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ABSTRACT OF THE DISSERTATION

Intramolecular Diels—Alder Reactions in Organic Synthesis
By
Nicholas Blandford Luke Sizemore
Doctor of Philosophy in Chemistry
University of California, Irvine, 2014

Professor Scott D. Rychnovsky, Chair

Intramolecular Diels—Alder (IMDA) reactions are an important class of reactions in
synthetic organic chemistry for the rapid construction of polycyclic frameworks. Three classes of
IMDA reactions were investigated synthetically and computationally: 1) all-carbon type 1 IMDA
reactions, 2) N-acylnitroso type 2 IMDA reactions, and 3) cyano-azadiene IMDA reactions. The
first class was implemented in research toward the total synthesis of maoecrystal Z and
isopalhinine A. The second class was studied computationally to understand the origins of regio-
and stereochemistry in these reactions. The third class was investigated in the context of

indolizine and quinolizidine synthesis.
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Chapter 1

Intramolecular Diels—Alder Reactions in Organic Synthesis

Abstract: Intramolecular Diels—Alder (IMDA) reactions are an important class of reactions in
synthetic organic chemistry for the rapid construction of polycyclic frameworks. A brief
overview of three classes of IMDA reactions is described in the context of select total syntheses.
First, approaches to the installation of vicinal quaternary centers are examined for all-carbon type
1 IMDA reactions. Then, the synthesis of bicyclic bridgehead alkene containing molecules is
described by a discussion of the type 2 intramolecular Diels—Alder reaction. Finally, the
stereoelectronic features of hetero-Diels—Alder reactions are discussed in the context of nitrogen-

containing heterocycles.

Introduction

Since the discovery of the [4ms + 2ms] cycloaddition reaction in 1928 by Professors Otto
Diels and Kurt Alder,' the Diels—Alder reaction has proven to be a powerful method for the
construction of complex molecules.>” The general reaction requires the union of a 4 electron-
component (diene 1.1) with a 2m-component (dienophile 1.2) (Scheme 1.1).* When in close
proximity, these components undergo a concerted, thermally allowed, suprafacial cycloaddition
to afford a cyclohexene derivative (1.4).” ' The reactions are typically exothermic and are driven
by the formation of 2 new C-C o bonds (162 kcal/mol) at the expense of 2 C-C & bonds (128
kcal/mol). Frontier molecular orbital (FMO) theory dictates the highest occupied molecular
orbital (HOMO) of the electron-rich diene interacts with the lowest occupied molecular orbital

(LUMO) of the electron-deficient dienophile.*’ Regiochemistry in these normal-demand Diels—



Alder reactions is largely determined by the electronics of the separate components. The
predominant product results from the most nucleophilic atom of the diene reacting with the most
electrophilic atom of the dienophile. The reaction has the capability of setting up to 4 contiguous
stereocenters and the stereochemistry is dictated by the alkene geometry of both components.'
The formation of endo products (endo-1.7) is preferred in the intermolecular DA reaction
(Scheme 1.1B)."" While the intermolecular variant of this reaction remains a useful tool for
synthetic organic chemists,'? an in-depth discussion of its features and applications are outside
the scope of this work.
Scheme 1.1. The canonical intermolecular Diels—Alder reaction and endo/exo selectivity."'

diene dienophile

Co—[ 9[-0

11 1.2 1.3 14

A)

B)
40°C :l? :l?
+ l —_— i/ + 7
@ CO,Me  CH,Cl, H COoMe
H
15

84% CO,Me

1.6 endo:exo = 3:1 endo-1.7 exo-1.7

The intramolecular Diels—Alder (IMDA) reaction tethers the dienophile and diene
fragments together (Scheme 1.2)."* These reactions lead to an increase in molecular complexity
by forming products that contain at least two new rings. Tethering the two fragments offers two
benefits: 1) the overall energy required to bring the reactive fragments together is reduced, and 2)
the geometric constraints of the tether dictate the regio- and stereochemistry of the products. The
placement of the tether on the diene determines the type of cycloaddition (type 1 vs. type 2),
while the introduction of nitrogen atoms on the diene or dienophile allow for the synthesis of

heterocycles (hetero-IMDA).



Scheme 1.2. The canonical intramolecular Diels—Alder reaction.

diene dienophile

Intramolecular Diels—Alder reactions are divided into two types (Scheme 1.3). The type 1
IMDA reaction is the most common and is defined by tether attachment at the terminus (C1
position) of the diene (Scheme 1.3A, 1.8)."* These reactions lead to fused bicyclic products,
which are a common structural motif in terpene natural products. The type 2 IMDA reaction has
the tether attached at the C2 position of the diene and leads to bridged bicyclic products bearing
a bridgehead alkene (Schemel.3B, 1.12)."° These intriguing frameworks are also found in a
number of natural products. Both classes of IMDA reactions have been extensively studied and
general reviews of their application to the total synthesis of natural products have been well
documented.'®'® The examples described below are meant to highlight specific features of the
reaction and the differences between and within the classes covered in this dissertation.

Scheme 1.3. Type 1 and type 2 intramolecular Diels—Alder reactions.
A) type 1 IMDA reaction

=z | —_—
S
1.10

1.8

B) type 2 IMDA reaction

LH—0

1.1 1.12

Hetero-Diels—Alder (HDA) reactions have found extensive utility in the construction of

19,20

oxygen and nitrogen-containing heterocycles. The HDA reactions contain a heteroatom in



either the diene or dienophile fragment. The introduction of a heteroatom has dramatic
consequences on the electronics of the reaction and the stereochemistry of the products.’’
Specifically, a heteroatom situated at the terminus of the diene fragment renders the diene
electron-deficient and cyclization occurs with electron-rich dienophiles.?” This case describes an
inverse demand Diels—Alder reaction wherein the LUMO of the diene reacts with the HOMO of
the dienophile. This reaction has been an effective method for the construction of both
tetrahydropyran and piperidine derivatives.” %

While the general features of Diels—Alder reactions has been thoroughly investigated in
empirical laboratory experiments, the recent advent of computational modeling has offered
unprecedented insight into the factors controlling regioselective and diastereoselective
outcomes.”®>' As a result, accurate energy values for cycloaddition pathways and competing
ionic or radical mechanisms can be determined.’” The placement of substituents on the diene, the
dienophile, and/or the tether can dramatically affect cyclization stereoselectivity.**>* As such, the
computational study of these variables is an active area of research. Developments in this field
have not only allowed practitioners of organic synthesis to test hypothetical constructions in

silico, but have also provided mechanistic information to rationalize experimental outcomes that

fall outside the generally accepted “rules” of Diels—Alder reactions.

Class 1: All-carbon Type 1 Intramolecular Diels—Alder Reactions

Vicinal quaternary centers are a challenging structural motif present in a number of
biologically interesting compounds.”® The steric demand of these congested centers requires a
robust and reliable procedure for their installation. Intramolecular Diels—Alder reactions are one

of the few methods for building these difficult architectures. The power of IMDA reactions to



construct carbocyclic frameworks is best highlighted in the total synthesis of complex natural
products bearing vicinal quaternary centers.

There are three modes of IMDA cyclization that lead to vicinal quaternary centers
(Scheme 1.4). The most prevalent method uses a fully substituted dienophile to install the
quaternary centers adjacent to the bicyclic fusion on the ring that bears the newly formed alkene
(Scheme 1.4 A, 1.14). The second mode of cyclization installs a single quaternary center next to
an existing quaternary center (Scheme 1.4 B). This method sets a vicinal quaternary centers
adjacent to the bicyclic fusion on the ring that results from the tether (1.16). The least exploited
method of vicinal quaternary IMDA cyclization employs a diene and dienophile that have fully
substituted termini to create vicinal quaternary centers at the bicyclic fusion (Scheme 1.4 C,
1.18). This method is the subject of Chapter 3.*

Scheme 1.4. Intramolecular Diels—Alder reactions leading to vicinal quaternary centers.

B) R R
) R
I
Z R
X
1.15 1.16
C)
R
R' E—
Z R R
X

1.17 1.18



Mode A: Synthesis of (+)-Maritimol A

An impressive use of a fully substituted dienophile in an IMDA reaction is seen in
Deslongchamps and co-workers synthesis of maritimol A (Scheme 1.5).>”** Macrocycle 1.20
was treated with methylaluminum dichloride to effect a transannular Diels—Alder reaction in
75% vyield. Resultant tricyclic enol 1.21 underwent Krapcho decarboxylation® to provide
tricyclic ketone 1.22 in 92% yield. Alternatively, promotion of the intramolecular Diels—Alder
reaction by heating in aqueous dimethyl sulfoxide led to cyclization with concomitant
decarboxylation to afford ketone 1.22 directly. Interestingly, both the Lewis acid promoted and
the thermal cyclization reactions proceed with complete stereocontrol to provide the endo
product as a single diastereomer. This example demonstrates how fully substituted dienes can
form quaternary centers and the power of transannular Diels—Alder reactions to construct
polycyclic frameworks from a single macrocycle.*’

Scheme 1.5. Deslongchamps and co-workers synthesis of (—)-maritimol A.>"*®

Me
CHO Me CHO
155 °C _
DMSO:H,0  o%md = —>= 119
86% NC-
1.22
Me
Me
MeAICl,  MeO,C—7 CHO 155 °C
1.19 maritimol A S = -
23 °C HO” M DMSO:H,0
75% NC- 92%

1.21
Mode A: Synthesis of (—)-Columbiasin A

Rychnovsky and Kim utilized a late-stage IMDA reaction to synthesize the diterpene
natural product columbiasin A (Scheme 1.6).*' Similar to the transannular work of
Delongchamps, Rychnovsky and Kim’s synthetic strategy utilizes a fully substituted dienophile
to install the vicinal quaternary centers of columbiasin A. Bicyclic Diels—Alder precursor 1.24

was synthesized in 16 steps from Myer’s pseudoephedrine auxiliary.** Upon heating to 180 °C,



precursor 1.24 underwent an IMDA reaction to afford tetracyclic methyl ether 1.25 in 83% yield.
While E/Z isomerization of the diene was observed under the reaction conditions (£:Z = 3:1),
cyclization of the E-diene was substantially faster. In this case, the stereochemistry of the tether
provided ample control of facial selectivity to give endo cyclization exclusively. Subsequent
methyl ether cleavage of tetracycle 1.25 using aluminum trichloride in the presence of
dimethylaniline proceeded in good yield to provide columbiasin A (1.23). This example
demonstrates utility of IMDA reactions to form vicinal quaternary centers late in a synthetic
sequence.

Scheme 1.6. Rychnovsky and Kim’s synthesis of (—)-columbiasin A.*!

1.23 columbiasin A 1.24

Mode B: Carbon Skeleton Synthesis of (£)-Maoecrystal V

While fully substituted dienophiles are competent cyclization partners, the structure of
the target molecule can preclude their use as an effective strategy in synthesis. Baran and co-
workers utilized an IMDA reaction toward a racemic synthesis of diterpene natural product
maoecrystal V (Scheme 1.7),* where the vicinal quaternary centers are not suitable for direct
installation by mode A. Therefore, Baran’s strategy used an IMDA reaction to install a
quaternary center adjacent to an existing quaternary center (Scheme 1.4B). When acrylate
derivative 1.27 was heated to 165 °C with radical inhibitor butylhydroxytoluene (BHT), diketone
1.28 was obtained in 79% yield. The major product of the reaction is the result of an
electronically disfavored cyclization via an endo transition state. The constraints of the tether

also ensured the regiospecific formation of the desired tetracycle. This example demonstrates the



power of the IMDA reaction to install vicinal quaternary centers despite inherent electronic
preferences.

Scheme 1.7. Baran’s IMDA strategy toward (+)-maoecrystal V.*

AcO Me
165 °C
= S OTBS BHT, 1,2-DCB
e 79%
o 0 Me

1.26 maoecrystal V

Class 2: Type 2 Intramolecular Diels—Alder Reactions
Shea and co-workers pioneered the development of IMDA reactions containing C2

15,18,44 .
51844 11y order to overcome the strain

tethered dienes to synthesize bicyclic bridgehead products.
imparted by the formation of a bridgehead alkene at least one of the following criteria must be
met: 1) the dienophile must be activated (highly electron deficient); 2) Lewis-acid must be
added; or 3) the reaction must be run at high temperatures. In type 2 IMDA reactions,
stereochemical outcomes are dictated by both the nature of the tether and the diene. The
regiochemistry of these cyclizations are largely driven by the length and geometric constraints of
the tether. Diastereochemical outcomes are dictated by substituents on either the tether or the
diene. The stereoselection of the type 2 IMDA reaction is highly substrate dependent and
predicting the stereochemical outcome a priori is challenging.
Synthesis of Welwitindolinone Intermediates

The potential for highly diastereoselective type 2 IMDA reactions is exemplified by Shea
and Cleary’s synthetic strategy toward the welwitindolinone family of natural products (Scheme

1.8).* Efficient construction of the highly substituted cyclohexane core present in this family

poses a great challenge for organic chemists. Shea’s approach employs a type 2 IMDA to install



the cyclohexane ring containing a number of functional groups for further elaboration. The
alkylation of silyl ketene aminal 1.30 with alcohol 1.31 in the presence of zinc diiodide and 2,6-
di-tert-butyl-4-methylpyridine forms furan 1.32, which undergoes a spontaneous exo cyclization
(with respect to the activating esters) with the dienophile fragment. The resultant bridgehead
alkene 1.33 was obtained in 61% yield as a single diastereomer.

Scheme 1.8. Shea’s type 2 IMDA approach to welwitindolinone natural products.*

TIPSO
=
CO,Me o _
MeO,C._ . Me 0°c
_—
Ho M€ Zn,, DTBMP
N—orss 31
N
1.29 welwitindolinone C Me
isothiocyanate 1.30

The synthesis of welwitindolinone intermediate 1.33 demonstrates that type 2 IMDA
reactions can take place with high levels of regio- and diastereoselectivity. However, the factors
governing stereochemical outcomes of N-acylnitroso type 2 IMDA reactions are not well
understood.*® Many recent computational studies of intramolecular Diels—Alder reactions have
been limited to type 1 IMDA reactions. As a result, a computational method for these type 2

IMDA reactions was investigated and is discussed in Chapter 4.*’

Class 3: Intramolecular Aza-Diels—Alder Reactions

Nitrogen containing heterocycles are ubiquitous architectures in natural products and
pharmaceuticals. The intramolecular aza-Diels—Alder reaction is a useful method for
constructing such heterocycles. Retrosynthetically, aza-IMDA reactions can be divided into two

48,49

categories: A) aza-IMDA reactions with nitrogen containing dienophiles (imines) and B) aza-

IMDA reactions with nitrogen containing dienes’™' (Scheme 1.9). Imine aza-Diels—Alder



reactions have been widely used due to their ease of preparation and high reactivity. Imine
dienophiles typically undergo normal electron demand Diels—Alder reactions, whereas aza-
dienes prefer to react in an inverse electron demand manner. In both cases, endo/exo selectivity
is largely dependent on several factors including tether length, substituents, catalysts and reaction
conditions. This selectivity is further obfuscated by the configurational instability of the nitrogen
atom (E/Z imine isomerization and sp’-nitrogen inversion) and typically a convention is assigned
with respect to substituents.

Scheme 1.9. Intramolecular aza-Diels—Alder reaction classes.
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Imine Aza-IMDA Reactions: Synthesis of (—)-Pseudotabersonine

The facility of tethered imine dienophiles to undergo intramolecular aza-Diels—Alder
reactions is exemplified by Grieco and Carroll’s synthesis of pseudotabersonine (Scheme 1.10).”
Under thermal conditions, azanorbornene 1.41 fragmented in a retro-Diels—Alder reaction to
reveal the intermediate imine 1.42. In the presence of boron trifluoride etherate, imine 1.42
underwent an aza-IMDA reaction to afford spirocyclic indolizidine 1.43 in 61% yield. The

product was obtained as a 1.5:1 mixture of diastereomers favoring the endo product with respect
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to the tether. The diasteromeric mixture was of no consequence since both isomers were
converted to a common intermediate en route to pseudotabersonine. Though the imine aza-
IMDA reaction is a common way to synthesize indolizidine ring systems, 1-azadiene IMDA
reactions can also be implemented for such motifs and is discussed in Chapter 5.

Scheme 1.10. Grieco and Carroll’s imine aza-IMDA synthesis of (—)-pseudotabersonine.

