.7384 -3.85795
3.70159 -5.51664 -4.61831

Catalyst 4.13 / 2.46 Cation 1 proximal s-cis
EE =-2595.7251 a.u.

AG?

ZITOIOIITIOOOIIIIOOIIOIOIIOITIOOOOTOOZO

-2594.512 a.u.

2.13515 -4.16096 -1.32077
3.55066 -3.2465 0.49179
3.31402 -5.09245 -1.58449
1.85302 -3.2716 -2.55333
1.25016 -4.78467 -1.14699
1.1832 -3.11196 0.66623
3.96288 -4.34121 1.38547
4.42678 -2.32851 -0.02294
3.61953 -6.08301 -0.45176
4.20659 -4.50103 -1.82034
3.06512 -5.64225 -2.49577
0.91324 -2.12659 -2.26471
2.80122 -2.86531 -2.91341
1.44668 -3.91579 -3.33883
0.97769 -2.22419 1.6547

0.35533 -3.76668 0.40367
454872 -5.52657 0.62921
4.67791 -3.94084 2.1017

3.06252 -4.63063 1.9327

5.65635 -2.5245 0.46927
4.14018 -1.45171 -0.80807
4.0898 -6.97024 -0.8815

2.6793 -6.41772 0.00227
5.49434 -5.21865 0.17209
4.78216 -6.31103 1.35436
6.65221 -1.59476 0.0267

-1.27247 -1.23795 -1.69826

0.6416 0.25851 -1.85327
6.69506 -1.57612 -1.06138
6.42948 -0.59703 0.40209
7.58912 -1.95588 0.44028

-0.71914 0.04253 -1.62424

-1.36867 0.86731 -1.34995
1.86207 -1.0742 2.02195
2.23502 -1.12764 3.04961
2.70834 -0.96835 1.34283
2.30581 -3.3596 -0.09411
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-0.33907
-0.23405
-0.97417
1.0472
0.77674
-0.15793
-0.26984
0.57207
-1.18947
-0.43608
-1.11559
-1.29545
-2.04937
1.89347
2.83594
2.14836
1.20257
1.77835

-2.27567 2.35934
-2.43715 3.43627
-3.07361 1.97146
0.30274 1.85942
0.32305 0.80014
0.06434 2.66417
0.39587 4.09443
0.94321 4.50491
0.98225 4.23056
-0.53236 4.65354
-0.90569 2.14134
-0.79504 1.07114
-0.9246 2.70523
1.51952 2.21558
1.44536 1.66632
1.51835 3.2778
2.84591 1.81946
3.67973 2.22788

1.226 2.93219 0.73276

-0.22807
-1.21536
-0.59754
-2.54824
-0.9428
-1.9154
0.15614
-2.87572
-3.90234
1.43634
2.49262
-0.44759
-0.87551
-2.71729
-3.14436
-3.65783
-2.40051
-5.01502
-3.31485
1.25111
2.58733
0.49525
3.15182
1.04641
-0.53244
3.17945
2.39261

2.91736 2.28153
2.2768 1.5241

3.53309 3.47741
2.2124 1.94955
1.85345 0.56098
3.48788 3.92849
4.0396 4.07292
2.81078 3.16139
2.77456 3.51379
-0.83996 -2.18694
-0.70229 -2.37472
-2.32082 -2.01569
-3.31792 -2.0787
-1.40453 -1.39239
-2.36931 -0.47959
-0.55452 -1.97554
-3.01658 -0.0247
-0.65649 -1.66841
0.18203 -2.69496
1.60349 -1.68587
1.71697 -1.28364
2.76182 -1.88705
0.81223 -1.08539
4.02699 -1.68609
2.66468 -2.21217
2.96846 -1.10928
4.10381 -1.31998
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2.83587
-5.40669
-6.45283
-4.49141
-4.91437
-6.43549
-6.67988
-6.84424
-6.93395
-4.29243
-3.2014
-4.6159
-4.59688
-4.41606
-4.8388
-3.32763
-4.72247
-6.01773
-5.94239
-4.94881
-6.17642
-6.66311
-5.66887
-4.6532
-6.35891
-5.75394
-7.45851
-7.78093
-1.57677
-8.12672

4.63935

5.08175 -1.1661

-1.62405 -0.73819
-1.71044 -0.48411
-2.48892 -0.13078
-3.52347 0.91682
-3.59053 1.08908
-4.3598 1.8251

-2.64346 1.4496

-3.85011 0.15164
-3.1367 2.26946

-3.14254 2.21856
-2.13643 2.5709

-3.84713 3.04283
-4.91877 0.50513

-5.20918 -0.45995

-4.95621 0.42605
-5.65704 1.25085
0.26691 -2.36857
0.02821 -3.88657
0.25336 -4.27955
-1.01246 -4.12494
0.66998 -4.40056
1.73379 -2.06693
1.98246 -2.38399
2.39555 -2.59738
1.93763 -0.99657
0.01516 -1.91239
-1.00437 -2.13863
0.18716 -0.83945
0.70155 -2.4374
3.13352 -0.67811

5.4502 1.85267 -0.8945

5.46798
6.48068
5.04531
4.70069
5.74155
4.16778
4.26079
5.28043
4.76622
6.32637
5.24644
0.21841
-1.22198
-1.7664

1.55062 -1.94466
2.01947 -0.57009
1.0162 -0.31713
3.49563 0.81574
3.62463 1.12452
4.42395 1.03161
2.70171 1.42562
4.26271 -1.50271
5.21368 -1.34703
4.39092 -1.21087
4.02651 -2.56925
5.30966 -1.79331
5.0341 -2.2367

5.97895 -2.29995
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-1.25668 4.55919 -3.22066
-1.74657 4.39376 -1.5218
0.86273 6.27104 -2.80479
0.27272 7.18891 -2.87291
1.87817 6.54642 -2.51309
0.90401 5.81465 -3.79706
0.17595 5.9713 -0.40376
1.1774 6.23375 -0.05473
-0.42248 6.88575 -0.44151
-0.27316 5.29366 0.32916
-3.57375 1.51428 1.09525
-4.58793 1.71819 1.44071
-3.49037 1.83835 0.05466
-3.42832 0.42745 1.09827
-2.31633 4.14131 5.22443
-3.11822 4.86416 5.05886
-2.68938 3.39661 5.93163
-1.47406 4.65877 5.68292

ITITOIITITIOIIIOIITIITIOIT

Catalyst 4.13 / 2.46 Transition State 2

i+
e |

Me

Proximal s-trans cage
EE =-2595.7267 a.u.
AG® = -2594.5105 a.u.

-0.71658 4.57623 -1.18948
-2.09477 4.00396 0.77843
-1.54418 5.85787 -1.2168
-0.91727 3.76875 -2.4966
0.34107 4.86235 -1.13466
0.08777 3.0676 0.57099
-1.9957 5.07471 1.78168
-3.27571 3.42411 0.40788
-1.35114 6.78124 -0.00472
-2.60512 5.60793 -1.33419

TOOOOTOO=ZO
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TOOOOIIOIIITIOIITOOITOIOIITIOZIITIOIIIOIIIIOOIIDOIOIIT

-1.25352 6.38497 -2.12912
-1.9867 3.71055 -2.71313
-0.43848 4.326 -3.30735
0.09214 2.07405 1.47348
1.04874 3.41748 0.2016
-2.25696 6.45092 1.18411
-2.69576 4.85476 2.58557
-0.98281 5.00827 2.18625
-4.29265 3.90061 1.13781
-3.40086 2.57404 -0.44803
-1.55603 7.80884 -0.31329
-0.30116 6.75409 0.31018
-3.30411 6.50316 0.86877
-2.11995 7.19788 1.9709
-5.56768 3.30679 0.86398
-5.83654 3.45401 -0.18138
-5.54475 2.24003 1.08763
-6.27071 3.8177 1.51506
-1.11301 1.34102 1.98437
-1.32188 1.58192 3.03219
-2.0016 1.56823 1.39815
-0.97393 3.76109 0.01147
1.42021 1.56817 1.96262
1.56341 1.72847 3.03726
2.24914 2.05477 1.44458
1.55637 0.02085 1.66333
1.34871 -0.08493 0.59625
-0.91416 -0.21717 1.86881
-1.71866 -0.71867 2.4092
-0.95923 -0.47516 0.80984
0.41973 -0.52583 2.43824
2.94409 -0.5205 1.96263
3.67114 0.04243 1.37026
3.20516 -0.38698 3.01601
0.4994 -0.67582 3.91128
-0.04527 0.16831 4.35279
-0.03385 -1.57496 4.23343
1.51407 -0.69445 4.29872
3.03687 -2.01374 1.57471
2.98345 -2.09717 0.48508
4.0032 -2.4064 1.89539
1.92273 -2.78691 2.2144
0.63422 -2.75272 1.64172
2.09655 -3.43501 3.43357
-0.45177 -3.41415 2.25205
0.50627 -2.36457 0.63428
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1.02771
3.07911
-0.24056
-1.06918
-0.35775
1.01316
1.50682
1.7047
-0.77212
0.60093
0.96487
2.94811
3.69486
3.56529
3.21661
4.89677
2.98864
-1.75337
-2.94385
-1.51593
-3.10709
-2.45676
-0.59603
-1.23356
-2.2977
5.61353
6.65134
5.03925
-3.64784
-4.38236
-3.90377
5.81706
5.88628
6.40156
4.88894
6.43389
5.09755
4.10434
4.99095
5.67341
7.24641
7.82508
7.75194
7.25531
5.61228
4.66756