N
N 100 °C —
E—— e
AN X—Et BF3Et,0 61%
o o
dr=1.5:1
\

2-Azadiene IMDA Reactions: Synthesis of (—)-Secodaphniphylline

@—NH CO,Et

1.40 pseudotabersonine

Of the limited examples of azadiene IMDA reactions, Heathcock and Stafford’s use in
the synthesis of (—)-secodaphniphylline clearly demonstrates the utility of 2-azadienes as
synthetic intermediates (Scheme 1.11).* The inverse electron demand nature of the 1- and 2-
azadiene cyclization permits the use of normally unreactive (i.e. electron-rich) alkenes. In
Heathcock’s case, condensation of dialdehyde 1.45 with ammonia provided IMDA substrate
1.46, which underwent spontaneous cyclization to iminium 1.47 upon treatment with acetic acid
at 70 °C. The exo cyclization with respect to the tether was dictated by the short tether length and
existing stereochemistry. Iminium 1.47 underwent a subsequent aza-Prins cyclization to form
tetracycle 1.48. Subsequent elaboration provided (—)-secodaphniphylline (1.44). The
effectiveness of 2-azadienes as IMDA substrates is highlighted by the construction of congested
centers without the need for dienophile activation and the ability of the IMDA product to engage

in a subsequent cyclization.
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Scheme 1.11. Heathcock and Stafford’s 2-azadiene IMDA strategy for (—)-secodaphniphylline.>®

. 77% over
aza-Prins | 3 steps

1.44 secodaphniphylline

Conclusions

This introduction is meant to provide a brief overview of the general features of IMDA
reactions and provide sufficient background for the four projects described in the following
chapters. Chapter 2 describes research toward the total synthesis of maoecrystal Z utilizing a
type 1 IMDA reaction to construct the congested core of the diterpene natural product. Chapter 3
describes the synthesis of the isotwistane core of the palhinine family of products by a Morita—
Baylis—Hillman/type 1 IMDA approach. This method installs vicinal quaternary centers in the
cyclization step. Computational studies on the regio- and stereochemistry of the type 2
intramolecular N-acylnitroso Diels—Alder reaction is discussed in Chapter 4. Finally, Chapter 5
presents preliminary results on the scope and diastereoselectivity of aza-IMDA reactions using

cyano-1-azadienes in the synthesis of indolizidine and quinolizidine heterocycles.
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Chapter 2

Studies Toward the Total Synthesis of Maoecrystal Z: An Intramolecular Diels—Alder

Approach

Abstract

Maoecrystal Z is an anticancer diterpene natural product with a unique architecture.
Examination of a synthetic route to the intramolecular Diels—Alder (IMDA) precursor of
maoecrystal Z and computational studies of the proposed IMDA is described herein. Two
approaches featuring a palladium-catalyzed cross-coupling reaction and an enantioselective
Tsuji—Trost allylation were investigated. A total synthesis of maoecrystal Z by Reisman and co-

workers ultimately led to the discontinuation of this research.

Introduction

The total synthesis of biologically active natural products has provided a wealth of
information for the discovery and development of pharmaceutical agents.' Natural products,
obtained in trace quantities from living organisms, often exhibit interesting biological activity via
modulation of cellular processes. However, biological studies of these products are often
hampered by their limited supply. Chemical synthesis not only provides a solution to supply
problems, but also access to useful derivatives. A recent review has shown that between 1981
and 2006, 34 of the 100 New Chemical Entities (NCEs) with an anticancer indication were either
natural products or synthetic derivatives thereof.” This study also concluded that 11 purely
synthetic anticancer NCEs had pharmacophores that are found in natural products. Therefore,

natural products remain a valuable starting point for medicinal chemistry programs.
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One such intriguing biologically active natural product, maoecrystal Z (2.1), was isolated
in 2006 by Xu et al. from Isodon eriocalyx.’ Plants of the Isodon genus have been used in
Chinese folk medicine to treat a variety of ailments including inflammation and cancer.* Many of
the active constituents are diterpenoids of the structurally related ent-kaurane class (Figure 2.1),
however the unprecedented tetracyclic core and densely functionalized structure of 2.1 present a
formidable synthetic challenge. Maoecrystal Z was also shown to be cytotoxic to leukemia,
breast and ovarian tumor cell lines, but the low isolation yield (8 mg, 0.0073%) has prohibited
further investigation of this activity.” This project aimed to synthesize 2.1 in order to provide the
quantities necessary for comprehensive screening against cancer cell lines, as well as to probe
the mechanism of action for the observed cytotoxicity. The construction of a functionalized
carbon core will offer the opportunity to synthesize derivatives of maoecrystal Z in order to

investigate structure activity relationships (SAR).

< H
Me Me

2.1 maoecrystal Z 2.# ent-kaurane
Figure 2.1. Maoecrystal Z and ent-kaurane skeleton.

Retrosynthetic Analysis of Maoecrystal Z

The retrosynthetic analysis for maoecrystal Z is outlined in Scheme 2.1. It was
envisioned that the C6—C8 bond would be forged via an intramolecular aldol reaction of
aldehyde 2.3. The isoprene side chain would be introduced through a conjugate addition onto
enone 2.4, which could be synthetically accessible from an intramolecular Diels—Alder (IMDA)
reaction. This reaction would install the C8—C9 and C13—C14 bonds to afford the skeletal core

with the necessary functionality to synthesize 2.1. The IMDA precursor 2.5 would result from
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acylation and hydroboration-oxidation of homoallylic alcohol 2.6. Alcohol 2.6 would arise
through the anionic [2,3]-sigmatropic rearrangement of allylic ether 2.7. The triene moiety of 2.7
could be constructed by a palladium-catalyzed enolate coupling of vinyl triflate 2.8 and enone
2.9. Both 2.8 and 2.9 are reported compounds that are accessible from inexpensive starting
materials.

Scheme 2.1. Retrosynthetic analysis of maoecrystal Z.
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Molecular Modeling of the IMDA Reaction

Intramolecular Diels—Alder reactions are often employed in the synthesis of complex
natural products because of their ability to rapidly construct six-membered rings with high
selectivities.” When predicting the stereochemical outcomes of IMDAs, it is important to
consider the different transition states available to the starting substrate.” Both the approach of
the dienophile (endo vs. exo) and the orientation of the diene determine the composition of the
products. Density functional theory (DFT) calculations have proven to be a useful tool in

determining the outcome of such reactions in silico.”’ Since the selectivity of the proposed
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IMDA is not obvious, computational modeling was utilized to investigate its viability as a
synthetic strategy.

Our investigation began by selecting a model system (Figure 2.2, 2.10), and performing a
conformational analysis using the MMFF force field in Spartan 08.'"° The conformations with
relative energies less than 5.00 kcal/mol and a distance between C13 and C14 of less than 4.00 A
were selected. The data suggested that there were five distinct conformations that could give rise
to IMDA products. These conformations were then subjected to distance constraints of 2.51 A
for (C8—C9) and 2.07 A for the (C13—C14). A DFT geometry optimization using the most
relevant basis set (B3LYP/6-31+G(d))’ was performed. Transition states were identified and

confirmed with frequency calculations. The results are summarized in Figure 2.2.
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Figure 2.2. Transition state comparison for the IMDA reaction.
As calculated, the desired diene orientation is present in the low energy transition states

(TS-A and TS-B), whereas the higher energy transition states (TS-C, TS-D, and TS-E) have the
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undesired diene orientation. In the low energy regime, the dienophile shows a slight preference
for an exo orientation (TS-B). While transition state B leads to an undesired diastereomer (PDT-
B, Figure 2.3), the stereocenter at C8 is alpha to the lactone and should therefore be
epimerizable. Since enolate formation is required at C8 for the aldol ring closure, both PDT-A
and PDT-B should be useful products (Figure 2.3). These calculations lead us to believe that the

proposed IMDA is a reasonable synthetic strategy.

PDT-A PDT-B PDT-C PDT-D PDT-E
H H H
9 9
Me Me
H
T CHO :>
Me | 8 OAc Me ;l is
MeO

[0} o e0 O o

2.1 PDT-A

Figure 2.3. Comparison of IMDA products and maoecrystal Z.

Results and Discussion
Synthetic Studies of a Cross-Coupling Strategy to IMDA Precursor 2.5

The synthesis began with the preparation of the enol triflate 2.8 as shown in Scheme 2.2.
Sequential deprotonation of methyl acetoacetate (2.11), followed by treatment with 3,3-
dimethylallyl bromide resulted in alkylation of the d-position to furnish p-keto ester 2.12.'"'2
Treatment of (3-keto ester 2.12 with tin(IV) chloride resulted in quantitative conversion to cyclic
B-keto ester 2.13. Deprotonation of 2.13 with sodium hydride, followed by trapping with triflic

anhydride afforded vinyl triflate 2.8 in good yield." Enone 2.9 was easily obtained by a base-

catalyzed elimination of methanol from 4,4-dimethoxy-2-butanone (2.14).14
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Scheme 2.2. Synthesis of coupling partners.
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Efforts toward the palladium-catalyzed enolate coupling of 2.8 and 2.9 followed the
method developed by Huang et al."> The transformation requires the exotic [Pd(s-BusP)Br];
catalyst and provides diminished yield when the enol triflate bears an electron withdrawing
group. Using this method for enolate coupling with our system resulted in a complex mixture
that was spectroscopically inconsistent with desired enone 2.15 (Scheme 2.3). Additional
concerns about the sensitivity of enone 2.15 to the strongly basic conditions led us to abandon
the enolate coupling strategy in favor of the more established Sonogashira reaction with known
alkyne 2.16.'°

Scheme 2.3. Strategies for cross-coupling.
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Under standard copper-mediated Sonogashira coupling conditions,'” the primary product
obtained was not desired dienyne 2.17, but the result of undesired alkyne homocoupling. This
suggested that oxidative addition of palladium into vinyl triflate 2.8 was a slow process. To

increase the rate of oxidative addition, attempts were made to convert the cyclic 3-keto ester 2.13
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to a vinyl bromide. Despite investigating a variety of conditions,'***

a method to carry out this
transformation was not identified. Copper-free Sonogashira conditions developed by Buchwald
and Gelman® were reported to suppress homocoupling of alkynyl partners. Upon subjecting
vinyl triflate 2.8 and alkyne 2.16 to these conditions, conversion to 2.17, was observed by
GC/MS. Unfortunately, 2.17 proved to be unstable to purification conditions, storage and further
synthetic operations as a crude mixture.

Suspecting the high level of conjugation was responsible for the observed instability,
reduced derivatives of vinyl triflate 2.8 were investigated (Scheme 2.4). A DIBAL-H reduction
of ester 2.8 afforded alcohol 2.18, which was subsequently protected to provide silyl ether 2.19.
However, subjecting either alcohol 2.18 or TMS-ether 2.19 to the copper-free Sonogashira
conditions, gave complex mixtures that were inconsistent with product formation. The instability
of reduced derivatives 2.18 and 2.19 to the reaction conditions led us to attempt alkylations of
alcohol 2.18; the rationale being that the resultant ether moiety would provide enhanced stability
and the necessary functionality for the [2,3]-sigmatropic rearrangement. Applying conditions for

726 or thiophenylmethylene ether’” to alcohol 2.18, only

installing either stannylmethylene
resulted in rapid decomposition (Scheme 2.4). NMR analysis, in conjunction with a recent report
by Knochel ez al.,” suggests that the alcohol 2.18 decomposes to the enone 2.25 upon treatment
with base (Figure 2.4). At this point, synthetic efforts on this route were halted due to an inability

to identify substrates that would provide isolable products.
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Scheme 2.4. Synthesis of reduced derivatives.
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Figure 2.4. Precedent® and rationale for enone formation.
An Enantioselective Tsuji—Trost Allylation Approach to Tricycle 2.4
The inability to effectively introduce either a diene precursor or the rearrangement
fragment on the cyclohexane core led us to devise a new strategy to access tricycle 2.4. The
revised route (Scheme 2.6-7) is inspired by Stoltz’s work on enantioselective Tsuji—Trost

#9731 This method requires the use of (S)-+-Bu-PHOX as the phosphine ligand for

allylations.
maximum enantioselectivity. The synthesis of (S)--Bu-PHOX is outlined in Scheme 2.5.
Treatment of ethyl (S5)-2-amino-3,3-dimethylbutyrate 2.26 with NaBH4 and I, afforded the
alcohol 2.27.%* Alcohol 2.27 was subjected to biphasic conditions with 2-bromobenzoyl chloride
and Na,COs to provide amide 2.28. Tosylation of the alcohol moiety of 2.28, followed by
heating, led to the formation of the phenyloxazoline 2.29. Treatment of phenyloxazoline 2.29

with diphenylphosphine in the presence of Cul and N,N’-dimethylethylenediamine afforded (S)-

t-Bu-PHOX (2.30), as described by Stoltz and Behenna. ™

25



Scheme 2.5. Synthesis of (§)-~-Bu-PHOX.
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With ligand 2.30 in hand, the synthesis of fully substituted ketone 2.37 was investigated
(Scheme 2.6). Commercially available pimelic acid (2.31) was esterified with allylic alcohol and
catalytic p-toluenesulfonic acid to afford the diester 2.32. A Dieckmann condensation®~* of
diester 2.32 was achieved by treatment with NaH in the presence of allylic alcohol to afford the
cyclic B-keto ester 2.33. Subjecting cyclic P-keto ester 2.33 to aqueous formaldehyde and
KHCO;j; provided aldol product 2.34 in 76% yield. The alcohol moiety of 2.34 was subsequently
protected as the silyl ether 2.35 using TBDPSCI, imidazole and DMAP. Applying the reported
enantioselective Tsuji—Trost allylation of silyl ether 2.35 with (S5)-+~-Bu-PHOX (2.30) and Pd-
»(dba); afforded the ketone 2.36 proceeded, albeit in variable low yields.30 This reaction
appeared to be extremely sensitive to the presence of oxygen® and all attempts to fully
deoxygenate were unsuccessful in improving the yield. A small-scale permethylation of ketone
2.36 provided the fully substituted ketone 2.37 in low yields, though starting material was

recovered. Attempts to improve the yield and reproducibility of the enantioselective allylation, as

well as identifying optimal conditions for the permethylation, were met with limited success.
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Scheme 2.6. Revised synthetic route to ketone 2.37.
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From the fully-substituted ketone 2.37, the planned synthetic operations to obtain
advanced intermediate 2.4 are outlined in Scheme 2.7. A Corey—Chaykovsky epoxidation®® of
ketone 2.37 would install the C5-C6 bond, and a Lewis acid mediated arrangement to the
aldehyde,”’ followed by reduction and protection of the resultant alcohol would afford the allyl
derivative 2.38. The terminal olefin could be epoxidized and homologated to provide allylic
alcohol 2.39 under Mioskowski conditions.* Tosylation of the free alcohol, followed by base-
promoted elimination, would afford the necessary diene moiety. Next, silyl deprotection of the
primary alcohol followed by acylation would afford the IMDA precursor 2.40. This IMDA
precursor would afford the desired tricycle 2.41, which could be epoxidized, ring opened and

oxidized to afford the enone 2.4.
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Scheme 2.7. Planned synthetic operation to tricycle 2.4.
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Reisman and Co-workers Total Synthesis of (—)-Maoecrystal Z
During the course of these studies, Reisman and co-workers reported the total synthesis
of (=)-maoecrystal Z (Scheme 2.8-10).%° This concise approach features a diastereoselective Ti(-

I1I)-mediated reductive epoxide coupling®**!

to rapidly access spirolactone 2.48. Further
elaboration of spirolactone 2.48 allowed for the Sm(II)-mediated reductive cyclization cascade®
to tetracycle 2.56, which was carried forward to the natural product.

The synthesis of spirolactone 2.48 began with base-mediated cyclization of 4-methyl-3-
penten-2-one (2.42) and dimethyl malonate (2.43) to afford an intermediate diketone, which was
monochlorinated with phosphorus trichloride and reduced with Lindlar’s catalyst” to provide
racemic p-keto ester 2.13 in 92% yield over three steps (Scheme 2.8).** Olefination of ketone
2.13 using methylene triphenylphosphorane in the presence of potassium tert-butoxide, followed
by kinetic resolution afforded 36% yield of carboxylic acid 2.44. A two-step
esterification/reduction sequence provided (-)-y-cyclogeraniol (2.45).* Silyl protection of
alcohol 2.45 was achieved using TBSCl and imidazole to afford silyl ether 2.46.
Diastereoselective epoxidation of 2.46 using m-chloroperoxybenzoic acid in the presence of

sodium bicarbonate led to the formation of epoxide 2.47 in 91% yield. Reductive coupling of

epoxide 2.47 with 2,2 2-trifluoroethyl acrylate was achieved using titanocene dichloride in the
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presence of zinc metal and 2,4,6-collidine to provide spirolactone 2.48 in 74% yield as a single

diastereomer.

Scheme 2.8. Reisman’s synthesis of spirolactone 2.48.%*4
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This strategy for constructing the AB fragment of maoecrystal Z provided several
advantages over our approach. First, the cyclization of enone 2.42 and diester 2.43 installed the
geminal methyl groups in a single step and eliminated the issues associated with their sequential
installation. This cyclization also provided the C6 carbon at the ester oxidation state, which
allowed for an early-stage kinetic resolution to give enantioenriched material. Finally, the
reductive cyclization to spirolactone 2.48, thought to proceed through a radical pathway,
provided the C10 quaternary center required for the synthesis of maoecrystal Z (2.1). Reisman’s
efficient construction of the highly congested AB fragment is remarkable and leaves little room
for improvement.

In order to install the remaining two rings of maoecrystal Z, Reisman’s strategy required
an enolate alkylation of spirolactone 2.48 with the appropriately functionalized electrophile. The

synthesis of electrophile 2.52 is shown in Scheme 2.9. Treatment of pent-4-enoic acid (2.49)

29



with pivaloyl chloride and triethylamine followed by (S,S)-pseudoephedrine led to the formation
of amide 2.50. Stereoselective enolate alkylation using the Myers’ protocol* afforded amide
2.51, which underwent reductive cleavage of the auxiliary and displacement to give iodide 2.52.

Scheme 2.9. Reisman’s synthesis of alkyl iodide 2.52.%
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With spirolactone 2.48 in hand, generation of the enolate using lithium diisopropylamide,
followed by alkylation with iodide 2.52, provided ester 2.53 as an inconsequential mixture of
diastereomers (Scheme 2.10). Formation of the o,f-unsaturated ester 2.54 was achieved by
oxidation of the intermediate organoselenide. Removal of the silyl protecting groups using
fluorosilicic acid, followed by subsequent oxidation to dialdehyde 2.55, proceeded in 86% yield
over two steps. Upon treatment with samarium diiodide in the presence of lithium bromide,
dialdehyde 2.55 is believed to undergo ketyl radical formation at the more accessible C11
position. Addition of this ketyl radical into the a,3-unsaturated moiety forged the D ring, leaving
a radical alpha to the ester. Subsequent oxidation of the radical to the enolate followed by aldol
addition into the pendant aldehyde, generated the C ring. This Sm"-mediate reductive cyclization
cascade resulted in the formation of 2 new rings, 4 new stereocenters, and afforded tetracycle

2.56 in 45% yield as a single diastereomer.
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Scheme 2.10. Reisman’s total synthesis of (—)-maoecrystal Z.*
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With the tetracyclic skeleton in place, Reisman and co-workers needed only minor
functional group interconversions of 2.56 to access maoecrystal Z. Diol 2.56 was peracetylated
by treatment with acetic anhydride and TMSOTT to provide alkene 2.57. Ozonolysis of alkene
2.57 and alkenylation of the resultant aldehyde with Eshenmoser’s salt*’ led to enal 2.58. Base
mediated monohydrolysis of enal 2.58 proceeded in 38% yield of (—)-maoecrystal Z (2.1). The
remarkably concise nature of this reported synthesis (19 steps from 4-methyl-3-penten-2-one, 12
steps from known (—)-y-cyclogeraniol®’) demonstrates the utility of single-electron reaction
pathways in constructing highly congested molecular architectures. As a result of this work, the
Reisman group has also recently published syntheses of the related terpene natural products (—)-

trichorabdal A and (-)-longikaurin E.***
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Conclusions

Research on the total synthesis of maoecrystal Z has been discontinued. Computational
studies support the IMDA approach to the carbon core of maoecrystal Z as a viable strategy, but
the synthetic challenges associated with constructing the IMDA precursor were unable to be
overcome. The initial cross-coupling approach was thoroughly investigated, however the
inability to identify substrates that would provide isolable intermediates led us to abandon this
strategy. The enantioselective Tsuji—Trost allylation strategy suffered from low yields, problems
with reproducibility and a high number of synthetic operations to access the IMDA precursor
(minimum of 14 steps). In contrast, Reisman and co-workers synthesis of maoecrystal Z is
flexible, concise and efficient.*” This elegant approach, coupled with lack of progress toward the
Diels—Alder precursor, led us to abandon further studies toward the total synthesis of

maoecrystal Z (2.1).

General Experimental Details:

Unless otherwise stated, reactions were carried out using standard procedures for the
rigorous exclusion of air and moisture. This included the use of oven-dried glassware, as well as
carrying reactions out under an atmosphere of Ar. TLC was carried out using Whatman Partisil®
K6F TLC plates coated with a 250 um layer of 60 A silica gel. TLC plates were visualized with
a UV lamp at 254 nm, or by staining with KMnOy4, PMA, or vanillin. Organic solutions were
concentrated using a Buchi rotary evaporator equipped with a water aspirator. Flash column
chromatography was performed using SiliCycle SiliaFlash® P60 silica gel. All reagents were
purchased from Acros, Alfa Aesar, Sigma-Alrich, Strem, TCI, or VWR and used without further

purification unless otherwise noted. Et;N and i-Pr,EtN were freshly distilled over CaH prior to
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use. Solvents, such as DCM, Et,0, THF, MeCN and toluene were purchased as HPLC-grade
and passed though a solvent purification system equipped with activated alumina columns.
Melting points were recorded on an Electrothermal® melting point apparatus. Infrared spectra
were recorded on a MIDAC Prospect FT-IR spectrometer. GC/MS was carried out using a
Finnigan Trace MS equipped for electron ionization. Nuclear magnetic resonance (NMR)
spectroscopy was performed using a Bruker Advance 500 spectrometer. Chemical shifts in 'H
NMR spectra are referenced from residual CHCIl; (8 = 7.26) and reported in parts per million
(ppm) with respect to tetramethylsilane. Chemical shifts in ?C NMR spectra are referenced from
CDCI; (6 = 77.07) and reported in ppm with respect to tetramethylsilane. Coupling constants are
reported as J values and are given in Hertz (Hz). High resolution mass spectrometry was

performed by the Mass Spectrometry Laboratory at University of California — Irvine.

Experimental Procedures:

Me (0] (o)

MeWOMe

Methyl 7-methyl-3-o0xooct-6-enoate (2.12). To a suspension of NaH in THF (1.03 g, 43.0
mmol, 100 mL) at 0 °C was added methyl acetoacetate (4.26 mL, 39.3 mmol) over a period of 25
min, during which the reaction mixture became a clear pale yellow. After addition was
complete, the reaction mixture was stirred for 10 min, and n-BuLi was added (2.30 M in
hexanes, 18.9 mL, 41.3 mmol) over 20 min. The resulting clear orange solution was stirred for
10 min, then warmed to 25 °C and treated with 4-bromo-2-methylbut-2-ene (5.0 mL, 43 mmol).
The clear yellow reaction mixture was stirred at 25 °C for an additional 10 min, cooled to 0 °C
and quenched with 3.4 M HCI (28 mL). The mixture was diluted with Et,0O (60 mL) and the

aqueous extracted with of Et,0 (2 x 40 mL). The combined organics were washed with H,O (5
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X 20 mL), dried over MgSOQys, filtered and concentrated in vacuo to a yellow oil (8.1 g). Vacuum

distillation afforded the title compound as a clear oil (4.96 g, 68%): bp 88 °C (1.2 torr). Spectral

data matched those reported in the literature.'>*°

CO,Me

Methyl 2,2-dimethyl-6-oxocyclohexanecarboxylate (2.13). To a solution of 2.12 in DCM
(3.44 g, 18.6 mmol, 40 mL) at 0 °C was added SnCl, (1.0 M in DCM, 20.0 mL, 20.0 mmol, 1.0
M) dropwise over 20 min. The resulting light yellow reaction mixture was allowed to warm to
25 °C and stir for 14 h. The reaction mixture was quenched into ice water (120 mL), diluted
with Et,0 (120 mL) and the aqueous layer extracted with Et;O (2 x 30 mL). The combined
organics were washed with brine (20 mL), dried over MgSQy, filtered and concentrated in vacuo
to give the title compound as a brown oil (3.50 g, quantitative). Spectral data matched those

reported in the literature.”’ Carried on without further purification.

oTf
CO,Me

Methyl 6,6-dimethyl-2-(((trifluoromethyl)sulfonyl)oxy)cyclohex-1-enecarboxylate (2.8). To
a suspension of NaH in Et,O (0.537 g, 22.3 mmol, 25 mL) at 0 °C was added a solution of 2.13
in Et,O (3.50 g, 18.6 mmol, 15 mL) dropwise over 15 min. The reaction mixture was stirred an
additional 10 min, T,0 (3.80 mL, 22.6 mmol) was added dropwise over 15 min, the mixture
was brought to 25 °C and stirred for 18 h. The reaction mixture was then cooled to 0 °C,
quenched slowly with H,O (50 mL), and diluted with Et,O (100 mL). The aqueous portion was

extracted with of Et;O (2 x 100 mL). The combined organics were washed with of brine (20
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mL), dried over MgSOQys, filtered and concentrated in vacuo to a tan oil. Flash chromatography
was performed using 80 g of SiO, (0:100 — 10:90 EtOAc:hexanes) to afford the title compound
as a clear yellow oil (4.18 g, 71%): "H NMR (500 MHz, CDCls) & 3.80 (s, 3H), 2.38 (t, J = 6.5,
2H), 1.86-1.81 (m, 2H), 1.51 (m, 1H), 1.19 (s, 6H); "*C (125 MHz, CDCl3) § 165.8, 147.3, 52.1,
37.2, 35.2, 27.8, 27.3, 18.7; IR (neat) 2957, 1732, 1419, 1254, 903, 606 cm”; HRMS

(ESI/MeOH) m/z calcd for C;H;sF30sSNa (M + Na)+ 339.0490, found 339.0487.

0

Me)v\OMe

(E)-4-Methoxybut-3-en-2-one (2.9). A mixture of 4,4-dimethoxy-2-butanone (9.85 mL, 74.2
mmol) and NaOAc (271 mg, 3.30 mmol) was heated to 130 °C for 5 h. The MeOH was
removed by ambient distillation of the resulting brown mixture. Vacuum distillation afforded the
product as a clear oil (4.69 g, 63%): bp 33 °C (1.6 torr). Spectral data matched those reported in

the literature.'**

H
\\ Z OMe

(E)-1-Methoxybut-1-en-3-yne (2.16). A flask containing liquid ammonia (75 mL) was charged
with sodium metal (0.1 g, 4.3 mmol) and the resulting deep blue solution was treated with
Fe(NO;)3;-H,0 (50 mg, 0.12 mmol). To the silver-brown mixture was added sodium metal (2.50
g, 109 mmol) in ~0.1 g portions over 1 h. 1,4-Dimethoxybut-2-yne (4.95 g, 44.4 mmol) was
then added over a period of 25 min then stirred for 1 h and the ammonia was allowed to
evaporate. Solid NH4CI (3 x 2.5 g) was added, followed by cold saturated aqueous NH4ClI (100
mL) and Et,0 (50 mL). The biphasic mixture was filtered and the aqueous extracted with Et,0O

(5 x 20 mL). The combined organics were then dried over MgSO,4 and filtered. Et;,O was

removed by ambient distillation of the resulting clear tan mixture. Vacuum distillation afforded
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the product as a light yellow oil (1.61 g, 45%): bp 35 °C (37 torr). Spectral data matched those

reported in the literature.'®

CO,Me
(E)-Methyl 2-(4-methoxybut-3-en-1-yn-1-yl)-6,6-dimethylcyclohex-1-enecarboxylate (2.17).
To a vial containing 2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl (3.6 mg, 7.5 pmol),
PdCl,(MeCN), (0.6 mg, 2.5 umol) and Cs,CO; (211 mg, 0.647 mmol), was added 200 puL of
MeCN. The light yellow heterogeneous reaction mixture was treated a solution of 2.8 in MeCN
(71 mg, 0.25 mmol, 200 pL) and stirred at 25 °C for 25 min. The vial was charged with a
solution of 2.16 in MeCN (27 mg, 0.33 mmol, 200 pL) and heated at reflux for 18 h. The
resulting brown reaction mixture was cooled to 25 °C, suspended between Et,O (10 mL) and
H,O (10 mL) and filtered through a plug of Celite®. The aqueous was extracted with Et,O (4 X 5
mL), and the combined organics were dried over MgSQOy, filtered and concentrated in vacuo to a
brown residue (80 mg). Flash chromatography was performed using 8.0 g of SiO, (10:90 — 100:0
DCM:hexanes) to afford the title compound as a clear oil (16 mg, 26%): '"H NMR (500 MHz,
CDCls) 6 6.83 (d, J=12.8, 1H), 4.96 (d, J=12.8, 1H), 3.78 (s, 3H), 3.60 (s, 3H), 2.21 (t, /= 6.4,
2H), 1.70-1.65 (m, 2H), 1.49-1.46 (m, 2H), 1.13 (s, 6H); °C (125 MHz, CDCl3) 6 169.8, 158.5,

144.0, 121.6, 89.3, 86.9, 85.1, 56.7, 51.4,37.9, 33.6, 30.3, 28.2, 18.5.

2-(Hydroxymethyl)-3,3-dimethylcyclohex-1-en-1-yl trifluoromethanesulfonate (2.18). To a

solution of 2.8 in Et,0 (200 mg, 0.632 mmol, 5 mL) at 0 °C was added DIBAL-H (1.0 M in
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hexanes, 3.1 mL, 3.1 mmol,) dropwise over 15 min. The reaction mixture was warmed to 25 °C,
stirred for 4 h and diluted with EtOAc (10 mL). The organics were washed with 1 M HCI (10
mL), and the aqueous extracted with EtOAc (10 mL). The combined organics were washed with
brine (10 mL), dried over MgSQ,, filtered and concentrated in vacuo to a clear oil. Flash
chromatography was performed using 16 g of SiO; (0:100 — 10:90 EtOAc:hexanes) to afford the
title compound as a clear oil (114 mg, 79%): "H NMR (500 MHz, CDCl3) 8 4.22 (d, J = 6.1, 2H),
2.36 (t, J = 6.3, 2H), 1.81-1.77 (m, 2H), 1.68 (t, J = 6.3, 1H), 1.51-1.49 (m, 2H), 1.17 (s, 6H);
C (125 MHz, CDCls) 8 147.0, 136.9, 118.4 (q, J = 318), 56.4, 37.9, 35.5, 28.2, 27.8, 19.0; IR
(neat) 3413, 2962, 1412, 1211, 1146, 899 cm'l; HRMS (ESI/MeOH) m/z calcd for C,oH-

1sF304SNa (M + Na)* 311.0541, found 311.0540.