-4.06014 4.0736
-3.44804 3.89444
-4.03743 3.47031
-4.53375 3.9668
2.37356 -2.3888
2.14049 -2.28049
0.86883 -1.97419
2.96943 -2.40056
0.01652 -1.97212
-0.18987 -1.84006
-1.17622 -1.56865
0.65532 -1.6755
1.65623 -1.05826
-0.57097 -1.96276
2.60188 -0.82613
-0.80196 -1.63646
-1.33362 -2.47025
-1.07014 -1.72601
-0.7633 -1.0637
-2.38643 -2.12246
0.25806 -0.7327
-3.3919 -1.88637
-2.61566 -2.65024
1.30453 -2.24938
1.4889 -2.31858
0.2286 -1.0078
0.0544 -0.75483
1.46258 -0.71618
-3.04647 -1.2383
-3.81539 -1.04524
-1.74032 -0.80811
2.60077 -0.048
3.79466 -1.01556
3.51373 -1.93748
41549 -1.27797
4.61978 -0.55197
3.0353 1.2402
3.43979 1.03224
2.19423 1.93133
3.81825 1.74058
2.18863 0.31746
1.9124 -0.56737
3.02958 0.79729
1.34734 1.01548
-2.1135 -1.97475
-3.14344 -2.60226
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IITTOITIOIIITIOIITITOIITOOIIIOIIIOIIIOOIIIOIITIOIITI

3.8392 -3.39018 -1.93187
4.25411 -2.78793 -3.54923
5.22073 -4.0634 -2.80436
6.21112 -2.72728 -0.69834
5.42403 -2.96717 0.02032
6.74007 -3.6515 -0.94579
6.92163 -2.05335 -0.2159
6.74371 -1.81803 -2.97495
7.47789 -1.12675 -2.55535
7.26128 -2.74472 -3.23742
6.34234 -1.37611 -3.89044
-5.17418 -1.33439 -0.05563
-4.78272 -0.73482 1.30691
-4.15419 0.1518 1.18352
-5.68081 -0.43832 1.8567
-4.23664 -1.46413 1.91112
-5.92278 -0.2634 -0.86856
-6.19944 -0.64806 -1.85358
-6.83731 0.02986 -0.3444
-5.30803 0.63037 -1.00411
-6.1109 -2.52096 0.18435
-6.99503 -2.18134 0.72879
-6.44637 -2.96402 -0.75683
-5.62648 -3.29931 0.7805
-2.15787 -4.81916 -2.35711
-3.22571 -5.81747 -1.89865
-4.2059 -5.58318 -2.32089
-2.94983 -6.81976 -2.23418
-3.31414 -5.83885 -0.80886
-2.10268 -4.83605 -3.89449
-1.32295 -4.17053 -4.27167
-1.88884 -5.84756 -4.25087
-3.0585 -4.51637 -4.31726
-0.79914 -5.27805 -1.79867
0.01948 -4.64735 -2.15088
-0.79741 -5.25687 -0.70566
-0.59354 -6.30236 -2.12065
1.21059 -4.73718 5.40271
2.24667 -4.68527 5.73511
0.58348 -4.25605 6.15812
0.9087 -5.78472 5.34744
-1.80027 -3.43243 1.59082
-1.87264 -2.6778 0.80655
-1.98621 -4.40434 1.12455
-2.59538 -3.26618 2.32136

340



Catalyst 4.13 / 2.46 Transition State 2 proximal s-trans rotated
EE =-2595.7229 a.u.
AG = -2594.5056 a.u.

-0.57849 4.53409 -0.59382
1.74783 3.98913 -1.2395
-0.13286 5.97453 -0.83023
-1.03563 4.33333 0.87523
-1.44332 4.34181 -1.23893
0.06753 2.33595 -1.49416
2.03202 4.53508 -2.57556
2.58196 4.14522 -0.16708
0.22739 6.31602 -2.28487
0.70371 6.21661 -0.16445
-0.96796 6.6016 -0.50845
-0.24646 4.69682 1.53745
-1.92792 4.94618 1.02857
0.74041 1.31329 -2.05764
-1.0071 2.21458 -1.40803
1.67866 6.01338 -2.66689
3.08304 4.36264 -2.8024
1.4336 3.94209 -3.27199
3.76812 4.63016 -0.55595
2.3078 3.87655 0.98316
0.05065 7.38204 -2.44418
-0.45214 5.78377 -2.96092
2.35241 6.57528 -2.01154
1.86887 6.35101 -3.68925
4.68822 4.91636 0.50578
42695 5.67211 1.16952
4.90823 4.01268 1.07252
5.58398 5.29003 0.01889
2.21671 1.13597 -2.26682
2.45625 1.14036 -3.33624
2.81371 1.9133 -1.79506
0.46126 3.5594 -0.99838
-0.07718 0.13216 -2.50096
-0.00398 -0.04795 -3.5798
-1.13435 0.25775 -2.25552
0.40763 -1.16907 -1.74282
0.39559 -0.90821 -0.67934
2.71819 -0.24046 -1.67451
3.75174 -0.40242 -1.98531
2.6568 -0.17676 -0.58737
1.81175 -1.28982 -2.20096
-0.50261 -2.36076 -1.98084

OO0OITIOIOIIOZIIOIIIOIIITIOOITIOIOIIIIOOOOTOOZO
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-1.52429 -2.07672 -1.72474
-0.51471 -2.65565 -3.03302
2.13412 -1.8292 -3.54604
2.34598 -0.97282 -4.19829
3.0582 -2.41319 -3.51179
1.34256 -2.42906 -3.98521
-0.06236 -3.54374 -1.09532
-0.19745 -3.26756 -0.0453
-0.68721 -4.41389 -1.30343
1.37857 -3.85223 -1.36761
2.38193 -3.065 -0.76131
1.74634 -4.80815 -2.30741
3.7455 -3.30703 -1.03124
2.11907 -2.41575 0.0713
3.08653 -5.01658 -2.63257
0.97743 -5.39769 -2.79669
4.07322 -4.2594 -1.98162
5.11788 -4.44192 -2.21525
-1.31392 2.88157 1.16031
-2.52386 2.27502 0.83235
-2.65976 0.88259 0.88488
-3.35589 2.88157 0.48646
-0.34006 0.69492 1.602

-1.55214 0.10154 1.23485
-1.65217 -0.97948 1.23655
-3.96152 0.24524 0.55495
-5.15833 0.82022 0.98449
-4.01 -0.93955 -0.17901

-5.11652 1.72916 1.57498
-5.22036 -1.55919 -0.48812
-3.07816 -1.37011 -0.52493
0.87137 -0.09391 1.96101
2.13381 0.4933 1.81756
0.79428 -1.39339 2.46863
2.20805 1.49171 1.40059
1.94347 -2.1011 2.83528
-0.18046 -1.84477 2.61814
-0.26005 2.08796 1.59743
0.6589 2.58569 1.87304
3.29784 -0.16057 2.21651
3.18276 -1.46333 2.713

4.07714 -1.99095 3.01285
-6.39947 -0.95697 -0.03941
-7.34586 -1.42503 -0.26762
-6.39093 0.23183 0.69642
4.62917 0.60209 2.16321
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ITOITITOOIIITIOIIITOITITIOOIITITOIIIOIIIOOIIIOIIZIIOIZIIO