Me

Me OTf

OTMS

3,3-Dimethyl-2-(((trimethylsilyl)oxy)methyl)cyclohex-1-en-1yl  trifluoromethanesulfonate
(2.19). To a solution of 2.18 in THF (50 mg, 0.17 mmol, 2.0 mL) was added Et;N (29 uL, 0.21
mmol). The resulting clear solution was cooled to 0 °C and Me;SiOTT (38 uL, 0.21 mmol) was
added dropwise over 2 min. The reaction mixture was stirred for 15 min at 0 °C, then warmed to
25 °C for 3 hours. The reaction mixture was diluted with EtOAc (10 mL), washed with saturated
aqueous NH4Cl (5 mL) and brine (5 mL). The organics were dried over MgSQy, filtered and
concentrated in vacuo to a clear oil. Flash chromatography was performed using 4.0 g of SiO,
(1:99 — 5:95 EtOAc:hexanes) to afford the title compound as a clear oil (52.6 mg, 83%): 'H
NMR (500 MHz, CDCls) 6 4.21 (s, 2H), 2.35 (t, /= 6.5, 2H), 1.79-1.77 (m, 2H), 1.68 (t, J= 6.3,

1H), 1.48-1.46 (m, 2H), 1.15 (s, 6H), 0.13 (s, 9H); "°C (125 MHz, CDCls)  146.2, 135.8, 118.4
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(q, J=318), 56.3, 38.3, 35.5, 29.8, 27.9, 18.9, —0.7; IR (neat) 2927, 1415, 1250, 1142, 860, 825
cm™; HRMS (ESI/MeOH) m/z caled for Ci3H,3F304SSiNa (M + Na)* 383.0936, found 383.0948.
HZN\:./\OH
/i\
(8)-2-amino-3,3-dimethylbutan-1-o0l (2.27). To a suspension of NaBH4 in THF (3.46 g, 91.5
mmol, 100 mL) was added (S)-ethyl 2-amino-3,3-dimethylbutanoate (5.00 g, 38.1 mmol). The
resulting white suspension was charged with a solution of I, in THF (9.65 g, 38.0 mmol, 25 mL)
dropwise over 40 minutes at 0 °C. When gas evolution subsided, the reaction mixture was heated
to reflux for 14 hours. The reaction mixture was then cooled to 25 °C and quenched by the
cautious addition of MeOH (50 mL) and the resulting clear solution was stirred 30 minutes at 25
°C, then reduced in vacuo to give a white semi-solid. This semi-solid was then dissolved in 20%
wt. aqueous KOH (75 mL) and stirred 4 hours. The solution was then extracted with DCM (3 X
75 mL) and the organics were dried over Na,SOs, filtered and concentrated in vacuo to give a
yellow oil. Vacuum distillation afforded the title compound as a clear oil (3.31 g, 74%): bp 92 °C
(1.6 torr), which solidified to a white solid on standing at 0 °C. Spectral data matched those

reported in the literature.’**’

t
: ,IL OH
N
Br

(8)-2-bromo-N-(1-hydroxy-3,3-dimethylbutan-2-yl)benzamide (2.28). To a solution of 2.27
in DCM (3.30 g, 28.2 mmol, 100 mL) was added an aqueous solution of Na,CO3 (8.96 g, 84.5
mmol, 75 mL) at 25 °C. To the vigorously stirring bi-phasic mixture was added 2-bromobenzoyl

chloride (4.25 mL, 32.4 mmol) dropwise over 10 minutes. After 36 hours, the layers were
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separated and the aqueous extracted with DCM (2 x 50 mL). The combined organics were
treated with 1M methanolic KOH (15 mL), stirred 15 minutes and neutralized with 3M aqueous
HCI. The organics were washed with H,O (50 mL), and the aqueous was extracted with DCM (2
X 50 mL). The combined organics were dried over Na,SQOy, filtered and concentrated in vacuo to
give a white solid. Flash chromatography was performed using 120 g of SiO, (25:75 — 35:65
acetone:hexanes) to afford the title compound as a white solid (7.68 g, 91%). Spectral data

matched those reported in the literature.”

O\’N>”“é

Br
(5)-2-(2-bromophenyl)-4-(tert-butyl)-4,5-dihydrooxazole (2.29). To a solution of 2.28 (7.66 g,
25.5 mmol) and TsCl (6.66 g, 34.9 mmol) in DCM (200 mL) at 25 °C was added Et;N (18.7 mL,
134 mmol) and the resulting clear beige solution was heated to reflux. After 22 hours, H,O (75
mL) was added and the temperature increased to 75 °C for 2 hours. The aqueous was extracted
with DCM (2 x 25 mL) and the combined organics were dried over Na,SO,, filtered and
concentrated in vacuo to give a semi-solid. Flash chromatography was performed using 120 g of
Si0, (5:95 EtOAc:hexanes) to afford the title compound as a clear oil (6.75 g, 94%). Spectral

data matched those reported in the literature.”

PPh,
(5)-4-(tert-butyl)-2-(2-(diphenylphosphino)phenyl)-4,5-dihydrooxazole/(S)-fBu-PHOX
(2.30). A solution of Cul (169 mg, 0.877 mmol), diphenylphosphine (2.42 mL, 13.9 mmol), N,

N’-dimethylethylenediamine (0.66 mL, 6.13 mmol) in toluene (20 mL) was stirred at 25°C for 20
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minutes. The reaction mixture was then charged with Cs,CO; (8.70 g, 26.7 mmol) and a solution
of 2.29 in toluene (1.95 g, 6.91 mmol, 30 mL). The yellow solution was heated to reflux for 6
hours. The resulting brown-red reaction mixture was filtered through a plug of Celite®, washed
with DCM (2 x 100 mL) and concentrated in vacuo to give a yellow oil. Flash chromatography
was performed using 120 g of Si0; (3:97 — 10:90 Et,O:hexanes) to afford the title compound as

a white solid (1.54 g, 54%). Spectral data matched those reported in the literature.”

\/\OJ\/\/\/U\O/\/

Diallyl heptanedioate (2.32). To a solution of pimelic acid in benzene (20.0 g, 125 mmol, 80
mL) was added allyl alcohol (18.8 mL, 276 mmol) and p-TSA-H,O (250 mg, 1.31 mmol). The
resulting suspension was then heated to reflux with a Dean—Stark apparatus for 20 hours. The
reaction mixture was cooled to 25 °C, concentrated in vacuo and partitioned between Et,O (200
mL) and saturated aqueous NaHCO3 (100 mL). The organics were then washed with H,O (2 x 50
mL), then brine (50 mL), dried over MgSQOy, filtered and concentrated in vacuo to give a yellow
oil. Vacuum distillation afforded the title compound as a clear oil (25.8 g, 86%): bp 141 °C (1.6
torr). '"H NMR (500 MHz, CDCl3) § 5.90 (dddd, J = 17.2, 10.4, 5.7, 5.6, 4H), 5.30 (dd, J = 17.2,
1.6, 2H), 5.22 (dd, J = 10.4, 1.2, 2H), 4.56 (dd, /= 5.8, 1.1, 4H), 2.33 (t, J = 7.6, 4H), 1.65 (p, J
= 7.6, 4H), 1.39-1.32 (m, 2H); "°C (125 MHz, CDCls) & 173.3, 132.3, 118.2, 65.0, 34.0, 28.6,
24.6; IR (neat) 3089, 2943, 2866, 1739, 1651, 1176 cm™'; HRMS (ESI/MeOH) m/z calcd for

C13H2004Na (M + Na)" 263.1259, found 263.1264.
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Allyl 2-oxocyclohexanecarboxylate (2.33). To a suspension of NaH in 2:1 toluene:hexanes
(499 mg, 20.8 mmol, 15 mL) at 0 °C was added allyl alcohol (396 uL, 5.83 mmol) over 5
minutes. To the stirring suspension was added 2.32 (4.95 g, 20.6 mmol) in 1 mL over 50
minutes. The reaction mixture was then heated to 95 °C for 1 hour with addition of toluene (20
mL) to maintain efficient stirring. The reaction mixture was cooled to 25 °C, concentrated in
vacuo, and partitioned between Et;O (100 mL) and 10% wt. aqueous HCI (35 mL). The organics
were washed with H,O (20 mL), brine (20 mL), dried over MgSQy, filtered and concentrated in
vacuo to give a yellow oil. Vacuum distillation afforded the title compound as a clear oil (2.95 g,
79%): bp 91 °C (1.6 torr). Spectral data matched those reported in the literature.*

HO

0\/\
O O

Allyl 1-(hydroxymethyl)-2-oxocyclohexanecarboxylate (2.34). To a solution of 2.33 in THF
(1.55 g, 8.50 mmol, 15.5 mL) at 0 °C was added KHCO; (2.55 g, 25.5 mmol) and aqueous
formaldehyde (37% wt. 4.40 mL, 59.1 mmol) dropwise over 5 minutes. The reaction mixture
was stirred at 0 °C for 30 minutes then warmed to 25 °C for 90 minutes. The reaction mixture
was then partitioned between DCM (100 mL) and H,O (100 mL). The aqueous was extracted
with DCM (4 x 30 mL) and the combined organics dried over MgSOQy, filtered, and concentrated
in vacuo. The resulting residue was diluted in THF (20 mL), treated with 2M HCI (3 drops),

stirred at 25 °C for 1 hour and concentrated in vacuo. Flash chromatography was performed
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using 60 g of Si0; (10:90 — 45:55 EtOAc:hexanes) to afford the title compound as a clear oil

(1.36 g, 76%). Spectral data matched those reported in the literature.™

OTBDPS

0\/\
O O

Allyl 1-(((fert-butyldiphenylsilyl)oxy)methyl)-2-oxocyclohexanecarboxylate (2.35). To a
solution of 2.34 in DMF (1.30 g, 6.13 mmol, 20 mL) was added imidazole (646 mg, 9.49 mmol),
DMAP (1.15 g, 9.41 mmol) and TBDPSCI (1.90 mL, 7.31 mmol) at 0 °C. The resulting oftf-
white suspension was warmed to 25 °C and stirred 20 hours. The reaction mixture was
partitioned between 2:1 DCM:hexanes (150 mL) and H,O (75 mL). The aqueous was extracted
with 2:1 DCM:hexanes (4 X 30 mL), and the combined organics dried over MgSQy,, filtered, and
concentrated in vacuo to give a clear oil. Flash chromatography was performed using 120 g of
Si0, (0:100 — 4:96 EtOAc:hexanes) to afford the title compound as a white solid (1.33 g, 46%)).

Spectral data matched those reported in the literature.*

“—OTBDPS

o

(R)-2-allyl-2-(((tert-butyldiphenylsilyl)oxy)methyl)cyclohexanone (2.36). A flamed-dried, Ar-
flushed flask was charged with Pd,(dba);-CHCI; (7.8 mg, 7.5 wmol), 2.30 (7.3 mg, 19 umol),
evacuated for 15 minutes and back-filled with Ar. The flask was then charged with THF (freeze-
pump-thaw, 20 mL). The resulting purple solution was stirred at 25 °C for 30 minutes. The
resulting orange solution was then charged with a solution of 2.35 in THF (136 mg, 301 umol,
10 mL) and stirred at 25 °C for 18 hours. The reaction mixture was concentrated in vacuo to give

a green-black residue. Flash chromatography was performed using 12 g of SiO; (1:99 —2.5:97.5

42



EtOAc:hexanes) to afford the title compound as a clear oil (36 mg, 30%). Spectral data matched

those reported in the literature.™

Me=—

Me “—OTBDPS
o

(R)-2-allyl-2-(((tert-butyldiphenylsilyl)oxy)methyl)-6,6-dimethylcyclohexanone (2.37). To a
solution of 22 in toluene (36 mg, 89 umol, 500 uL) was added KO7Bu (39.7 mg, 354 umol) and
18-crown-6 (single crystal). The resulting yellow solution was charged with Mel (50 uL, 800
umol) and heated to 70 °C for 3 hours. Additional Mel (50 uL, 800 umol) was added and the
reaction mixture was held at 70 °C for 18 hours. The reaction mixture was partitioned between
Et,0O (1 mL) and H,O (1 mL). The aqueous was extracted with Et;O (4 x 1 mL), and the
combined organics dried over MgSOQ,, filtered, and concentrated in vacuo to give a yellow oil.
Flash chromatography was performed using 3.5 g of SiO; (0:100 — 10:90 EtOAc:hexanes) to
afford the title compound as a clear oil (6 mg, 16%, impurities present): Rr= 0.43 5% EtOAc in
hexanes); '"H NMR (500 MHz, CDCl3) § 7.69—7.58 (m, 4H), 7.44—7.37 (m, 6H), 5.63-5.42 (m,
1H), 5.05-4.97 (m, 2H), 3.85-3.82 (m, 1 H), 3.63-3.61 (m, 0.5H), 3.43-3.39 (m, 0.5H), 2.54—
2.50 (m, 1H), 2.43-2.35 (m, 1H), 2.24-2.20 (m, 1H), 2.06-2.03 (m, 1H), 1.81-1.66 (m, 4H),
1.06-1.01 (m, 15H); MS (ESI/MeOH) m/z caled for C3H»04 (M — Bu — Ph)" 303.4, found

303.3.
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Chapter 3

Studies Toward the Synthesis of Palhinine Lycopodium Alkaloids: A Morita—Baylis—

Hillman/Intramolecular Diels—Alder Approach

Abstract

A synthetic route to the isotwistane core of palhinine lycopodium alkaloids is described.
A Morita—Baylis—Hillman/intramolecular Diels—Alder (IMDA) strategy used in this study sets
the vicinal all-carbon quaternary centers present in this family of natural products in a single
step. The regioselectivity of the IMDA reaction is dictated by the conditions employed for silyl
enol ether formation, with one set of conditions providing the core of cardionine and alternate

conditions generating the desired isotwistane core of isopalhinine A.

Introduction

Isopalhinine A (3.1) is a lycopodium alkaloid recently isolated from the nodding club-
moss Palhinhaea cernua (Figure 3.1)." It contains an unprecendented pentacyclic architecture
and is the most complex member of the palhinine family of natural products. This family is
closely related to the fawcettimine class of lycopodium alkaloids,” however the palhinine
subclass contains a C4-C16 linkage that gives a tricyclo[4.3.1.0°]decane (isotwistane) core.’
The densely functionalized core of the palhinine family of natural products, including the vicinal
quaternary relationship of C4—C12, led us to embark on a total synthesis of 3.1 using a route that

would allow us access to the entire family.
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3.1 isopalhinine A 3.2 fawcettimine

Figure 3.1. Lycopodium natural products isopalhinine A and fawcettimine.

The isotwistane motif is found in a variety of natural products including palhinine and
cardionine (Figure 3.2).”* This unusual architecture has drawn significant interest from synthetic
organic chemists. Several recent synthetic methods have been applied to isotwistane installation,
including Rhodium carbenoid C—H insertion’ and radical cyclization.'” The primary modes for
isotwistane construction are exemplified by the seminal publications of Corey'' and Yamamoto'>
in their syntheses of (+)-9-isocyanopupukeanane (Scheme 3.1, 3.7), an allomone sesquiterpene

used by the nudibranch Phyllidia varicosa as a defensive secretion.'

o HO OCOiPr
HO
3 g\ X
o]
N
N o
Me

3.3 palhinine A (X = OH, Y = H) Me

3.4 palhinine B (X=H,Y=0H,C3=19) 3.6 cardionine
3.5 palhinine C (X=H,Y=0H,C3=R)

Figure 3.2. Representative isotwistane (in red) containing natural products.
Methods of Isotwistane Construction: (£)-9-isocyanopupukeanane
Two distinct modes of isotwistane construction were described in the syntheses of (£)-9-
isocyanopupukeanane by Corey and Yamamoto (Scheme 3.1). Corey’s strategy generated the
tricyclic system through an intermolecular enolate alkylation of bicyclic cis-hydrindane 3.8."
Indeed, treatment of keto tosylate 3.8 with potassium fert-butoxide in anhydrous tert-butanol

facilitated the formation of potassium enolate 3.9. Subsequent alkylation furnished tricyclic
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ketone 3.10, which was further elaborated to the natural product (3.7). This approach capitalizes
on the conformational constraints of the existing bicyclic hydrindane to control regio- and
stereochemistry of cyclization. In contrast, Yamamoto employs an IMDA reaction of
cyclohexanone derivative 3.11 to simultaneously install the [2.2.2]- and cyclopentyl fragments of
the isotwistane (Scheme 3.1 B).”> At 160 °C in benzene, siloxydiene 3.11 underwent
cycloaddition to give intermediate silyl enol ether 3.12. Acid hydrolysis of the silyl enol ether
and pyranyl moieties afforded tricyclic keto alcohol 3.13 in quantitative yield. This strategy
rapidly increases molecular complexity with excellent facial selectivity in the cyclization, which
is dictated by the short tether. Despite the utility of these methods neither strategy was proven

effective for the installation of vicinal quaternary centers.

. . . . . 11 12
Scheme 3.1. Landmark syntheses of isotwistane containing (+)-9-isocyanopupukeanane.
A) Corey and co-workers
K~o N
Me
Me
Kot-Bu TsO —
e — 3 Me _ > 3.7
+BuOH Me H 70-75%
CN / s
Me Y _Me /’——Me
Me B Me/_ Me
3.8 3.9 3.10
" f— Me B) Yamamoto and Sham
e
3.7 isocyanopupukeanane OTMS OTMS /O
Me Me
160 °C
—» 37
PhH Me HOAc:H,0  Me E——
quant.
i OTHP OH
3.12 3.13

Reported Synthetic Approaches to Palhinine A Isotwistane Intermediates
During the course of this research, three approaches to palhinine A were disclosed.'*'°
The first report by She and co-workers utilizes an oxidative dearomatization/intramolecular

Diels—Alder (IMDA) sequence for construction of the [2.2.2]-bicycle, which was subsequently
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elaborated to a functionalized isotwistane (Scheme 3.2 A, 3.16).'* Gaugele and Maier described
an approach to the isotwistane core employing a domino Michael, Arndt—Eistert homologation,
intramolecular aldol sequence (Scheme 3.2 B, 3.20)."° The third and most closely related report
by Fan and co-workers'® is presented in the discussion section (Scheme 3.10) for direct
comparison to our synthetic strategy.