490986 1.1295 0.74475
5.04762 0.316 0.02945

410076 1.77337 0.38776
5.82877 1.72248 0.75156
45216 1.81056 3.11307
4.28472 1.48403 4.12879
5.47383 2.34902 3.13808
3.74498 2.50364 2.77915
5.81459 -0.26076 2.60686
6.73183 0.32932 2.54613
5.70073 -0.5948 3.64109
5.94094 -1.1413 1.97152
1.80838 -3.51441 3.41425
3.16954 -4.18792 3.61831
3.77991 -3.65751 4.35296
3.01623 -5.20474 3.98664
3.72817 -4.24866 2.67964
1.09582 -3.42315 4.77481
0.09641 -2.99444 4.67157
0.99522 -4.42019 5.2124

1.66606 -2.79823 5.46672
0.97998 -4.40017 2.46875
-0.02714 -4.00639 2.31683
1.46788 -4.49097 1.494

0.88266 -5.40236 2.89429
-5.21421 -2.84377 -1.32326
-4.6815 -2.52073 -2.72999
-5.32321 -1.78736 -3.22488
-3.66898 -2.11212 -2.69184
-4.65925 -3.4276 -3.34063
-4.30256 -3.89051 -0.66017
-3.27054 -3.5414 -0.57843
-4.65884 -4.13147 0.34457
-4.29794 -4.80882 -1.25341
-6.6134 -3.45151 -1.46571
-7.04615 -3.69292 -0.49144
-7.29463 -2.77785 -1.99112
-6.54755 -4.3758 -2.04426
-7.67567 0.89584 1.20281
-7.64118 0.9619 2.73931
-7.57118 -0.04186 3.16621
-6.79091 1.54555 3.09816
-8.55525 1.43166 3.11273
-7.76933 2.32184 0.63353
-8.68511 2.80434 0.98574
-6.92289 2.93673 0.94637
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-7.79054 2.29978 -0.4591
-8.93279 0.12763 0.78279
-9.02281 0.06685 -0.30482
-8.93962 -0.88689 1.18923
-9.81532 0.64653 1.16382
4.81355 -2.5535 -0.29257
4.38053 -1.73773 0.2843
5.3282 -3.21813 0.40761
5.56384 -2.15249 -0.97856
3.47856 -6.02431 -3.6756
4.3762 -6.56666 -3.37518
2.67605 -6.7384 -3.85795
3.70159 -5.51664 -4.61831

ITTOIITIOIIIITOI

Catalyst 4.13 / 2.46 Transition State 2 proximal s-cis
EE =-2595.7247 a.u.
AG° =-2594.5103 a.u.

2.53503 -3.92254 -1.32508
3.95719 -2.8493 0.38855
3.77234 -4.76254 -1.628

2.12546 -3.09073 -2.56194
1.71312 -4.61154 -1.09598
1.59685 -2.9121 0.69194
4.50761 -3.87852 1.28484
4.71919 -1.86861 -0.18668
4.21681 -5.6923 -0.48971
45998 -4.10694 -1.92396
3.52477 -5.35619 -2.51173
1.10141 -2.02476 -2.25742
3.01909 -2.61233 -2.96977
1.74539 -3.78563 -3.31691
1.36524 -2.02716 1.67494
0.8136 -3.636 0.4784

5.1517 -5.03126 0.5256

5.22211 -3.40005 1.95211
3.66463 -4.22732 1.88623
5.9835 -1.93685 0.25099
4.31693 -1.03979 -0.97349
4.73589 -6.55044 -0.92244
3.33235 -6.08896 0.02276
6.04238 -4.65823 0.01016
5.48865 -5.77353 1.25449
6.86486 -0.92859 -0.2568
-1.12793 -1.31618 -1.6138
0.63547 0.33886 -1.89523

O0OOIIIIOOIIOIOIIOIIOOOOTOO=ZO
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6.86116 -0.93629 -1.34591
6.56185 0.05352 0.10354
7.84882 -1.18591 0.12393
-0.68966 0.01029 -1.60119
-1.39883 0.78251 -1.32112
2.1725 -0.80573 1.997

2.54047 -0.80585 3.0288
3.02096 -0.67971 1.3253
2.6979 -3.08059 -0.12617
0.07242 -2.14575 2.42082
0.22612 -2.26854 3.49723
-0.50543 -3.0057 2.07859
1.27378 0.48747 1.78246
0.98734 0.44733 0.72764
0.06942 0.25007 2.61779
0.03828 0.56601 4.06441
0.79888 1.26816 4.38939
-0.95284 0.94332 4.33851
0.15598 -0.37948 4.60839
-0.80304 -0.85681 2.18424
-1.0326 -0.80783 1.11846
-1.71873 -0.91588 2.77511
2.03106 1.77698 2.06565
2.93553 1.7863 1.45243
2.3552 181631 3.10835
1.18458 3.02295 1.70917
1.67945 3.91793 2.092

1.13802 3.10709 0.62266
-0.21297 2.92729 2.24943
-1.13513 2.08913 1.59727
-0.60979 3.57705 3.41695
-2.45604 1.93535 2.06879
-0.87366 1.68174 0.62514
-1.8911 3.40023 3.93194
0.09444 4.21946 3.93601
-2.80114 2.57102 3.24879
-3.80653 2.45924 3.64315
1.50991 -0.69513 -2.23668
2.5411 -0.47204 -2.47498
-0.22386 -2.33107 -1.93928
-0.56231 -3.36375 -1.95315
-2.53424 -1.6013 -1.22624
-2.82319 -2.56835 -0.26238
-3.57671 -0.85588 -1.77742
-2.00053 -3.12968 0.17041
-4.90022 -1.06209 -1.38685
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-3.34044
1.12991
2.47065
0.2631
3.12524
0.70847

-0.76798
2.95673
2.06049
2.42248

-5.15332

-6.17218

-4.13324

-0.1156 -2.5349

1.73632 -1.7839

1.97735 -1.46032
2.81891 -1.95872
1.1318 -1.27913
4.13218 -1.81012
2.62518 -2.22397
3.27979 -1.34039
4.33634 -1.52269
5.35273 -1.41139
-2.02962 -0.41007
-2.19669 -0.09309
-2.7926 0.16663

-4.4059 -3.81906 1.2706

-5.90431
-6.03921
-6.39533
-6.40857
-3.77855
-2.69571
-4.19431
-3.97803
-3.77955

-4.03554 1.50806
-4.79957 2.27701
-3.12375 1.85651
-4.37699 0.60038
-3.30888 2.57927
-3.20345 2.48311
-2.33476 2.85202
-4.01103 3.3934

-5.17262 0.89672

-4.20288 -5.54783
-2.69644 -5.10276
-3.9817 -5.90426
-6.01577 -0.24168

-0.03841
0.77743
1.68339

-2.04291

-6.00404
-5.05647
-6.16316
-6.80322
-5.77727
-4.80707
-6.5518

-5.81505
-7.40237
-7.64367

-0.49654 -3.56002
-0.19589 -4.01157
-1.55658 -3.77355
0.07526 -4.03939
1.25395 -1.77587
1.58297 -2.15595
1.84793 -2.26863
1.46387 -0.70387
-0.60883 -1.50474
-1.65758 -1.69574

-7.4793 -0.42459 -0.43009

-8.15574
4.41889
5.23479
5.24974
6.26587
4.83681
4.48874
5.53118

0.0047 -2.00407
3.58261 -1.0005
2.30507 -0.78249
1.67088 -1.6724
2.57337 -0.53799
1.70644 0.0421
4.42481 0.28506
4.65127 0.52468
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4.05621
5.04917
4.53098
6.09611
5.01018
-0.2365
-1.66548
-2.29457
-1.7029
-2.09746
0.26892
-0.40573
1.26708
0.30549
-0.27228
0.7176
-0.94951
-0.62633
-3.44569
-4.43594
-3.52287
-3.14254
-2.3171
-3.10769
-2.71853
-1.48175

ITITOITIOIIITIOIIITITOIITITIOOIIIIOII

3.954 5.37117 0.18083

3.88132 1.12955
4.37192 -2.16051
5.31856 -2.32888
459361 -1.93614
3.79174 -3.08589
5.3335 -1.89097
492351 -2.26145
5.81511 -2.31072
4.43091 -3.23658
4.25136 -1.5147
6.33401 -2.94267
7.19282 -2.9926
6.70598 -2.70343
5.86796 -3.93061
6.00918 -0.50802
6.36213 -0.20949
6.86752 -0.52657
5.30607 0.25252
1.12886 1.27353
1.15646 1.72903
1.52335 0.25646
0.08033 1.17815
4.07944 5.20361
4.8058 5.00407
3.34667 5.90825
45924 5.67873

Catalyst 4.13 / 2.46 Cation 2

Proximal s-trans cage
EE =-2595.7354 a.u.
AG® =-2594.5178 a.u.

C -1.36399
N -2.7471

4.40823 -1.15666
3.66433 0.73883
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-2.32686
-1.41316
-0.34887
-0.45139
-2.79711
-3.84244
-2.28405
-3.34845
-2.0619
-2.45902
-0.96522
-0.35504
0.46401
-3.18918
-3.49203
-1.7955
-4.92642
-3.8573
-2.59039
-1.24979
-4.2241
-3.16308
-6.1204
-6.37565
-5.98935
-6.89315
-1.46386
-1.7395
-2.35762
-1.58192
0.99994
1.04212
1.76879
1.35658
1.29471
-1.06815
-1.86066
-1.03637

5.59185 -1.20549
3.61719 -2.48833
4.81158 -1.04969
3.0173 0.65271
4.71954 1.76008
2.95963 0.33113
6.51468 0.02155
5.2282 -1.36683
6.16121 -2.10032
3.44514 -2.75485
4.24282 -3.2665
2.00758 1.52525
3.53121 0.36588
6.06895 1.17241
4.41269 2.53968
4.75811 2.19536
3.30279 1.04521
2.12101 -0.54561
7.51766 -0.28461
6.59958 0.37623
6.0104 0.81951
6.81433 1.97231
2.58398 0.71764
2.73059 -0.33141
1.51961 0.91358
2.99692 1.35951
1.08091 1.94062
1.25554 2.98783
1.24671 1.33901
3.53682 0.00979
1.65595 2.0824
1.81611 3.16686
2.29522 1.64058
0.19342 1.76498
0.09266 0.67481
-0.39768 1.7447
-1.01484 2.17224
-0.59172 0.66947

0.2934 -0.76448 2.35355

2.78777
3.46977
2.93485
0.22634

-0.12644 2.17038
0.54986 1.64823
0.01794 3.24537
-0.74304 3.8807

-0.08765 0.24357
-0.51119 -1.46021
1.18358 -0.96667

4.22301
4.24665
4.35256
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3.1475 -1.57339 1.7778

3.1624
4.13134
2.10301
0.72366
2.35842
-0.25764
0.70105
1.32885
3.36047
0.04288
-0.69633
-0.70663
0.67561
1.29622
1.27385
-0.87136
0.51003
0.97019
2.73958
3.34163
3.50517
2.74445

-1.63724 0.68344

-1.84944 2.15827
-2.48389 2.31702
-2.28505 1.8266

-3.36728 3.32631
-3.30492 2.24219
-2.16379 0.73771
-4.17976 3.84661
-3.4598 3.72928
-4.15566 3.27208
-4.87165 3.61414
2.29067 -2.38141
2.20863 -2.21756
0.99336 -1.9134

3.11205 -2.29173
-0.10647 -2.02204
-0.16179 -1.83256
-1.10354 -1.54878
0.94008 -1.55828
2.01236 -0.90383
-0.20315 -1.83088
2.88849 -0.67514

4.8415 -0.2828 -1.45494

3.03956
-1.73768
-2.80474
-1.50152
-2.95898
-2.32185
-0.67971
-1.46171
-2.53658

5.41234

6.45489

4.68845
-3.39321
-4.03487
-3.64524

5.31233

5.29959

5.87892

4.28177

5.73947

4.49776

3.4752

-1.02185 -2.36451
-1.29442 -1.81298
-1.1957 -0.91684
-2.50971 -2.45559
-0.25731 -0.39242
-3.61835 -2.22816
-2.57721 -3.16106
1.12763 -2.30031
1.19558 -2.40844
0.81921 -0.79872
0.76552 -0.51301
1.97556 -0.52138
-3.47955 -1.33894
-4.3292 -1.15353
-2.27822 -0.66711
3.19806 0.15985
4.3753 -0.83072
4.13238 -1.72505
4.62371 -1.14028
5.26128 -0.36457
3.58107 1.40668
3.86748 1.15148

349



O ITTOIIITOIIITOOIIIOIIIOIIIOOIIIOIIIOIITIOOIZIIIOLIC

4.45642 2.7517 2.1183

4.96452 4.43505 1.90461
6.75938 2.9438 0.59366
7.40469 2.72586 -0.26078
7.14989 3.837 1.08641

6.82551 2.11228 1.3004

5.7149 -1.50141 -1.77019
4.91425 -2.63521 -2.41866
4.10068 -2.97309 -1.77022
4.49019 -2.33285 -3.37923
5.57526 -3.48595 -2.59912
6.34807 -2.04269 -0.47742
5.57672 -2.3762 0.22091
6.98896 -2.89733 -0.71001
6.96105 -1.29111 0.0236

6.83 -1.07525 -2.74103

7.46554 -0.30176 -2.30424
7.46027 -1.93433 -2.9868

6.40375 -0.68381 -3.66818
-4.78648 -2.09822 0.33846
-4.19996 -1.69823 1.7039

-3.62731 -0.76907 1.63327
-5.00722 -1.5465 2.42665
-3.54171 -2.48087 2.08998
-5.71338 -0.96947 -0.14712
-6.12742 -1.20449 -1.1311
-6.54376 -0.84333 0.55416
-5.17686 -0.01924 -0.21157
-5.6112 -3.37546 0.51596
-6.40632 -3.19601 1.24334
-6.07839 -3.6848 -0.42258
-4.99727 -4.20128 0.88593
-2.02474 -4.92994 -2.96273
-2.9546 -6.06568 -2.52421
-3.99988 -5.84172 -2.75073
-2.68565 -6.97882 -3.06011
-2.86713 -6.26554 -1.45266
-2.2038 -4.71098 -4.4748

-1.52754 -3.9393 -4.84901
-1.99378 -5.63823 -5.0151
-3.22862 -4.40536 -4.70025
-0.57439 -5.36116 -2.68228
0.14478 -4.61708 -3.03061
-0.41397 -5.51472 -1.61171
-0.35997 -6.30123 -3.19766
1.61547 -5.08583 4.99238
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2.6384 -5.46031 4.95529
1.51457 -4.50245 5.91536
0.9099 -5.91342 5.04024
-1.56505 -3.4354 1.53004
-1.63583 -2.79337 0.655

-1.69296 -4.47398 1.21165
-2.39237 -3.21402 2.2108

ITTOITITIT

Catalyst 4.13 / 2.46 Cation 2 proximal s-trans rotated
EE =-2595.7311 a.u.
AGP = -2594.5107 a.u.

-0.36488 4.55962 -0.61191
1.92837 3.90988 -1.25062
0.14702 5.97811 -0.84859
-0.84656 4.38644 0.85379
-1.23384 4.40901 -1.2633
0.1602 2.34899 -1.55649
2.23035 4.42722 -2.59318
2.77258 4.05229 -0.18742
0.51968 6.29897 -2.30494
0.99553 6.18108 -0.18476
-0.65655 6.64554 -0.52685
-0.05257 4.73074 1.52095
-1.72136 5.02701 0.9953
0.77647 1.2944 -2.11202
-0.9232 2.30882 -1.51073
1.95145 5.92123 -2.69397
3.2691 4.19958 -2.82812
1.59655 3.85919 -3.27878
3.97899 4.47925 -0.59081
2.49694 3.82547 0.97257
0.39679 7.37242 -2.46643
-0.1888 5.80031 -2.97697
2.6568 6.45313 -2.04674
2.15121 6.24285 -3.71985
490564 4.77084 0.46222
451764 5.57175 1.09118
5.0857 3.88466 1.06924
5.81873 5.08554 -0.0345
2.24508 0.99414 -2.25989
2.50342 0.95701 -3.32584
2.8746 1.76165 -1.81069
0.62789 3.5325 -0.99385
-0.09296 0.16111 -2.59686
0.01828 0.01037 -3.67801

TOZITIOIIIOIIIIOOIIOIOIIIIOOOOTOOZO
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-1.14867 0.38212 -2.41437
0.25329 -1.14065 -1.85583
0.14003 -0.91805 -0.78502
2.61476 -0.35595 -1.60392
3.66366 -0.55899 -1.8272
2.51541 -0.24294 -0.52089
1.73641 -1.52981 -2.06879
-0.72177 -2.25449 -2.20183
-1.74509 -1.90903 -2.04522
-0.6418 -2.53776 -3.25561
2.07292 -1.91085 -3.51193
1.83697 -1.0851 -4.18409
3.1406 -2.11668 -3.6138