Scheme 3.2. Reported approaches to palhinine A.'*"?

A) She and co-workers

HO 0 OMe
MeO lo) o
OH
MeO MeO,C - ] — OH
. ' .
Me oxid. dearom./IMDA
N M CO,Me Me
1 e, \N o
Ts IN /
Ts Ts
3.14 3.15 3.16
B) Gaugele and Maier
0 (0]
Meozc/\ Arndt—Eistert
intermolecular homologation
domino Michael MeO,C
OTBDPS reaction TBDPSO
3.17 3.18
o (o]
intramolecular
aldol reaction
MeO,C
TBDPSO TBDPSO OH
3.19 3.20

Retrosynthetic Analysis of Palhinine Natural Products
A retrosynthetic analysis is shown in Scheme 3.3. We rationalized that a late-stage

17221 and further

installation of the azanone ring using Fukuyama’s nosyl cyclization strategy
functionalization to the natural products could lead back to differentially functionalized
isotwistane 3.21. Isotwistane 3.21 could arise from an intramolecular Diels—Alder reaction®” that

simultaneously sets the required vicinal quaternary centers.”> This strategy offered synthetic

flexibility to access the entire family by providing three oxygen-bearing carbons at distinct

51



27 could be used to install the dieneophile

oxidation states. A Morita—Baylis—Hillman reaction
fragment of siloxydiene 3.22. Standard enolate manipulations would lead back to aldehyde 3.23,
which could be accessible from cyclohexenone 3.24. It was envisioned that enone 3.24 could be
constructed enantioselectively in a single step from tert-butyl acetoacetate 3.25 and enal 3.26
using an organocatalytic Michael addition/condensation/decarboxylation cascade protocol

developed by Jergensen and co-workers.”

Scheme 3.3. Retrosynthetic analysis of palhinine natural products.

Sio
hemiaminal Fukuyama intramolecular
formatlon/ nosyl Dlels—Alder \
3.1 002 R
ox:dat:on cycl:zat:on reactlon
CO,R
3.3 3.21 3.22
[o] (o]
Morita—Baylis Si alkylation/ Jorgensen Jl\/u\
—HlIIman s:loxydlene organocat t-BuO Me
+ 325
reactlon formatlon M:chael/condens N

3.26

Results and Discussion
Initial Synthetic Approaches to Aldehyde 3.23

Synthetic efforts to access functionalized enone 3.24 were met with limited success
(Scheme 3.4). Treatment of known enal 3.27% with pyrrolidine catalyst 3.28°" in the presence of
tert-butyl acetoacetate led to incomplete conversion to the Michael adduct. Traces of
intermediate p-ketoester 3.29 were observed by TLC (confirmed by MS), but significant
quantities of both starting materials remained. Subsequent heating of the reaction mixture with
p-toluenesulfonic acid resulted in significant decomposition and the desired enone 3.30 was

never observed.
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Scheme 3.4. Attempted synthesis of enone 3.30.

(o} (0}

t-Buo)J\/U\Me o o 0

3.25 1) 3.28 (10 mol%)
+ > t-BuO Me +
\ 2) p-TSA (20 mol%),
AR
PMBO S0 thenA PMBO No PMBO

3.27 3.29 3.30
(traces) (not observed)

Further examination of the Jorgensen method revealed that this cascade sequence is
highly sensitive to the purity of catalyst 3.28.*° Catalyst sensitivity was problematic due to the
extreme lability of the trimethylsilyl moiety. Difficulties in obtaining pure catalyst were
responsible for the low conversion to -ketoester 3.29. In addition, it is known that the aldol
condensation/decarboxylation sequence can be problematic, often requiring extensive screening
of reaction times, Bronsted acids and catalyst loading.”’ Since the setbacks of this protocol
outweighed the utility of the reaction, particularly so early in a synthetic sequence, other methods
to access aldehyde 3.23 were explored.

The malonate Michael reaction of cyclohexenone has proven to be a robust, reliable
method for the introduction of ethoxy substituents beta to the ketone.*** As such, a racemic
malonate Michael sequence to aldehyde 3.23 was investigated (Scheme 3.5). The sequence
began with the potassium tfert-butoxide catalyzed addition of dimethyl malonate to
cyclohexenone 3.31. The resulting ketone 3.32 was then protected as the acetal by treatment with
ethylene glycol in the presence of p-toluenesulfonic acid to afford diester 3.33 quantitatively.
Subsequent removal of a single ester moiety under Krapcho decarboxylation conditions®
provided acetal 3.34. The remaining ester was then reduced to alcohol 3.35 using

diisobutylaluminium hydride.
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Scheme 3.5. Malonate Michael approach to aldehyde 3.23.

o [\
7 OH 0 °
MeOZCvCOZMe HO/\/ LiCI-H,0
—_— —— .
KOtBu (cat.) MeO,C p-TSA (cat.) MeO,C DMSO, 140 °C
0,
77% CO,Me quant. Co,Me 79%
3.31 3.32 3.33
[\ /[~ \ 1)NaH, PMBCI, o
Oy ¢® DIBALH Ouc®  BuN*I(cat) LiTMP
—_— : —_—
CHyCl, 2) H,S0, (cat), MeOH then, TMSCI
Me0,C quant. HO 59% (2 steps) PMBO quant.
3.35 3.36
OTMS (o} OTMS
Diallyl Carbonate TMSCI
> Y
Pd,(dba)3*CHCI; (cat.) LDA
PMBO 63% PMBO quant. PMBO
3.38 3.39

Protection of the resultant alcohol moiety was required for further functionalization of
cyclohexyl ring, as well as to prevent acetal formation upon revealing the masked ketone. As a
result, alcohol 3.35 was protected as the p-methoxybenzyl ether before acid-catalyzed hydrolysis
of the acetal. The desired ketone 3.36 was obtained in 59% yield over 2 steps. Hard enolization
of ketone 3.36 using lithium tetramethylpiperidide (LiTMP), followed by trapping with
trimethylsilyl chloride (TMSCI) resulted in quantitative formation of silyl enol ether 3.37. The
regioselectivity of this transformation is rationalized by a preferential deprotonation on the less
hindered side of ketone 3.36 with the sterically demanding LiTMP base. A Tsuji-modified

3637 of silyl enol ether 3.37 proceeded without complication to provide enone

Saegusa oxidation
3.38. Since a-alkylation of enone 3.38 proved difficult, presumably due to undesired
oligimerization, efforts to install the siloxydiene moiety were undertaken. Dropwise addition of
lithium diisopropylamide to a pre-mixed solution of enone 3.38 and TMSCI resulted in

quantitative formation of siloxydiene 3.39. This in situ quenching protocol was key to preventing

undesired oligimerization.
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With siloxydiene 3.39 in hand, conditions to remove the p-methoxybenzyl protecting
group were examined. The presence of alkenes precluded the use of hydrogenolysis, however
oxidative methods proved unfruitful as well.*® When either ceric ammonium nitrate (CAN)*® or
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)* were employed as the oxidant, significant
decomposition was observed. Examination of '"H NMR spectra of the crude reaction mixtures
suggested that aromatization of the cyclohexyl moiety was responsible for the undesired
products. While a change in protecting group strategy could circumvent this issue, the synthetic
sequence required to access enone 3.38 severely limited the types of protecting groups that could
be employed.

The inflexibility in suitable protecting groups coupled with the high number of functional
group interconversions led us to abandon the malonate Michael approach to aldehyde 3.23, but a
number of key insights were gleaned from this strategy. First, early installation of the a-side
chain is necessary to prevent the oligimerization of enones like 3.38. Introduction of this side
chain is crucial for the installation of the vicinal quaternary centers in isotwistane 3.21 and would
also simplify the regioselectivity of silyl enol ether formation. Second, a more direct method to
install the ethoxy side chain would reduce the number of steps required to access aldehydes like
3.23 and increase the number of viable protecting groups. Finally, this route led to the realization
that late-stage installation of the siloxydiene moiety is required to prevent undesired
aromatization.

Mukaiyama—Michael Approach to Aldehyde 3.47

With the lessons of the initial synthetic studies to aldehyde 3.23 in mind, identification of

a streamlined approach to a suitable aldehyde became a priority. Inspiration for a concise

synthetic strategy came from Trauner and Wilson’s synthesis of (+)-SCH 642305 (Scheme 3.6,
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3.40).*' Their approach to this macrolide natural product employs a Mukaiyama—Michael
reaction’” */allylation sequence to rapidly install the #rans-a,B-substituted cyclohexyl motif.
Enantiopure enone 3.41 underwent facile tert-butyldimethylsily trifluoromethanesulfonate
(TBSOTY) catalyzed conjugate addition with an elaborate silyl ketene acetal, followed by tris-

47 mediated allylation to provide

(dimethylamino)-sulfonium difluorotrimethylsilicate (TASF)
ketone 3.42. This example provided the basis for a revised approach to aldehyde 3.47.

Scheme 3.6. Trauner and Wilson’s synthesis of (+)-SCH 642305."!

?TBS 1) silyl ketene acetal,
TBSOTf (cat.), 81%
Q 2) allyl bromide, o
TASF, 56%

Our Mukaiyama—Michael strategy to aldehyde 3.47 is outlined in Scheme 3.7. Treatment

of cyclohexenone with the silyl ketene acetal of ethyl acetate in the presence TBSOTT resulted in
conjugate addition and silyl transfer to afford silyl enol ether 3.43 in high yield. One advantage
of this approach is that the regioselective generation of silyl enol ether 3.43 provides a natural
point of introduction for the required allyl side chain. This transformation was achieved by the
use of allyl bromide and TASF to afford ketone 3.44.** This tandem vicinal difunctionalization®
simplifies the synthetic sequence to aldehyde 3.47 by differentiating the a and o’ positions of
ketone 3.44. Kinetic deprotonation of ketone 3.44 under hard enolization conditions and trapping
as TES enol ether 3.45 served two roles: first, to mask the ketone functionality and second, to
serve as the handle for oxidation to the enone. Ester 3.45 was converted to alcohol 3.46 by
reduction with DIBAL-H. With alcohol 3.46 in hand, identification of suitable oxidation

conditions to key aldehyde 3.47 began.
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Scheme 3.7. Mukaiyama—Michael approach to Morita—Baylis—Hillman precursor.
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e _DIBALH | XN el oxidation . XX .
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Et0,C 96% HO o%
3.45 3.46 3.47

The optimization of the oxidation of alcohol 3.46 to aldehyde 3.47 is shown in Table 3.1.
While the transformation seemed straightforward, a number of side reactions were encountered,
specifically hydrolysis of the silyl enol ether moiety or isomerization to the thermodynamically
favored, fully substituted silyl enol ether. Chromium-based oxidants, like pyridinium
chlorochromate (PCC),” resulted in rapid decomposition (entry 1). Swern oxidation conditions”'
caused significant silyl deprotection before the oxidation was complete, while the related Parikh—
Doering oxidation®® proved sluggish (entries 2-5). Dess—Martin periodinane™ (DMP) alone
proved to acidic and led to silyl deprotection (entry 6). Acetate and carbonate buffers also proved
ineffective (entries 7 and 8). The addition of triethylamine suppressed the desilylation reaction,
but it also promoted the undesired isomerization (entry 11). By employing aromatic nitrogen
bases the isomerization was minimized, though conversion to product remained low (entries 12-
15). The cleanest reaction profiles were achieved using 2,6-lutidine, though extended reaction
times increased the propensity for the aforementioned side reactions (entries 16-18). Finally,
treatment of alcohol 3.46 with DMP in the presence of a large excess of 2,6-lutidine at 0 °C for
45 minutes provided high yields of the desired aldehyde 3.47, with no side products. This

protocol scaled well to afford 74% yield on gram-scale.
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Table 3.1. Optimization of oxidation to aldehyde 3.47.

OTES OTES
NN conditions,
CH,Cl,
HO
3.46 3.47
Entry  Oxidant (equiv) Base/Additive (equiv) Time (min)  Temp. (°C) Result
1 PCC (1.5) 4A MS 15 -78 Decomposition
2 COCl,:DMSO Et;N (4.0) 60 -78 Incomplete conversion
(1.2:2.0) and silyl deprotection
3 SO;5pyr (4.0) Et;N (5.0) 60 —40 No reaction
4 SO;5pyr (4.0) Et;N (5.0) 60 0 No reaction
5 SO;5pyr (4.0) Et;N (5.0) 60 25 Incomplete conversion
6 DMP (1.5) N/A 20 0 Silyl deprotection
7 DMP (1.5) NaOAc (5.0) 20 0 Silyl deprotection
8 DMP (1.5) NaHCO; (15) 30 0 Silyl deprotection
9 DMP (1.5) Et;N (5.0) 30 -78 No reaction
10 DMP (1.5) Et;N (5.0) 30 —40 No reaction
11 DMP (1.5) Et;N (5.0) 30 0 Silyl isomerization
12 DMP (1.5) Pyridine (5.0) 20 0 No reaction
13 DMP (1.5) Pyridine (5.0) 40 25 Incomplete conversion
14 DMP (1.5) N-methyl imidazole (5.0) 20 0 No Reaction
15 DMP (1.5) N-methyl imidazole (5.0) 40 25 Incomplete conversion
16 DMP (1.5) 2,6-lutidine (5.0) 20 0 Incomplete conversion
17 DMP (1.5) 2,6-lutidine (5.0) 20 0 Incomplete conversion
18 DMP (3.0) 2,6-lutidine (5.0) 180 25 Silyl isomerization,
silyl deprotection,
and desired product
19 DMP (3.0) 2,6-1utidine (15) 45 0 Desired product (74%)

With functionalized aldehyde 3.47 in hand, methods to forge the C4-C5 bond and
elaborate the cyclohexyl ring were investigated (Scheme 3.8). Treatment of aldehyde 3.47 with

methyl acrylate in the presence of catalytic amounts of methanol and quinuclidine provided

excellent yields of allylic alcohol 3.48 as an inconsequential 1:1 mixture of diastereomers.’

Allylic alcohol 3.48 was protected as TBS ether 3.49 to prevent mixed ketal formation upon
hydrolysis of the enol ether moiety. Unfortunately, attempts at direct oxidation of TES enol ether
3.49 proved challenging primarily due to low reactivity. Both the Tsuji-modification of Saegusa—
Ito oxidation,”®” and Nicolaou’s IBX-MPO protocol® primarily led to mixtures containing

mostly recovered starting material with traces of ketone 3.50, suggesting that insertion into the
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O-Si bond is not efficient and the resultant enolate is more easily protonated than oxidized. To
circumvent this issue, TES enol ether 3.49 was selectively hydrolyzed upon treatment with
HF-pyridine to afford ketone 3.50. Soft enolization of ketone 3.50 using TMSOTf and
triethylamine afforded the TMS enol ether 3.51, which could be directly oxidized to desired
enone 3.52 in moderate yields using IBX-MPO.

Scheme 3.8. Synthesis of key enone for intramolecular Diels—Alder reaction.

TESO TESO TESO
/\COZMe __TBSoTt HF-pyr
—_—
/) MeOH (cat.) ) EtsN ) o THF
Il quinuclidine (cat.) CO,Me 93% 2\ie 82%
77% OH OTBS
3.47 ° 3.48 3.49
) TMSO )
. __Tmsoti then, IBX-MPO
_then, IBX-MPO _
T EN DMSO
) 8 ) Z
CO.Me CO:Me | 519 over 2 steps CO,Me
oTBS OTBS (60% brsm) oTBS
3.50 3.51 3.52

Initial attempts to perform the intramolecular Diels—Alder reaction of enone 3.52 using
the soft enolization conditions (conditions A: TMSOTT, Et;N), followed by heating in o-
dichlorobenzene (DCB) led to a mixture of regioisomers (Scheme 3.9). In this case, the major
products were the isotwistanes arising from y-deprotonation of enone (linear-conjugated
siloxydiene 3.53), as opposed to a-deprotonation (cross-conjugated siloxydiene 3.54). The
product distribution is believed to be the result of modest regioselectivity of siloxydiene
formation, based on NMR spectroscopic analysis, rather than a reversible 1,5-hydride shift
occuring during the IMDA reaction.