1.52491 -2.78694 -3.86066
-0.45688 -3.47235 -1.30021
-0.65477 -3.18375 -0.26189
-1.10204 -4.31288 -1.55727
0.97481 -3.84841 -1.45545
1.9941 -2.84027 -1.08096
1.33439 -5.01799 -2.05889
3.39326 -3.31397 -1.13223
1.78031 -2.41939 -0.08838
2.6938 -5.33389 -2.2675

0.57427 -5.72124 -2.37972
3.70062 -4.48386 -1.77489
4.7351 -4.8004 -1.84962
-1.17038 2.94632 1.1499

-2.40155 2.3764 0.8396

-2.58089 0.98973 0.91252
-3.21778 3.00429 0.49386
-0.26173 0.73321 1.61133
-1.49799 0.17723 1.264

-1.63784 -0.8988 1.27695
-3.90655 0.39256 0.6038

-5.07441 0.99602 1.07137
-4.00617 -0.77897 -0.14727
-4.98974 1.89574 1.67146
-5.24267 -1.35835 -0.43305
-3.09301 -1.22546 -0.5244
0.92972 -0.09291 1.95974
2.18969 0.51468 2.01171
0.84168 -1.45851 2.24589
2.28668 1.56101 1.74655
1.97196 -2.20619 2.5967

-0.12853 -1.94291 2.22733
-0.13929 2.12284 1.58774
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0.7953 2.599 1.84641

3.33322 -0.1884 2.38037
3.20461 -1.55027 2.67188
4.08252 -2.11186 2.95768
-6.39164 -0.72931 0.05644
-7.35671 -1.16702 -0.15265
-6.33071 0.44779 0.8076

4.66471 0.5678 2.47827
5.00443 1.23994 1.13534
5.16659 0.5038 0.34523
421071 1.91979 0.81371
5.92466 1.82184 1.24008
452257 1.66687 3.54746
4.24285 1.2354 451185
5.47448 2.19258 3.66888
3.76329 2.39836 3.25869
5.8266 -0.35047 2.86829
6.74803 0.23406 2.91822
5.66599 -0.80663 3.84834
5.97652 -1.14868 2.13573
1.82425 -3.70051 2.91087
3.15143 -4.34081 3.33066
3.55478 -3.87704 4.23423
2.98799 -5.40013 3.54121
3.90113 -4.26937 2.53781
0.81609 -3.88375 4.05819
-0.17538 -3.51398 3.78971
0.72357 -4.94455 4.30563
1.14981 -3.34953 4.95123
1.31445 -4.44236 1.66355
0.36581 -4.0312 1.31005
2.04755 -4.38359 0.85234
1.1569 -5.4991 1.89517

-5.30638 -2.61971 -1.30088
-4.8998 -2.24873 -2.73753
-5.58879 -1.50859 -3.15227
-3.8927 -1.82689 -2.771

-4.92052 -3.1361 -3.37642
-4.34063 -3.68463 -0.75518
-3.30538 -3.33744 -0.75579
-4.60521 -3.9584 0.26932
-4.38943 -4.58336 -1.3758
-6.71189 -3.2295 -1.33954
-7.0664 -3.48099 -0.33654
-7.43395 -2.55406 -1.80413
-6.68965 -4.14755 -1.93124
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-7.58252 1.14181 1.35438
-7.50581 1.19226 2.88992
-7.45254 0.18293 3.30598
-6.63045 1.74875 3.23104
-8.3963 1.68347 3.29166
-7.65084 2.57524 0.80042
-8.54195 3.08062 1.18262
-6.77824 3.16224 1.09437
-7.70327 2.56412 -0.29131
-8.87135 0.4129 0.96126
-8.99265 0.36648 -0.124

-8.89501 -0.60547 1.35738
-9.72856 0.95153 1.37166
4.48703 -2.54929 -0.46027
410064 -1.75915 0.17645
5.07442 -3.23905 0.15184
5.16883 -2.12281 -1.20327
3.0537 -6.58511 -2.98742
4.07941 -6.88902 -2.78785
2.36322 -7.39194 -2.74038
2.95683 -6.39442 -4.06278

Catalyst 4.13 / 2.46 Cation 2 proximal s-cis
EE =-2595.7343 a.u.

AG?

OITOIOIITOITOOOOTOOZO

-2594.5168 a.u.

2.07406 -4.10483 -1.40834
3.51194 -3.30151 0.41995
3.22081 -5.0703 -1.69956
1.83225 -3.18112 -2.62326
1.16719 -4.70407 -1.25886
1.14441 -3.1786 0.6594

3.8864 -4.42911 1.28528
4.40482 -2.3698 -0.0273

3.49474 -6.10409 -0.59795
4.13353 -4.50258 -1.91605
2.95599 -5.58479 -2.6271
0.91285 -2.02332 -2.32373
2.79601 -2.78619 -2.95436
1.42673 -3.7932 -3.43499
0.9344 -2.29723 1.64238
0.34902 -3.8864 0.43239
4.44105 -5.60888 0.49762
4.60721 -4.0739 2.01947
2.97388 -4.70966 1.81705
5.62402 -2.59689 0.48909
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4.15373 -1.45353 -0.7806
3.93532 -6.99364 -1.0542
2.5445 -6.42089 -0.15148
5.39512 -5.31457 0.04845
4.6517 -6.42131 1.19889
6.63241 -1.65399 0.11328
-1.26781 -1.1061 -1.77805
0.67227 0.35924 -1.88607
6.71359 -1.59662 -0.97152
6.3974 -0.66845 0.51358
7.55582 -2.02854 0.54552
-0.69562 0.16513 -1.68276
-1.32871 1.0012 -1.40228
1.80371 -1.12279 1.99746
2.14962 -1.19272 3.0367
2.68568 -1.07295 1.35694
2.26276 -3.33256 -0.16937
-0.37752 -2.33494 2.3755
-0.22509 -2.47322 3.45104
-0.97646 -3.18321 2.03547
1.02211 0.19497 1.79134
0.81153 0.24351 0.71633
-0.35066 0.20285 2.51046
-0.23841 0.27462 4.03497
0.33669 1.12829 4.3882
-1.22874 0.31851 4.49388
0.25453 -0.62403 4.40761
-1.1573 -1.03757 2.11159
-1.37687 -1.0001 1.03982
-2.10569 -1.0607 2.65616
1.87365 1.40441 2.15965
2.79101 1.39448 1.56767
2.1676 1.3616 3.21207
1.12731 2.72628 1.86933
1.66135 3.58013 2.28904
1.07174 2.85481 0.78326
-0.26142 2.66467 2.40118
-1.10857 1.55807 1.91094
-0.71283 3.48502 3.39686
-2.53579 1.62109 2.28234
-1.00279 1.42114 0.83038
-2.017 3.33331 3.91107
-0.06664 4.25197 3.80824
-2.91914 2.41658 3.32743
-3.95172 2.42214 3.65688
1.45619 -0.74686 -2.21924
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2.51979
-0.45372
-0.89414
-2.71424
-3.15589
-3.64201
-2.42157
-4.99773
-3.29106

1.30197

2.69592

0.52364

3.29162

1.11327
-0.55413

3.31632

2.50665

2.97812
-5.40391
-6.44935
-4.50248
-4.93852
-6.45916
-6.71286
-6.84568
-6.97086
-4.2966
-3.20661
-4.60647
-4.60071
-4.4713
-4.90861
-3.38467
-4.78481
-5.98116
-5.9014
-4.90434
-6.14843
-6.61149
-5.60839
-4.58064
-6.27312
-5.71339
-7.42902
-7.76044
-7.55611

-0.62627 -2.37826
-2.19714 -2.09692
-3.18746 -2.17492
-1.26672 -1.47761
-2.29368 -0.64101
-0.35241 -1.97849
-2.98356 -0.23505
-0.44596 -1.6619

0.43276 -2.64002
1.68782 -1.67085
1.80809 -1.70891
2.81468 -1.38911
0.9198 -1.89187
4.05272 -1.13299
2.71534 -1.38468
3.03714 -1.48109
4.13926 -1.19381
5.09679 -1.00038
-1.479 -0.81221

-1.56206 -0.55378
-2.41174 -0.28996
-3.51559 0.67844
-3.5664 0.85955
-4.38682 1.5347

-2.64326 1.29832
-3.74074 -0.09046
-3.24504 2.04969
-3.25518 1.98397
-2.26891 2.43416
-4.01187 2.76752
-4.88403 0.15568
-5.09173 -0.82419
-4.9346 0.06228
-5.67152 0.8461

0.5682 -2.25574
0.51304 -3.79107
0.7705 -4.15371
-0.48814 -4.15318
1.22147 -4.22601
1.98138 -1.77635
2.24034 -2.04253
2.71858 -2.23486
2.05832 -0.69079
0.28811 -1.84062
-0.69725 -2.17804
0.34516 -0.75658
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-8.08408
4.83722
5.55985
5.26138
6.63781
5.36283
5.34282
6.42579
4.88402
5.12468
5.18871
4.73809
6.2728
4.8359
0.29762

-1.20979

-1.74323

-1.55605

-1.48356

1.03593 -2.29347
3.21205 -1.52973
1.89537 -1.82989
1.47454 -2.79327
2.07529 -1.85555
1.13782 -1.06587
3.74631 -0.17857
3.89123 -0.21827
4.70401 0.07606
3.03924 0.62652
4.22017 -2.63748
5.19708 -2.44928
4.35186 -2.69173
3.86256 -3.60811
5.29332 -0.75964
5.02055 -0.76904
5.9345 -0.49829
4.71004 -1.75816
4.24708 -0.04638

0.5898 6.42808 -1.75522
0.01 7.31575 -1.48841

1.64607
0.31415
0.70013
1.76039
0.12184
0.50634
-3.55634
-4.5014
-3.73366
-3.23001
-2.45591
-3.53679
-2.17178
-1.95422

6.70455 -1.75595
6.12953 -2.76981
5.7362 0.65843
5.99327 0.71282
6.61557 0.95497
4.93683 1.37989
0.92083 1.44795
0.80751 1.97885
1.55514 0.56932
-0.04226 1.05721
4.17094 5.06048
4.3027 5.07405
3.64859 5.98207
5.13806 5.06402
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Catalyst 4.13 / 2.46 Enamine

Me

Proximal s-trans cage
EE =-2595.336 a.u.
AG? = -2594.1266 a.u.

-1.97287
-3.53466
-3.04415
-1.74486
-1.03516
-1.19499
-3.88742
-4.43119
-3.30895
-3.97835
-2.70799
-2.71842
-1.29424
-1.05519
-0.41554
-4.3375
-4.65982
-2.98805
-5.64844
-4.19423
-3.67026
-2.36535
-5.28201
-4.53901
-6.63965
-6.75787
-6.35947
-7.55868
-1.92033

OITITOIIIIOOIIOIOIIITIOOOOITOOZO

Me

3.87577 -1.66204
3.35112 0.15814
4.87128 -2.10529
2.82338 -2.77194
4.43143 -1.53545
3.2251 0.57577
4.5763 0.88746
2.3705 -0.14575
6.02461 -1.12731
4.3351 -2.30958
5.27431 -3.06442
2.43999 -3.08884
3.33415 -3.62911
2.41181 1.62567
3.96016 0.37674
5.69421 -0.0438
4.33558 1.61493
486741 1.43577
2.66526 0.34627
1.35584 -0.76814
6.88755 -1.69179
6.3312 -0.65966
5.40308 -0.51558
6.58428 0.5592
1.65242 0.15317
1.43037 -0.90705
0.7416 0.68369
2.06266 0.56202
1.23466 1.96049
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-2.34072 1.35666
-2.75639 1.13916
-2.25393 3.24732
0.1744 2.49477
-0.08909 2.64502
0.79596 3.34484
0.99102 1.20786
1.18918 1.12215
-1.1041 -0.07275
-1.76798 -0.87029
-0.85929 -0.25894

2.96694
1.26689
-0.36038
2.48384
3.53829
2.18597
2.3128
1.2337
1.89001
2.21274
0.84329

0.21541
2.34325
2.79861
2.23436
-0.10669
-0.66704
-0.71629
0.79818
3.22341
3.59866
4.10293
2.49991
1.10694
3.32799
0.60343
2.83844
4.39318
1.47245
1.06575
-0.8877
0.47601
1.23066
0.95976
-0.76293
0.59753
1.14798
2.67183
3.15124
3.57301
244571
4.92903
3.19505
-1.50025
-2.55707
-1.18033

-0.08308 2.70126
1.28273 3.00228
2.26035 2.82615
1.17594 4.08537
-0.12219 4.20827
0.76117 4.52375
-0.99661 4.4445
-0.18564 4.81413
0.18976 2.42182
0.51868 1.44451
0.01041 3.04722
-1.12891 2.21557
-1.30368 2.34916
-2.19879 1.86079
-2.6244 2.19244
-3.47574 1.65688
-2.01132 1.75988
-3.66107 1.85339
-4.66162 1.75182
1.66357 -2.33296
1.8004 -2.07668
0.73325 -1.57331
2.75312 -2.27096
-0.65425 -1.60957
-0.49413 -1.34186
-1.3055 -0.87348
0.91537 -1.25335
2.14738 -0.81289
-0.14845 -1.39833
2.95605 -0.65208
0.01224 -1.13443
-1.10058 -1.74751
-1.89578 -1.26208
-1.80454 -0.35312
-3.1372 -1.81051
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-2.78531
-1.92588
-0.36189
-1.48504
-2.54722
5.3796
6.43799
4.51303

-0.83658 0.08339
-4.27768 -1.49632
-3.19917 -2.52086
0.42853 -2.11445
0.32412 -2.297

1.27891 -0.73272
1.41916 -0.55643
2.35556 -0.5631

-2.9731 -4.15204 -0.57719

-3.55102
-3.29605
4.99387
4.57264
5.00623
3.48744
4.92247

-5.02756 -0.31771
-2.92616 0.01403
3.73979 -0.11621
4.78885 -1.15945
4.55651 -2.13551
4.83519 -1.27096
5.77876 -0.85413

4357 4.08394 1.23972

3.26556
4.66776
4.67234
6.51662
7.02632
6.80437
6.87393
5.94158
5.25198
4.57124
4.68446
6.00631
6.85336
6.26828
7.54786
7.44646
6.80704
7.34978
7.53773
6.18579
-4.41974
-3.84008
-3.41889
-4.62785
-3.05091
-5.48425
-5.90759

4.07417 1.18472
3.36263 2.00046
5.0806 1.56095
3.80471 0.0393
3.58066 -0.90134
4.81304 0.34584
3.10862 0.80232
-1.12028 -1.33323
-2.47068 -1.55828
-2.70879 -0.73606
-2.48464 -2.49191
-3.25901 -1.61759
-1.24647 -0.10104
-1.43719 0.80146
-2.07909 -0.24065
-0.34548 0.06472
-0.79624 -2.56339
0.14239 -2.4274
-1.593 -2.72959
-0.70559 -3.45804
-2.75892 1.04041
-2.14149 2.32591
-1.15053 2.13522
-2.03582 3.07785
-2.77609 2.74015
-1.80711 0.46701
-2.21367 -0.45544

-6.2968 -1.67679
-5.05712 -0.82399

1.18883
0.25279
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-5.08629 -4.09045 1.39617
-5.86548 -3.91806 2.14244
-5.55595 -4.551 0.52319
-4.36725 -4.79888 1.81648
-1.59336 -5.60744 -2.18351
-2.56997 -6.72378 -1.79882
-3.59693 -6.47243 -2.07631
-2.29354 -7.64041 -2.32521
-2.54161 -6.9336 -0.72667
-1.65754 -5.42275 -3.70969
-0.92643 -4.69183 -4.06033
-1.44845 -6.37328 -4.20807
-2.65123 -5.08516 -4.01528
-0.1776 -6.0501 -1.78271
0.56608 -5.28307 -2.01255
-0.13679 -6.25292 -0.70951
0.096 -6.9655 -2.3153

3.73057 -4.62394 1.26197
3.57447 -5.48472 1.9161
3.51765 -4.94861 0.23924
4.78326 -4.33994 1.31185
-0.84353 -3.04734 2.36106
-1.43643 -2.7956 1.47794
-0.88693 -4.13093 2.48322
-1.32333 -2.60047 3.23125

ITTOIITITOIIIOIIITOIITITITOOIZIIO

Catalyst 4.13 / 2.46 Enamine proximal s-trans rotated
EE =-2595.3315 a.u.
AGP = -2594.1235 a.u.