The major products of this IMDA reaction were isotwistanes 3.55a and 3.55b. While
these products are not useful for the synthesis of palhinine lycopodiums, they contain the core of

delphinium alkaloid cardionine 3.6." Interestingly, the mismatched electronic activation of the
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diene and dienophile did not derail the cyclization; decalin products resulting from Michael
addition of the silyl enol ether moiety into the acrylate fragment were not observed.

Scheme 3.9. Regioselectivity in the intramolecular Diels—Alder reaction.
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Using conditions previously described for cross-conjugated siloxydiene formation,'®
selective formation of the desired Diels—Alder precursor 3.54 was anticipated. Treatment with
TMSCI and Et;N in DMF at 90 °C (conditions B) unexpectedly led to the IMDA products
directly. These conditions afforded diastereomeric isotwistanes 3.56a and 3.56b in 79% yield as
the only isolated products. This surprising result suggests that despite mismatched electronics
and a demanding steric environment, this IMDA reaction is particularly facile. Computational
studies to better understand the energetics of both cyclizations are currently underway.

Fan and Co-worker’s Approach to Isotwistane Intermediates 3.64a and 3.64b

During the course of this research, a dramatically similar approach to the isotwistane core

of palhinine A was disclosed by Fan and co-workers (Scheme 3.10).'® Known enone 3.57°°

57,58
738 1o

(available in 4 steps from cyclohexanone), was subjected to Sakurai allylation conditions
afford a diastereomeric mixture of ketone 3.58 (dr = 1:1). The alkene moiety of 3.58 was

dihydroxylated using potassium osmate in the presence of N-methylmorpholine N-oxide.

Oxidative cleavage of the resultant diol with sodium periodate led to aldehyde 3.59, which

60



underwent Nozaki-Hiyama—Kishi alkenylation™ '

to provide keto alcohol 3.61. This reaction
showed no selectivity resulting in a mixture of four diastereomers (dr = 1:1:1:1). Silylation of
alcohol 3.61 afforded ketone 3.62 and a two-step oxidation of ketone 3.62 to enone 3.63
proceeded uneventfully. The conditions used to generate the silyoxydiene IMDA precursor, the
disclosure of which coincided with our unselective siloxydiene formation protocol, proceeded
quantitatively and upon heating to 180 °C in p-xylene afforded a 1:1 diastereomeric mixture of

1sotwistanes 3.64a and 3.64b.

Scheme 3.10. Fan and co-worker’s strategy toward palhinine A.'
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Conclusions and Future Directions

In summary, a synthetic route to differentially functionalized isotwistanes 3.56a and
3.56b has been developed (10 steps, 12% overall yield from cyclohexenone). The key feature of
this approach is the use of a Mukaiyama—Michael/allylation sequence to rapidly access aldehyde
3.47, which efficiently undergoes a Morita—Baylis—Hillman reaction to install the dienophile

fragment. The regiochemical outcome of the IMDA reaction depends on the conditions
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employed for silyl enol ether formation and the desired isotwistanes 3.56a and 3.56b were
accessed under surprisingly mild conditions.

There are remarkable similarities between the developed route and Fan et al.’s approach.
Both syntheses utilize a highly functionalized aldehyde to forge the C4—C5 bond and install the
dienophile fragment. The IMDA reactions used to install the vicinal quaternary centers of the
palhinine family differ only in the oxidation state of the dienophile (ester vs. silyl ether). While
the developed route offers easier analysis of the intermediates due to a reduction in the number
of diastereomers, Fan’s strategy provides additional functionalization at the bridgehead side
chain. Given the closely related nature of isotwistane intermediates 3.56 and 3.64, and the
covergence of synthetic sequences needed to access palhinine A and isopalhinine A, studies

toward the completion of this family was halted.

General Experimental Details:

Unless otherwise stated, reactions were carried out using standard procedures for the
rigorous exclusion of air and moisture. This included the use of oven-dried glassware, as well as
carrying reactions out under an atmosphere of Ar. When specified, glassware was washed with
0.5 M ethanolic HCI, then 0.5 M ethanolic KOH and oven-dried for a minimum of 4 h prior to
use. Thin layer chromatography (TLC) was carried out using glass plates coated with a 250 um
layer of 60 A silica gel. TLC plates were visualized with a UV lamp at 254 nm, or by staining
with KMnOy4, PMA, or vanillin. Organic solutions were concentrated using a rotary evaporator
equipped with a water aspirator. Flash column chromatography was performed using 40-63 um
silica gel. Silica gel was deactivated by preparation of a slurry (1:99 Et;N:hexanes) prior to

chromatography. All reagents were purchased from Acros, Alfa Aesar, Sigma-Alrich, Strem,
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TCI, or VWR and used without further purification unless otherwise noted. Et;N and i-Pr,EtN
were freshly distilled over CaH; prior to use. Solvents, such as CH,Cl,, Et,0, THF, MeCN and
toluene were purchased as HPLC-grade and passed though a solvent purification system
equipped with activated alumina columns. Infrared spectra were recorded on a FT-IR
spectrometer. Nuclear magnetic resonance (NMR) spectroscopy was performed using a 500
MHz spectrometer. Chemical shifts in '"H NMR spectra are referenced from residual CHCl; or C-
¢DsH (8 = 7.26 or 7.16, respectively) and reported in parts per million (ppm) with respect to
tetramethylsilane. Chemical shifts in BC NMR spectra are referenced from CDCIl; or C¢Dg (8 =
77.07 or 128.06, respectively) and reported in ppm with respect to tetramethylsilane. Coupling
constants are reported as J values and are given in Hertz (Hz). High resolution mass
spectrometry (ESI-MS) was performed by the Mass Spectrometry Laboratory at University of

California — Irvine.

Experimental Procedures:

(o)

MeO,C

CO,Me
Dimethyl 2-(3-oxocyclohexyl)malonate (3.32). To a solution of cyclohexenenone (2.92 mL,
30.0 mmol, 1.00 equiv) in THF (20 mL) at 0 °C was added dimethyl malonate (3.81 mL, 33.0
mmol, 1.10 equiv) over a period of 5 min. The resulting yellow solution was treated with KO¢-
Bu (330 mg, 3.00 mmol, 0.10 equiv), stirred for 5 min, then warmed to 25 °C. After 2 h, TLC
showed consumption of starting material. The yellow heterogeneous reaction mixture was

quenched with H,O (5.0 mL) and partitioned between EtOAc (50 mL) and H,O (200 mL). The
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aqueous portion was extracted with EtOAc (4 x 20 mL) and the combined organics were dried
over MgSQy, filtered and concentrated in vacuo to give a yellow oil. Flash chromatography was
performed using 200 g of SiO; (10:90 — 30:70 EtOAc:hexanes) to afford the title compound as a
clear oil (5.30 g, 77%): R¢ = 0.35 (30:70 EtOAc:hexanes). Spectral data matched those reported

in the literature.>*

[\

o 0]
MeO,C
CO,Me

Dimethyl 2-(1,4-dioxaspiro[4.5]decan-7-yl)malonate (3.33). To a solution of diester 3.32
(1.00 g, 4.38 mmol, 1.00 equiv) in benzene (20 mL) was added p-TSA-H,O (42 mg, 0.22 mmol,
0.05 equiv) and ethylene glycol (0.49 mL, 8.76 mmol, 2.00 equiv). The reaction mixture was
heated to 95 °C with a Dean—Stark apparatus. After 2 h, TLC showed consumption of starting
material. The yellow heterogeneous reaction mixture was quenched with NaCHOj; (sat. aq.) (20
mL) and diluted with EtOAc (20 mL). The aqueous portion was extracted with EtOAc (20 mL)
and the combined organics were dried over MgSQOy, filtered and concentrated in vacuo to afford
the title compound as a crude yellow oil (1.21 g, quant.) carried on without further purification:

R¢=0.53 (40:60 EtOAc:hexanes). Spectral data matched those reported in the literature.®

o__o

MeOZC\/é

Methyl 2-(1,4-dioxaspiro[4.5]decan-7-yl)acetate (3.34). To a solution of acetal 3.33 (1.21 g,
4.38 mmol, 1.00 equiv) in DMSO (8.9 mL) was added LiCl (390 mg, 9.20 mmol, 2.10 equiv)

and H,O (90.0 pL, 4.80 mmol, 1.10 equiv). The resulting yellow solution was heated to 140 °C.
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After 18 h, TLC showed consumption of starting material. The yellow heterogeneous reaction
mixture was cooled to 25 °C, quenched with H,O (50 mL) and extracted with EtOAc (2 x 50
mL). The combined organics were washed with 1 M HCI (50 mL), NaHCOs (sat. aq.) (50 mL)
and brine (25 mL), then dried over MgSQ,, filtered and concentrated in vacuo to give a crude
yellow oil (0.95 g). Flash chromatography was performed using 40 g of SiO, (10:90 — 20:80
EtOAc:hexanes) to afford the title compound as a clear oil (0.73 g, 79%): R¢ = 0.49 (20:80

EtOAc:hexanes). Spectral data matched those reported in the literature.*

[\

o__o0

e

2-(1,4-Dioxaspiro[4.5]decan-7-yl)ethanol (3.35). To a solution of monoester 3.34 (700 mg,
3.27 mmol, 1.00 equiv) in CH,Cl, (16 mL) at —78 °C was added DIBAL-H (1.0 M in hexanes,
9.80 mL, 9.80 mmol, 3.00 equiv) dropwise over 10 min. After 1 h at —78 °C, TLC showed
consumption of starting material. The reaction mixture was quenched by addition of NH4Cl (sat.
ag.) (20 mL) and warmed to 0 °C, then 1 M HCI (20 mL) was added. The resulting heterogenous
mixture was extracted with CH,Cl, (4 X 20 mL) and combined organics were vigorously stirred
with 1 M potassium sodium tartrate (100 mL) for 1 h. The organics were dried over Na,;SOy,
filtered and concentrated in vacuo to afford the title compound as a crude clear oil (610 mg,
quant.) carried on without further purification: Ry = 0.17 (40:60 EtOAc:hexanes). Spectral data

matched those reported in the literature.”
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0

3-(2-((4-Methoxybenzyl)oxy)ethyl)cyclohexanone (3.36). To a suspension of NaH (90 mg,
3.75 mmol, 1.20 equiv) in THF (10 mL) at 0 °C was added a solution of alcohol 3.35 (580 mg,
3.11 mmol, 1.00 equiv) over a period of 5 min. After addition was complete, the reaction
mixture was charged with tetrabutylammonium iodide (57 mg, 0.16 mmol, 0.05 equiv) and p-
methoxybenzyl chloride (0.50 mL, 3.75 mmol, 1.20 equiv). The resulting white/yellow
suspension was then warmed to 25 °C. After 18 h, TLC showed consumption of starting
material. The reaction mixture was quenched by addition of NH4Cl (sat. aq.) (20 mL) and
extracted with Et;O (2 x 20 mL). The combined organics were dried over MgSQO,, filtered and
concentrated in vacuo to a yellow oil (1.1 g) containing a mixture of PMB acetal and PMB
ketone by 'H NMR. Flash chromatography was performed using 60 g of SiO, (10:90 — 20:80
EtOAc:hexanes). A solution of the isolated acetal (308 mg) in MeOH (20 mL) was treated with
aqueous H,SOy4 (0.8% v/v, 20 mL) for 1 h at 25 °C. The reaction mixture was then partitioned
between NaHCOs (sat. aq.) (25 mL) and Et,O (25 mL). The aqueous was extracted with Et,O (2
X 25 mL) and combined organics dried over MgSQOy, filtered and concentrated in vacuo to give a
crude yellow oil. Flash chromatography was performed using 40 g of SiO, (10:90 — 20:80
EtOAc:hexanes) to afford the title compound as a clear oil (480 mg combined, 59% overall): R¢
=0.29 (20:80 EtOAc:hexanes); '"H NMR (500 MHz, CDCl3)  7.24 (d, J = 8.6 Hz, 2H), 6.87 (d,
J=28.6 Hz, 2H), 4.41 (s, 2H), 3.80 (s, 3H), 3.46 (td, J = 6.5, 2.2 Hz, 2H), 2.43 (dq, J = 12.7, 2.6,
2.2 Hz, 1H), 2.39-2.32 (m, 1H), 2.24 (td, J = 13.4, 6.2 Hz, 1H), 2.07-1.92 (m, 3H), 1.92-1.85
(m, 1H), 1.71-1.62 (m, 2H), 1.62-1.54 (m, 1H), 1.40-1.29 (m, 1H); C NMR (126 MHz,

CDCl) 6 211.8, 159.3, 130.5, 129.4, 113.9, 72.8, 67.4, 55.4, 48.1, 41.6, 36.5, 36.2, 31.4, 25.3.
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OTMS

PMBO
((5-(2-((4-Methoxybenzyl)oxy)ethyl)cyclohex-1-en-1-yl)oxy)trimethylsilane (3.37). To a
solution of 2,2,6,6-tetramethylpiperidine (220 pL, 1.31 mmol, 1.50 equiv) in THF (6.0 mL) at 0
°C was added n-BuLi (2.2 M in hexanes, 550 uL, 1.21 mmol, 1.40 equiv) dropwise over 2 min.
The resulting yellow solution was stirred for 1 h, then cooled to —78 °C. The reaction mixture
was charged with TMSCI (170 pL, 1.21 mmol, 1.40 equiv), followed by dropwise addition of a
solution of ketone 3.36 (228 mg, 0.871 mmol, 1.00 equiv) in THF (6.0 mL) over 5 min. After 2 h
at —78 °C, TLC showed consumption of starting material. The reaction mixture was quenched
with NaHCO; (sat. aq.) (4 mL), warmed to 25 °C and partitioned between Et,O (10 mL) and
NaHCOs (sat. aq.) (10 mL). The aqueous portion was extracted with Et;O (2 X 25 mL) and the
combined organics were dried over Na,SOy, filtered and concentrated in vacuo to afford the title
compound as a crude yellow oil (310 mg, quant.) carried on without further purification: Ry =
0.55 (10:90 EtOAc:hexanes); '"H NMR (500 MHz, CDCls) & 7.26 (d, J = 8.5 Hz, 2H), 6.88 (d, J
= 8.5 Hz, 2H), 4.85 (br s, 1H), 4.43 (s, 2H), 3.80 (s, 3H), 3.49 (t, /= 6.7 Hz, 2H), 2.09-1.99 (m,
2H), 1.87-1.76 (m, 1H), 1.76-1.52 (m, 4H), 1.44-1.37 (m, 1H), 1.19-1.08 (m, 1H), 0.17 (s, 9H);
BC NMR (126 MHz, CDCls) & 159.2, 149.7, 130.8, 129.4, 113.9, 103.9, 72.8, 68.1, 55.4, 36.5,

36.1,31.4,28.7,23.3,0.5.

(0]

PMBO/\/é

5-(2-((4-Methoxybenzyl)oxy)ethyl)cyclohex-2-enone (3.38). A solution of silyl enol ether 3.37

(310 mg, 0.871 mmol, 1.00 equiv) in MeCN (5 mL) was added diallyl carbonate (170 uL, 1.20
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mmol, 1.40 equiv) and Pd,dbas;-CHCI; (61 mg, 0.059 mmol, 0.068 equiv). The reaction mixture
was sparged with Ar for 5 minutes and stirred at 25 °C. After 16 h, TLC showed consumption of
starting material. The resultant green-yellow reaction mixture was quenched with NH4Cl (sat.
aqg.) (10 mL) and diluted with CH,Cl, (20 mL). The aqueous portion was extracted with CH,Cl,
(2 x 10 mL) and the combined organics were dried over MgSQy, filtered and concentrated in
vacuo to afford a crude oil (320 mg). Flash chromatography was performed using 24 g of SiO;
(2:98 — 50:50 EtOAc:hexanes) to afford the title compound as a clear yellow oil (143 mg, 63%):
R = 0.53 (40:60 EtOAc:hexanes); 'H NMR (500 MHz, CDCls) & 7.24 (d, J = 8.6 Hz, 2H), 6.95
(ddd, J=9.9, 5.6, 2.6 Hz, 1H), 6.88 (d, J= 8.5 Hz, 2H), 6.02 (d, J = 10.5 Hz, 1H), 4.42 (s, 2H),
3.81 (s, 3H), 3.49 (td, /= 6.4, 2.2 Hz, 2H), 2.53 (dd, /= 16.0, 3.8 Hz, 1H), 2.44 (dt, /= 18.5, 5.2
Hz, 1H), 2.30 (td, J = 12.3, 6.2 Hz, 1H), 2.14 (dd, J = 16.0, 12.6 Hz, 1H), 2.07 (ddt, J = 18.5,
10.0, 2.2 Hz, 1H), 1.73-1.64 (m, 2H); *C NMR (126 MHz, CDCls) & 199.9, 159.3, 150.0, 130.5,

129.9, 129.4, 114.0, 72.9, 67.2, 55.4, 44.4, 35.6, 32.5, 32.3.