-0.15869 4.69576 -0.32542
2.01448 3.96044 -1.19802
0.40426 6.09996 -0.53562
-0.49941 4.46539 1.16822
-1.09908 4.6263 -0.8872

0.10846 2.60718 -1.60505
2.24211 4.54543 -2.52567
2.96976 3.92898 -0.22757
0.66891 6.48198 -2.00004
1.31869 6.2224 0.05672
-0.32967 6.7883 -0.10801
0.37165 4.73931 1.76892
-1.32407 5.13301 1.43454
0.6486 1.42225 -1.9131

-0.88521 2.85699 -1.97419
2.04288 6.05568 -2.5227

OTIOIIITOOOOTOO=ZO
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3.24527 4.28009 -2.85455
1.52875 4.05749 -3.19385
4.15451 4.35041 -0.70659
2.80948 3.57782 0.92377
0.58771 7.56713 -2.0987
-0.11637 6.05239 -2.6338
2.82435 6.51145 -1.90543
2.18112 6.42588 -3.54257
5.20534 4.43368 0.26129
4.93803 5.13863 1.04832
5.40143 3.45598 0.70035
6.07536 4.78672 -0.285

1.95881 0.95001 -1.34067
2.7955 1.24852 -1.98816
2.11753 1.4544 -0.38329
0.71404 3.63068 -0.84842
-0.05857 0.50876 -2.88642
0.34318 0.64695 -3.89862
-1.11798 0.78177 -2.94155
0.05322 -0.97177 -2.5131
-0.44666 -1.09684 -1.53931
2.00816 -0.56786 -1.10069
3.02098 -0.81126 -0.79913
1.36799 -0.81869 -0.25011
1.5278 -1.41577 -2.29786
-0.67335 -1.86751 -3.5037
-1.65977 -1.45678 -3.73776
-0.125 -1.92101 -4.44911
2.37008 -1.13553 -3.56027
2.39668 -0.07233 -3.80433
3.4007 -1.46472 -3.42987
1.97196 -1.67053 -4.42456
-0.80768 -3.24646 -2.88383
-1.56454 -3.20868 -2.09015
-1.16776 -3.97651 -3.61348
0.48829 -3.75849 -2.28131
1.59381 -2.93171 -1.99383
0.52868 -5.13179 -2.02062
2.76415 -3.56531 -1.49203
1.65285 -5.7481 -1.49943
-0.35181 -5.72752 -2.24783
2.76263 -4.94178 -1.26529
3.6707 -5.40316 -0.88645
-0.85754 3.02689 1.42515
-2.11517 2.51631 1.11618
-2.35381 1.13964 1.17516
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-2.90303 3.18433
-0.04574 0.77518
-1.31052 0.28199
-1.50108 -0.78449
-3.68781 0.58642
-4.8553 1.21897
-3.79229 -0.57801
-4.76755 2.11438
-5.03351 -1.12268
-2.88124 -1.04895
1.09568 -0.13672
2.39159 0.20417

0.77943
1.87321
1.53139
1.53193
0.82544
1.2548
0.06377
1.86112
-0.26587
-0.29156
2.17015
1.77093

0.88893
2.57116

-1.39619 2.73672
1.16075 1.29516

1.9176 -2.33203 2.83988

-0.10002
0.14652
1.11128
3.45712
3.19961
4.00893

-6.18243

-7.15071

-6.11574
484778

-1.66579 3.08545
2.15646 1.83593
2.58444 2.06642
-0.68465 1.90286
-1.95464 2.42709
-2.66651 2.50788
-0.4666 0.18544
-0.87746 -0.06086
0.70605 0.94436
-0.25025 1.42248

4.8227 -0.04397 -0.10245

4.61562
4.06027
5.79617
5.22865
5.21122
6.23791
4.54551

-0.98289 -0.62235
0.6856 -0.39027
0.32188 -0.44353
1.08306 2.08972
0.99236 3.17887
1.37463 1.78466
1.88381 1.79645

5.92577 -1.28687
6.8982 -0.91736
5.98543 -1.47282
5.74102 -2.23834
1.60607 -3.72702
2.78242 -4.69187
3.66016 -4.37802
2.49424 -5.68502
3.06087 -4.77573
1.28482 -3.61663
0.43018 -2.95794
1.04288 -4.60285
2.14069 -3.21726

1.75375
1.41966
2.82946
1.24757
3.39183
3.2077
3.77815
3.5612
2.15308
4.89125
5.06376
5.29796
5.44177
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0.39089 -4.31369 2.64968
-0.52035 -3.74508 2.84731
0.56437 -4.32418 1.57029
0.21664 -5.34232 2.97944
-5.08724 -2.39549 -1.11693
-4.4343 -2.10978 -2.4796

-4.98961 -1.33787 -3.01886
-3.40539 -1.76481 -2.36028
-4.41906 -3.01714 -3.09073
-4.31311 -3.51867 -0.4056

-3.26862 -3.24714 -0.23687
-4.76525 -3.74308 0.56396
-4.33133 -4.42783 -1.01315
-6.52041 -2.8786 -1.35852
-7.02929 -3.11199 -0.41973
-7.11081 -2.13357 -1.89772
-6.49682 -3.78824 -1.96323
-7.36692 1.43107 1.45142
-71.34419 1.4685 2.98911
-7.33295 0.45513 3.39863
-6.46668 1.99825 3.36554
-8.23487 1.98099 3.36311
-7.37668 2.86989 0.90749
-8.2671 3.39663 1.26159
-6.4997 3.4307 1.23733

-7.38984 2.86821 -0.18549
-8.66055 0.74111 1.00693
-8.74348 0.70476 -0.08233
-8.72676 -0.27867 1.39447
-0.51689 1.30093 1.39007
4.07271 -2.87887 -1.14347
4.03842 -2.48299 -0.12362
4.88244 -3.60877 -1.18239
4.3362 -2.05833 -1.80649
1.68043 -7.21841 -1.1758

1.56792 -7.37361 -0.09856
0.86987 -7.74898 -1.67696
2.62821 -7.67063 -1.4743
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Catalyst 4.13 / 2.46 Enamine proximal s-cis rotated
EE =-2595.3341 a.u.
AG® = -2594.1252 a.u.

C 1.85626 -3.9267 -1.75557
N 3.40457 -3.49485 0.09953
C 2.91911 -4.91545 -2.23273
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1.65637 -2.8155 -2.81042
0.90983 -4.4749 -1.66686
1.06078 -3.36982 0.49902
3.74836 -4.75256 0.77579
4.32592 -2.54579 -0.23385
3.16227 -6.11064 -1.30024
3.86153 -4.38345 -2.4093
2.58516 -5.27439 -3.20999
0.80483 -1.67186 -2.31988
2.63803 -2.42594 -3.09171
1.21141 -3.27291 -3.7002
0.9096 -2.60462 1.5826