OTMS

PMBO

((3-(2-((4-Methoxybenzyl)oxy)ethyl)cyclohexa-1,5-dien-1-yl)oxy)trimethylsilane (3.39). To a
vial containing a single crystal of 1,10-phenanthroline was added a solution of enone 3.38 (10
mg, 0.038 mmol, 1.00 equiv) in THF (100 uL) and a solution of TMSCI (5.8 mg, 0.054 mmol,
1.40 equiv) in THF (100 pL). The resulting mixture was cooled to —78 °C and a solution of LDA
(0.161 mmol, 4.20 equiv) in THF (300 pL) was added dropwise over 2 minutes. The resulting
brown solution was stirred at —78 °C for 1 h, at which time TLC indicated consumption of
starting material. The reaction mixture was quenched with aqueous phosphate buffer (0.5 mL;

pH = 7), diluted with hexanes (1 mL) and warmed to 25 °C. The reaction mixture was partitioned
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between hexanes (5 mL) and aqueous buffer (5 mL). The aqueous was extracted with hexanes (5
mL). Combined organics were dried over MgSQ,, filtered and concentrated in vacuo to afford
the title compound as a clear yellow oil (14 mg, quant) carried on without further purification: Ry
=0.59 (10:90 EtOAc:hexanes); '"H NMR (500 MHz, CDCl3) & 7.26 (d, J = 8.4 Hz, 2H), 6.87 (d,
J=8.4 Hz, 2H), 5.79 (dt, J = 9.2, 4.3 Hz, 1H), 5.66 (dt, J=9.9, 1.9 Hz, 1H), 4.80 (dd, J = 4.6,
2.1 Hz, 1H), 4.42 (d, J = 2.1 Hz, 2H), 3.80 (s, 3H), 3.47 (td, J = 6.6, 3.4 Hz, 2H), 2.58-2.48 (m,
1H), 2.29-2.20 (m, 1H), 1.98-1.89 (m, 1H), 1.71 (dt, J = 13.5, 6.8 Hz, 1H), 1.62 (dq, J = 13.5,
6.8 Hz, 1H), 0.17 (s, 9H); °C NMR (126 MHz, CDCl3) & 159.2, 148.0, 130.8, 129.4, 128.1,

126.1, 113.9, 107.4, 72.8, 67.9, 55.4, 34.9, 29.9, 29.0, 0.3.

OTBS

Et0,C

Ethyl 2-(3-((tert-butyldimethylsilyl)oxy)cyclohex-2-en-1-yl)acetate (3.43). To a solution of
cyclohexenenone (2.8 mL, 29 mmol, 1.0 equiv) in CH,Cl, (60 mL) at 0 °C was added TBSOTTf
(340 pL, 1.5 mmol, 0.05 equiv) dropwise over a period of 2 min. The reaction mixture was
stirred for 5 min, and a solution of silyl ketene acetal (8.7 g, 43 mmol, 1.5 equiv) in CH,Cl, (20
mL) was added in a steady stream over 2 min. After 15 min, TLC showed consumption of
starting material. The reaction mixture was concentrated in vacuo to a yellow oil. Flash
chromatography was performed using 120 g of SiO, (1:1.5:97.5 Et;N:EtOAc:hexanes) to afford
the title compound as a clear yellow oil (9.1 g, quant.): Ry = 0.38 (5:95 EtOAc:hexanes); 'H
NMR (500 MHz, C¢Dg) 6 4.86 (br s, 1H), 3.96 (q, J = 7.1, 2H), 2.68 (m, 1H), 2.13 (app d, 2H),
1.87 (m, 2H) 1.60 (m, 1H), 1.53 (m, 1H), 1.40 (m, 1H), 1.05 (m, 1H), 1.00 (t, J= 7.1, 3H) 0.96

(s, 9H), 0.10 (s, 6H); °C (126 MHz, C¢Dg)  171.9, 151.9, 107.7, 59.9, 41.8, 32.2, 30.2, 29.0,

69



26.0, 21.6, 18.3, 14.5, -4.2, -4.3.; IR (neat) 2930, 1734, 1663, 1251, 837, 779 cm™; HRMS

(ESI/MeOH) m/z caled for C16Hs105Si (M + H)™ 299.2043, found 299.2044.

(o)

rac-Ethyl 2-((18,25)-2-allyl-3-oxocyclohexyl)acetate (3.44). A solution of 3.43 (4.75 g, 15.9
mmol, 1.0 equiv) and allyl bromide (4.75 mL, 54.2 mmol, 3.4 equiv) in THF (110 mL) was
stirred with 4 A molecular sieves at 25 °C for 1 h, then cooled to —40 °C and treated with a
solution of tris(dimethylamino)sulfonium difluorotrimethylsilicate (4.97 g, 18.0 mmol, 1.1
equiv) in DMF (10 mL) over 10 min. The tan opaque reaction mixture was stirred for 30 min,
then warmed to 25 °C. TLC showed consumption of starting material. The reaction mixture was
filtered and partitioned between Et,O (100 mL) and H,O (100 mL). The aqueous was extracted
with Et,0O (2 x 50 mL) and the combined organics were concentrated in vacuo. The resulting
yellow oil was partitioned between pentane (150 mL) and washed with H,O (2 x 50 mL). The
aqueous was extracted with pentane (50 mL) and the combined organics were dried over MgSOQOy,
filtered and concentrated to a crude yellow oil. Flash chromatography was performed using 120
g of Si0, (5:95 — 20:80 Et,O:pentane) to afford the title compound as a pale yellow oil (2.10 g,
dr = 92:8, 59%); Re= 0.30 (10:90 EtOAc:hexanes); 'H NMR (500 MHz, C¢D) & 5.90 (dddd, J =
17.2, 10.5, 7.6, 6.3 Hz, 1H), 5.01 (dq, J = 17.2, 1.5 Hz, 1H), 4.98 (ddt, J = 10.4, 2.2, 1.2 Hz,
1H), 3.93 (q, J = 7.1 Hz, 2H), 2.40-2.35 (m, 1H), 2.32-2.24 (m, 2H), 2.15 (dtd, J = 13.5, 4.3,
1.4 Hz, 1H), 2.01-1.95 (m, 3H), 1.83-1.76 (m, 1H), 1.66—1.62 (m, 1H), 1.50-1.44 (m, 1H),
1.26-1.12 (m, 2H), 0.95 (t, J = 7.1 Hz, 3H); °C NMR (126 MHz, C¢Ds)  208.9, 171.7, 136.7,

116.4, 60.2, 54.1, 41.2, 39.3, 38.5, 31.5, 30.2, 24.9, 14.3; IR (neat) 2937, 1732, 1714, 1174,
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1155, 1034, 916 cm™'; HRMS (ESI/MeOH) m/z caled for C3H 05 (M + H)* 225.1491, found

225.1493.

OTES
EtO,C

rac-Ethyl 2-((1S,25)-2-allyl-3-((triethylsilyl)oxy)cyclohex-3-en-1-yl)acetate (3.45). To a
solution of triethylsilyl chloride (5.80 mL, 34.8 mmol, 3.8 equiv) in THF (100 mL) was added a
solution of sodium hexamethyldisilazide (1.0 M in THF, 36 mL, 36 mmol) at 25 °C. The
resulting mixture was cooled to —78 °C for 10 min and a solution of 3.44 in THF (2.08 g, 9.27
mmol, 10 mL) was added dropwise over 10 min. The reaction mixture was stirred an additional
50 min at which time TLC showed consumption of starting material. The reaction mixture was
then warmed to 25 °C, quenched with H;O (50 mL) and diluted with pentane (150 mL). The
organic portion was washed with brine (50 mL), dried over MgSQOy, filtered and concentrated in
vacuo to give a crude yellow oil (10 g). Flash chromatography was performed using 120 g of
deactivated SiO; (0:1:99 — 2:1:97 Et,O:Et;N:pentane) to afford the title compound as a clear pale
yellow oil (2.89 g, 92%): Ry = 0.38 (2.5:97.5 EtOAc:hexanes); 'H NMR (500 MHz, C¢Dg) &
5.92 (dddd, J=17.1,10.2, 7.5, 6.5 Hz, 1H), 5.09 (ddd, /= 17.1, 3.7, 1.6 Hz, 1H), 5.06-5.03 (m,
1H), 4.84 (t, J= 3.8 Hz, 1H), 3.95 (dq, /= 7.1, 1.2 Hz, 2H), 2.63-2.57 (m, 1H), 2.41-2.27 (m,
3H), 2.22-2.18 (app q, 1H), 2.04-2.02 (m, 1H), 1.94 (dddd, J = 9.2, 5.5, 3.3, 1.7 Hz, 1H), 1.89
(dtd, J=7.2,5.8, 1.6 Hz, 1H), 1.68-1.62 (m, 1H), 1.32 (dq, /= 18.5, 5.1 Hz, 1H), 0.99 (t,J= 8.0
Hz, 9H), 0.97 (t, J = 7.1 Hz, 3H), 0.67-0.62 (m, 6H); >C NMR (126 MHz, C¢D¢) & 172.4, 151.8,
137.5, 116.3, 102.5, 60.0, 44.1, 38.2, 36.8, 32.9, 23.5, 21.1, 14.4, 7.1, 5.5; IR (neat) 2957, 1734,
1184, 1055, 1031, 1016, 744 cm™'; HRMS (ESI/MeOH) m/z caled for CioH3503Si (M + H)"

339.2355, found 339.2347.
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OTES

HO
rac-2-((18,25)-2-Allyl-3-((triethylsilyl)oxy)cyclohex-3-en-1-yl)ethanol (3.46). To a solution
of 3.45 (2.48 g, 8.39 mmol) in THF (100 mL) at —78 °C was added DIBAL-H (7.50 mL, 42.1
mmol, 5.0 equiv) dropwise over 10 min. The reaction mixture was stirred at —78 °C for an
additional 10 min then warmed to 0 °C for 1 h. TLC showed consumption of starting material.
The reaction mixture was quenched by slow addition of aqueous potassium sodium tartrate (35 g
in 120 mL) and stirred for 2 h. The hazy reaction mixture was extracted with pentane (4 x 100
mL). The combined organic extracts were washed with H,O (50 mL) and brine (50 mL), dried
over MgSQy, filtered and concentrated in vacuo to crude oil (3.5 g). Flash chromatography was
performed using 80 g of deactivated SiO; (4:1:95 — 14:1:85 EtOAc:Et;N:hexanes) to afford the
title compound as a clear oil (2.40 g, 96%): R¢ = 0.30 (15:85 EtOAc:hexanes); 'H NMR (500
MHz, C¢Dg) 0 5.89 (dddd, J=17.1, 10.0, 7.2, 6.9 Hz, 1H), 5.09 (ddd, J=17.1, 2.2, 1.5 Hz, 1H),
5.04 (ddt, J=10.0, 2.2, 1.1 Hz, 1H), 4.88 (t, J = 3.7 Hz, 1H), 3.49-3.42 (m, 2H), 2.63-2.57 (m,
1H), 2.39-2.28 (m, 1H), 2.02-1.92 (m, 2H), 1.92-1.82 (m, 2H), 1.65-1.52 (m, 2H), 1.43 (ddt, J
=14.1,7.8, 6.5 Hz, 1H), 1.24 (dq, J=13.4, 5.5 Hz, 1H), 1.18 (br s, 1H), 1.01 (t, /= 7.8 Hz, 9H),
0.69-0.64 (m, 6H); °C NMR (126 MHz, C¢D¢) & 152.2, 137.9, 116.1, 102.6, 60.9, 44.7, 36.7,
36.3,32.4,23.7, 21.4, 7.1, 5.6; IR (neat) 3350, 2953, 2914, 2876, 1662, 1174, 727 cm™'; HRMS

(ESI/MeOH) m/z caled for C17H330,Si (M + H)™ 297.2250, found 297.2255.
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OTES

rac-2-((18,25)-2-Allyl-3-((triethylsilyl)oxy)cyclohex-3-en-1-yl)acetaldehyde (3.47). To a
solution of 3.46 (1.40 g, 4.72 mmol) and 2,6-lutidine (8.26 mL, 71.3 mmol, 15.1 equiv) in wet
CH,Cl, (100 mL) at 0 °C was added 3 portions of Dess—Martin periodinane (5.88 g, 13.9 mmol,
2.94 equiv) over 10 min. The reaction mixture was stirred at 0 °C for an additional 45 min. TLC
showed consumption of starting material. The reaction mixture was diluted with Et;O (200 mL)
and quenched with a solution of H,O:Na,SO; (sat. aq.):NaHCO; (sat. aq.) (8:1:1; 200 mL). The
resulting heterogeneous mixture was filtered through a pad of Celite and the aqueous portion
extracted with Et;0 (2 x 50 mL). Combined organics were washed with brine (50 mL), dried
over MgSQ,, filtered and concentrated in vacuo to crude yellow semi-solid (8 g). Flash
chromatography was performed using 200 g of deactivated SiO, (1:1:98 — 5:1:94
Et,O:Et;N:pentane) to afford the title compound as a clear oil (1.03 g, 74%): R¢ = 0.59 (10:90
EtOAc:hexanes); 'H NMR (500 MHz, CDCls) 8 9.79-9.74 (m, 1H), 5.79 (dddd, J = 17.6, 10.8,
7.6, 6.6 Hz, 1H), 5.06-5.01 (m, 2H), 4.82 (t, J = 3.8 Hz, 1H), 2.49-2.41 (m, 2H), 2.38-2.30 (m,
2H), 2.19 (dtd, J = 15.5, 8.3, 1.1, 1H), 2.01-1.96 (m, 2H), 1.83-1.78 (m, 1H), 1.70-163 (m, 1H),
1.37-1.31 (m, 1H), 0.97 (t, J = 7.9 Hz, 9H), 0.66 (q, J = 7.9 Hz, 6H); °C NMR (126 MHz,
CDCl) 6 202.8, 151.1, 137.2, 116.5, 102.7, 47.4, 44.0, 36.3, 30.1, 23.3, 20.8, 6.9, 5.2; IR (neat)
2954, 2876, 1726, 1664, 1193, 1178, 744, 729 cm™'; HRMS (ESI/MeOH) m/z caled for C7H-

310,81 (M + H)" 295.2093, found 295.2097.
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TESO

) CO,Me

OH
rac-Methyl 4-((1S,2S5)-2-allyl-3-((triethylsilyl)oxy)cyclohex-3-en-1-yl)-3-hydroxy-2-
methylenebutanoate (3.48). To a microwave vial containing 3.47 (1.03 g, 3.05 mmol) was
added methyl acrylate (370 uL, 3.96 mmol, 1.30 equiv), quinuclidine (96 mg, 0.86 mmol, 0.25
equiv), and MeOH (103 pL, 2.55 mmol, 0.75 equiv). The vial was capped and the reaction
mixture stirred at 25 °C for 40 h. TLC showed consumption of starting material. The crude
reaction mixture was purified by flash column chromatography directly using 120 g of
deactivated SiO; (5:1:94 — 10:1:89 EtOAc:Et;N:hexanes) to afford the title compound as a clear
oil (1.01 g, 77%; ~1:1 mixture of diastereomers): Ry = 0.21 (10:90 EtOAc:hexanes); '"H NMR
(500 MHz, C¢Dg) 6 6.14-6.11 (m, 1H), 6.11-6.08 (m, 1H), 6.00-5.88 (m, 2H), 5.63 (t, J = 1.3
Hz, 1H), 5.57 (t, J = 1.3 Hz, 1H), 5.17-5.13 (m, 1H), 5.13-5.09 (m, 1H), 5.09-5.06 (m, 1H),
5.06-5.03 (m, 1H), 4.92 (t, J=3.7 Hz, 1H), 4.89 (t, ] = 3.8 Hz, 1H), 4.57-4.50 (m, 2H), 3.32 (s,
3H), 3.31 (s, 3H), 2.66 (dddd, J = 14.0, 6.8, 5.2, 3.7 Hz, 2H), 2.37 (ddd, J = 22.8, 15.8, 8.0 Hz,
2H), 2.22-1.81 (m, 11H), 1.80-1.68 (m, 3H), 1.67-1.55 (m, 2H), 1.48-1.40 (m, 1H), 1.36-1.27
(m, 1H), 1.02 (dd, J = 16.7, 8.0 Hz, 18H), 0.73-0.63 (m, 12H); °C NMR (126 MHz, C¢Ds) &
166.79, 166.76, 152.3, 152.1, 144.5, 144.1, 138.0, 137.9, 124.1, 123.7, 116.2, 116.1, 102.8,
102.7, 70.3, 69.4, 51.29, 51.26, 45.4, 44.0, 40.6 (2), 36.8, 36.7, 32.8, 32.5, 24.7, 22.9, 21.4, 21.3,
7.13, 7.12, 5.56, 5.55; IR (neat) 3478, 2953, 1720, 1665, 1439, 1192, 744 cm™'; HRMS