0.27544 -4.08543 0.25627
4.1886 -5.83709 -0.19882
452374 -4.54763 1.51139
2.84709 -5.05676 1.31359
5.54841 -2.89723 0.20722
4.10457 -1.52116 -0.84338
3.51602 -6.95512 -1.89655
2.2116 -6.42291 -0.85105
5.13882 -5.53841 -0.65377
4.37626 -6.75348 0.36822
6.58609 -1.94962 -0.05621
-1.31082 -0.76007 -1.54116
0.68198 0.62819 -1.53328
6.64847 -1.73973 -1.12349
6.40021 -1.02286 0.48578
7.50243 -2.41634 0.29405
-0.68123 0.46044 -1.27505
-1.24061 1.25679 -0.79077
1.7727 -1.45451 2.00238
2.17041 -1.63315 3.01121
2.62529 -1.32322 1.33143
2.12854 -3.36555 -0.42253
-0.32824 -2.72735 2.41773
-0.06493 -2.90933 3.46679
-0.93311 -3.57788 2.09132
0.96726 -0.13902 1.98594
0.73102 0.05671 0.93499
-0.40704 -0.1638 2.72719
-0.2302 -0.16809 4.25847
0.18575 0.7755 4.61694
-1.20151 -0.30505 4.74234
0.42936 -0.97552 4.58903
-1.16031 -1.44317 2.30396
-1.48334 -1.33571 1.26347
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-2.04989 -1.57862 2.91445
1.84013 0.99699 2.49616
2.77104 1.01638 1.92287
2.12086 0.79511 3.53422
1.13311 2.34781 2.36756
1.32006 2.95847 3.25788
1.55583 2.9063 1.52734
-0.36847 2.29243 2.15
-1.15194 1.13829 2.33791
-0.94994 3.50775 1.77605
-2.56014 1.27869 2.20076
-2.31652 3.64944 1.61753
-0.29657 4.36212 1.62361
-3.09495 2.51827 1.84711
-4.17313 2.60957 1.76565
1.40347 -0.44392 -2.06237
2.4642 -0.33678 -2.2502
-0.55832 -1.81731 -2.06565
-1.04668 -2.76455 -2.2774
-2.7515 -0.94882 -1.22782
-3.19517 -2.1378 -0.64466
-3.68043 0.0558 -1.50155
-2.4605 -2.89848 -0.39807
-5.03928 -0.1174 -1.23119
-3.33063 0.97377 -1.96246
1.39864 1.88463 -1.19476
2.53852 1.82791 -0.38411
0.96505 3.11743 -1.68449
2.84479 0.86572 0.01321
1.66383 4.29253 -1.401
0.08609 3.14103 -2.31641
3.24887 2.98376 -0.06546
2.7992 4.19869 -0.59247
3.35578 5.1019 -0.36665
-5.4465 -1.31907 -0.64442
-6.49377 -1.46584 -0.42392
-4.54005 -2.33704 -0.33275
-4.96351 -3.62732 0.37581
-6.48175 -3.72255 0.55721
-6.72722 -4.66675 1.04889
-6.86534 -2.91203 1.18179
-7.00283 -3.69686 -0.40344
-4.30526 -3.65885 1.76625
-3.21614 -3.6182 1.68957
-4.63335 -2.80597 2.36724
-4.57788 -4.57817 2.29236
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-4.49932
-4.94418
-3.41336
-4.80596
-6.02754
-5.91025
-4.91211
-6.1234
-6.62776
-5.69458
-4.66276
-6.35957
-5.82876
-7.47993
-7.78091
-7.6375
-8.13829
447121
4.84543
5.06719
5.73306
4.04386
4.15851

-4.84735 -0.43698
-4.83693 -1.43535
-4.87223 -0.54759
-5.76812 0.06661
0.99526 -1.59792
1.30898 -3.09942
1.6648 -3.36175
0.4187 -3.69669
2.08717 -3.37358
2.25658 -0.78496
2.57939 -0.94426
3.07597 -1.07251
2.06389 0.28254
0.60569 -1.30408
-0.2797 -1.87003
0.40829 -0.24076
1.42879 -1.59166
2.96954 0.85665
1.55076 1.29658
0.90482 0.44331
1.59471 1.93355
1.07579 1.86936
3.80342 2.11141

5.016 3.79679 2.79026

3.93567
3.29521
5.6799
5.49472
6.55426
5.91815
1.26899
-0.08947
-0.37457
-0.05766
-0.86651
2.33929
2.07419
3.3186
2.42159
1.19257
2.14498
0.92639
0.43255
-3.59642
-4.59129
-3.56071

4.84184 1.85548
3.39193 2.64237
3.57847 0.1263

4.6119 -0.1735

3.57097 0.78298
3.00012 -0.77011
5.6453 -2.00348
5.57825 -2.70893
6.5767 -3.04936
492416 -3.58371
5.21204 -2.03297
6.05097 -3.0321

7.00613 -3.49447
6.15964 -2.55964
5.29724 -3.81932
6.72781 -0.91416
6.85861 -0.39756
7.68651 -1.36742
6.48462 -0.1683

0.1949 2.43637
0.64123 2.39895
-0.58453 1.67279
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-3.48862 -0.27739 3.41441
-2.95635 4.96309 1.24741
-3.41162 4.91436 0.25404
-3.74747 5.22133 1.95513
-2.22435 5.77266 1.24366
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Chapter 7. NMR Spectra and HPLC Chromatograms
7.1. NMR Spectra of New Compounds
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Diastereomeric ratios of polyene cyclization products in Chapter 2

Diastereomeric ratios were calculated from the relative integration of aldehyde peaks in the H
NMR obtained in either CDClIz or (CD3).CO. Aldehyde peaks measured in the related cis-
decalin products obtained from the (Z)-polyene cyclization are shown for comparison. Spectra

for cis-decalin products were obtained from Samuel Plamondon.
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Diastereomeric ratios of polyene cyclization product in Chapter 3
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7.2. HPLC Chromatograms

In all cases, HPLC was run on either a Daicel Chiralcel OJ-H or Chiral OD column, flow
rate was 1 mL/min and UV absorbance was observed at 220 nm.

Aldehydes were derivatized to the corresponding a and [ alcohols by reduction with
NaBH4 in MeOH. As the enantiomeric ratio differed between the o and B alcohols in some cases,
the overall enantiomeric ratio was calculated as follows:

Enantiomeric excess = [(area of major HPLC peak of o alcohol x *H NMR ratio of o
aldehyde) + (area of major HPLC peak of B alcohol x *H NMR ratio of B aldehyde)) - (area of
minor HPLC peak of a alcohol *H NMR ratio of a aldehyde) + area of minor HPLC peak of B
alcohol x *H NMR ratio of B aldehyde))]/total peak area

Or

Enantiomeric excess = (area of major HPLC peak of o/ alcohol - area of minor HPLC
peak of o/ alcohol)/total peak area

MeO OMe MeO OMe
catalyst (20 mol%)
| acid (20 mol%)
_—
OHC OHC B

H
2.4 2.5

Chiralcel OJ-H, 94:6 hexanes:'PrOH

N™ “CO,Et
H.Hel

s (3 sfF
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Appendix I. Table of results for the model (E)-polyene cyclization with chiral hydrazide

catalysts
MeO OMe catalyst (20 mol%) OMe
acid (20 mol%) o
solvent g
OHC OHC
H
2.4 2.5
Catalyst Solvent Acid Rea_ctlon Yield % ee
Time
Ph
NN
H o COoE EtOH HCI 48 h 36% -51
3.17 (result from Dr. Samuel
Plamondon)
WPh
El\)\l\co Et
H 2 EtOH HCl 48 h 42% 7
3.21 (result from Dr. Samuel
Plamondon)
\/ 2% o
Q\ HFipDcm | HC 72h ) 16% 19
N" "CO.Et
3.16
w 2% 0
) ! HEIP/DCM HCI 72 h 43% 25
N™ “co,kt
3.38
Wy 2% 0
Q ! HEIP/DCM HCI 41 67% 2
N™ “coqEt
3.46
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2%

0
HEIP/DCM HCl lh 66% 6
3.47
tBu 2% 0
O HEIP/DCM HCl lh 44% 5
N<
O N “CO,Et
tBu
4.4 EtOH HCI 5 days 19% 2
i 2%
o 0
M\ HFIP/DCM HCI 24h 78% 2
CO,Et
R H
R= C EtOH HCI 24h 32% 28
4.5
R = EtOH HCl 8h 41% 53
4.12
EtOH 8h 50% 73
10% 0
H>O/EtOH 28h 56% &
MeNO- 5 days 63% 38
‘Bu 2 HCI
0 0
@ HEIP/DCM 7 days 32% 29
R= 113 B toluene 7days | 70% -29
cyclohexane 5 days 48% -27
EtOH TH>NH 3h 69% 67
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EtOH 6days | 48% 80
MeOH 24h 59% 75
4.13 : TFA
'PrOH 11 days 51% 72
'BuOH 9 days 53% 53
OMe
OMe
: Q EtOH HCI 48 h 57% 56
R = OMe
4.14
R= I EtOH HCI 24h 51% 45
4.15
CF,
5 Q EtOH HCI 24 h 60% 15
R = CF3
4.16
OBu
E_Q EtOH HCI 8h 25% 43
R = OBu
4.17
TBS
%_Q EtOH HCI 8h 57% 66
R= TBS
4.18
Ad
%_Q EtOH HCI 24 h 29% 46
R = Ad
4.19
(@]
R = EX)ome EtOH HC 2ah | 38% 56
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EtOH HCI 24 h 52% 50
4.29
- ‘Bu
O N/N\piv EtOH HCI 30h 30% 66
Bu O H
Bu
4.20
By ’Bu
O N’N‘Boc EtOH HCI 6h 62% 75
Bu O H
Bu
4.21
Bu O 'Bu
tBu\ EtOH HCI 21h 66% 0
O N CO,Et
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