(ESI/MeOH) m/z calcd for C,1H3604SiNa (M + Na)” 403.2281, found 403.2283.
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TESO

) CO,Me

OoTBS
rac-Methyl 4-((1S,25)-2-allyl-3-((triethylsilyl)oxy)cyclohex-3-en-1-yl)-3-((zert-
butyldimethylsilyl)oxy)-2-methylenebutanoate (3.49). To a solution of 3.48 (1.00 g, 2.63
mmol) in CH,ClI, (30 mL) was added Et;N (1.32 mL, 9.47 mmol, 3.60 equiv), the mixture was
cooled to —78 °C and treated with TBSOTT (1.07 mL, 4.65 mmol, 1.78 equiv) dropwise over 2
min. The solution was held at —78 °C for 5 min then slowly warmed to 25 °C over 40 min at
which time TLC analysis showed consumption of starting material. The crude reaction mixture
was diluted in Et,O (100 mL), and quenched with aqueous phosphate buffer (100 mL; pH = 7).
The aqueous portion was extracted with Et,O (3 X 25 mL), combined organics were washed with
brine (50 mL), dried over MgSOQ,, filtered and concentrated in vacuo. Chromatography was
performed using 60 g of deactivated SiO, (2.5:1:96.5 EtOAc:Et;N:hexanes) to afford the title
compound as a clear oil (1.26 g, 97%; ~1:1 mixture of diastereomers): Ry = 0.72 (10:90
EtOAc:hexanes); 'H NMR (500 MHz, C4D¢) & 6.31-6.25 (m, 2H), 6.07—5.89 (m, 4H), 5.16 (td, J
=17.9, 2.0 Hz, 2H), 5.09 (dd, /= 10.1, 1.0 Hz, 2H), 4.98-4.90 (m, 3H), 4.88 (t, /= 3.8 Hz, 1H),
3.39 (s, 3H), 3.36 (s, 3H), 2.71-2.59 (m, 2H), 2.42 (dq, J = 14.3, 7.8 Hz, 2H), 2.35-2.25 (m, 1H),
2.24-2.11 (m, 2H), 2.09-1.77 (m, 9H), 1.68 (ddd, J = 14.0, 6.9, 5.5 Hz, 1H), 1.65-1.58 (m, 1H),
1.54 (td, J=11.2, 5.4 Hz, 1H), 1.35 (dt, J = 11.0, 5.9 Hz, 1H), 1.07-0.94 (m, 36H), 0.74-0.60
(m, 12H), 0.11 (s, 3H), 0.08 (s, 3H), 0.02 (s, 3H), 0.00 (s, 3H); °C NMR (126 MHz, C¢Ds) &
166.5, 166.4, 152.39, 152.35, 145.6, 145.2, 138.1, 137.8, 124.5, 124.1, 116.24, 116.19, 102.8,
102.4, 70.5, 69.1, 51.31, 51.27, 45.9, 45.0, 42.8, 42.7, 37.0, 36.7, 32.9, 32.1, 26.2, 25.4, 22.7,

21.6,21.3,18.4,18.3,7.2,7.2,7.1,5.57,5.55, -4.3, -4.4, -4.7, -4.8.; IR (neat) 2942, 2877, 1720,
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1665, 1192, 1089, 832 cm’'; HRMS (ESI/MeOH) m/z caled for Co7HsoO4SiNa (M + Na)*

517.3145, found 517.3136.

o
/) 1/ ~COo,Me

oTBS
rac-Methyl 4-((1S5,2S5)-2-allyl-3-oxocyclohexyl)-3-((zert-butyldimethylsilyl)oxy)-2-
methylenebutanoate (3.50). To a Nalgene bottle containing a solution of HF-pyr (70 %wt HF,
6.30 g, 315 mmol, 125 equiv) in THF (50 mL) was added Et;N (1.32 mL, 9.47 mmol, 3.60
equiv) at 0 °C, followed by a solution of 3.49 (1.25 g, 2.53 mmol) in THF (50 mL) over 10 min.
The solution was held at 0 °C for 5 min then slowly warmed to 25 °C over 30 min at which time
TLC analysis showed consumption of starting material. The crude reaction mixture was diluted
in Et;0O (100 mL), and quenched by slow addition of NaHCOs (sat. aq.) (250 mL) in small
portions with vigorous stirring. The resulting aqueous was extracted with Et;0O (2 x 50 mL).
Combined organics were washed with NaHCOs (sat. aq.) (50 mL), H,O (50 mL) and brine (50
mL), then dried over MgSQ,, filtered and concentrated in vacuo. Chromatography was
performed using 80 g of deactivated SiO; (2.5:1:96.5 — 5:1:94 EtOAc:Et;N:hexanes) to afford
the title compound as a hazy oil (0.79 g, 82% (88% based on recovered 3.#); ~1:1 mixture of
diastereomers): Ry = 0.40 (10:90 EtOAc:hexanes); 'H NMR (500 MHz, C¢D¢) & 6.26 (s, 2H),
6.03-5.86 (m, 4H), 5.18 (d, / = 17.1 Hz, 1H), 5.11 (d, J = 17.2 Hz, 1H), 5.04 (d, J = 10.3 Hz,
2H), 4.84 (d, J = 8.3 Hz, 2H), 3.39 (s, 3H), 3.38 (s, 3H), 2.57-2.42 (m, 3H), 2.42-2.32 (m, 1H),
2.28-2.14 (m, 2H), 2.10 (td, J = 7.6, 3.9 Hz, 1H), 2.02-1.83 (m, 7H), 1.83—-1.72 (m, 2H), 1.72—
1.64 (m, 1H), 1.58-1.29 (m, 5H), 1.27-1.16 (m, 1H), 1.16—1.05 (m, 1H), 0.95 (s, 9H), 0.93 (s,

9H), 0.04 (s, 3H), -0.02 (s, 6H), -0.06 (s, 3H); >C NMR (126 MHz, C¢Ds) & 209.9, 209.7, 166.4,
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166.3, 145.09, 145.06, 137.1, 136.8, 124.7, 124.3, 116.48, 116.45, 70.1, 68.6, 55.6, 55.4, 51.5,
51.4,43.5,43.1,41.2,40.8,39.3,38.7,32.7,31.7,31.1, 29.2, 26.1, 26.0, 24.82, 24.80, 18.3, 18.2,
-4.41, -4.42, -4.8, -5.0; IR (neat) 2954, 2852, 1712, 1634, 1090, 834, 775 cm'; HRMS

(ESI/MeOH) m/z caled for C21H3604SiNa (M + Na)* 403.2281, found 403.2280.

o
) 1/ ~COo,Me

oTBS
rac-Methyl  4-((15,65)-6-allyl-5-oxocyclohex-3-en-1-yl)-3-((fert-butyldimethylsilyl)oxy)-2-
methylenebutanoate (3.52). To a solution of 3.50 (252 mg, 0.662 mmol, 1.00 equiv) in CH,Cl,
(35 mL) at 0 °C was added Et;N (440 pL, 3.15 mmol, 4.77 equiv), followed by dropwise
addition of TMSOTT (390 pL, 2.15 mmol, 3.25 equiv) over 5 min. TLC analysis after 30 min at
0 °C showed consumption of starting material. The crude reaction mixture was diluted in Et,O
(50 mL), and quenched with aqueous phosphate buffer (50 mL; pH = 7). The resulting aqueous
was extracted with Et;0 (2 x 10 mL). Combined organics were dried over MgSQy, filtered and
concentrated in vacuo to give the crude TMS enol ether as a pale yellow oil (300 mg, quant.: R¢
=0.69 (10:90 EtOAc:hexanes)). To a separate vial containing 2-iodoxybenzoic acid (IBX) (550
mg, 2.65 mmol, 4.00 equiv) and 4-methoxypyridine N-oxide (332 mg, 2.65 mmol, 4.00 equiv)
was added DMSO (4 mL). The heterogeneous mixture was stirred for 30 min until dissolution
occurred. The resultant pale yellow solution was added to a vial containing the crude silyl enol
ether which was capped under an atmosphere of air and stirred vigorously at 25 °C for 16 h at
which time TLC analysis indicated consumption of silyl enol ether. The crude reaction mixture
was partitioned between Et;O (40 mL), and aqueous NaHCOs (5% wt, 40 mL) and filtered

through a pad of Celite. The white precipitate was washed with Et;O (3 x 20 mL) and the
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aqueous extracted with the washings. Combined organics were washed with NaHCOs; (sat. aq.)
(30 mL), H,O (30 mL) and brine (30 mL), then dried over MgSQy, filtered and concentrated in
vacuo to give a crude yellow oil (212 mg). Chromatography performed using 48 g of deactivated
Si0; (2.5:1:96.5 — 7.5:1:91.5 EtOAc:Et;N:hexanes) to afford the title compound as a clear oil
(131 mg, 52% (60% based on recovered 3.#); ~1:1 mixture of diastereomers): Ry = 0.30 (10:90
EtOAc:hexanes); 'H NMR (500 MHz, C¢Ds) 6 6.32—6.20 (m, 3H), 6.20-6.12 (m, 1H), 5.98-5.72
(m, 6H), 5.05 (d, J=17.0 Hz, 2H), 5.00 (d, J = 10.1 Hz, 2H), 4.84-4.73 (m, 2H), 3.40 (s, 3H),
3.36 (s, 3H), 2.55 (dt, J=13.9, 6.9 Hz, 1H), 2.48-2.21 (m, 7H), 2.15 (dd, /= 10.9, 5.6 Hz, 1H),
2.07 (dd, J = 12.3, 6.6 Hz, 1H), 2.00-1.87 (m, 2H), 1.75-1.67 (m, 1H), 1.61 (pd, J = 14.1, 2.9
Hz, 2H), 1.51-1.42 (m, 1H), 0.94 (s, 9H), 0.92 (s, 9H), 0.02 (s, 3H), -0.03 (s, 3H), -0.04 (s, 3H),
-0.06 (s, 3H); °C NMR (126 MHz, C¢Dg) & 199.0, 198.9, 166.2, 166.2, 146.6, 146.4, 1449,
144.6, 136.3, 136.0, 129.4, 129.1, 124.7, 124.4, 117.1, 116.9, 69.6, 68.7, 52.3, 51.5, 51.42, 51.40,
42.7,42.3, 34.1, 33.9, 33.4, 32.7, 30.3, 28.6, 26.1, 26.0, 18.3, 18.2, -4.38, -4.44, -4.8, -5.0; IR
(neat) 2953, 2929, 1718, 1676, 1256, 1090, 837, 776 cm™': HRMS (ESI/MeOH) m/z calcd for C-

»1H3404SiNa (M + Na)" 401.2124, found 401.2121.

Divergent siloxydiene formation/Diels—Alder cyclization protocol: To a vial containing 3.52
(68.5 mg, 181 umol, 1.00 equiv) was added CH,Cl, (7.0 mL) and EtsN (177 pL, 1.27 mmol,
7.00 equiv). The reaction mixture was cooled to 0 °C and TMSOTTf (150 pL, 832 pumol, 4.60
equiv) was added dropwise over 2 min. After 1 h at 0 °C, TLC analysis indicated consumption of
starting material. The crude reaction mixture was diluted with Et,O (50 mL), and quenched with
aqueous phosphate buffer (25 mL; pH = 7) and the aqueous was extracted with Et,O (2 x 25

mL). The combined organics were washed with brine (25 mL), dried over MgSQOy, filtered and
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concentrated in vacuo to give a crude yellow oil (90.0 mg, quant.) consistent with a mixture of
siloxydienes. A solution of siloxydienes in benzene (42.0 mg, 93.0 umol, 1.00 equiv) was
transferred to an acid/base treated microwave vial and benzene was added and removed under
vacuum to dry the sample, to a yellow residue. The vial was then charged with 1,2-
dichlorobenzene (2.0 mL), degassed by sparging with Argon for 10 min, and heated to 180 °C
for 40 h. The brown reaction mixture was chromatographed directly using 12.0 g of SiO, (0:100
— 20:80 EtOAc:hexanes) to afford 3.55a (4.7 mg, 14%), 3.55b (9.0 mg, 26%), 3.56a (4.8 mg,

14%) and 3.56b (4.8 mg, 14%) as clear oils.

Selective siloxydiene formation/Diels—Alder cyclization protocol: To an acid/base treated
microwave vial was added a solution of 3.52 (20.0 mg, 52.8 umol, 1.00 equiv) in benzene (2.00
mL). The solution was dried by azeotropic distillation with benzene and the resulting yellow
residue was dissolved in DMF (1 mL). The clear yellow reaction mixture was charged with Et;N
(45.0 puL, 317 pmol, 6.00 equiv) and TMSCI (40.0 puL, 317 umol, 6.00 equiv). The reaction
mixture was capped and heated to 90 °C for 96 h. The crude brown reaction mixture was diluted
with EtOAc (5 mL), and quenched with aqueous phosphate buffer (5 mL; pH = 7) and the
aqueous was extracted with EtOAc (3 x 5 mL). The combined organics were washed with
NaHCOs (sat. aq.) (5 mL) and brine (5 mL), then dried over MgSQy, filtered and concentrated in
vacuo to give a crude brown oil. Chromatography performed using 8.0 g of deactivated SiO,
(0:1:99 — 20:1:79 EtOAc:Et;N:hexanes) to afford 3.56a (8.6 mg, 43%) and 3.56b (7.1 mg, 36%)

as clear oils.
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HO
CO,Me
otBs
rac-(2R)-Methyl 4-allyl-2-((zert-butyldimethylsilyl)oxy)-5-hydroxy-2,3,3a,4,5,7a-hexahydro-
1H-1,5-methanoindene-1-carboxylate (3.55a). Ry = 0.31 (10:90 EtOAc:hexanes); 'H NMR
(500 MHz, C¢D¢) 6 6.17 (d, J = 8.5 Hz, 1H), 5.84 (dd, J = 8.5, 6.4 Hz, 1H), 5.69 (dddd, J = 16.3,
10.2, 7.7, 5.8 Hz, 1H), 5.02—4.92 (m, 2H), 4.54 (dd, J = 10.1, 4.6 Hz, 1H), 3.36 (s, 3H), 2.84—
2.77 (m, 1H), 2.51-2.44 (m, 1H), 2.32-2.20 (m, 3H), 1.57-1.47 (m, 2H), 1.40 (s, 1H), 1.34 (dd, J
=10.9, 3.3 Hz, 1H), 1.27 (dd, J = 13.7, 4.7 Hz, 1H), 0.96 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3H); °C
NMR (126 MHz, C¢Dg) 6 175.5, 140.2, 137.9, 125.9, 115.9, 77.5, 74.6, 59.3, 57.2, 51.6, 44.6,
44.1,40.9, 37.2, 36.4, 26.0, 18.3, -4.7, -4.9; IR (neat) 3472, 2952, 2930, 2856, 1725, 1258, 1107,
838 cm'l; HRMS (ESI/MeOH) m/z calcd for C,;H3404SiNa (M + Nal)+ 401.2124, found

401.2122.

HO
2

CO,Me

OTBS
rac-(25)-Methyl 4-allyl-2-((tert-butyldimethylsilyl)oxy)-5-hydroxy-2,3,3a,4,5,7a-hexahydro-

1H-1,5-methanoindene-1-carboxylate (3.55b). Ry = 0.09 (10:90 EtOAc:hexanes); '"H NMR
(500 MHz, C¢Dg) 6 6.22 (dd, J= 8.5, 6.4 Hz, 1H), 5.98 (d, /= 8.3 Hz, 1H), 5.71 (dddd, J = 16.9,
10.4, 7.7, 6.2 Hz, 1H), 5.05-4.92 (m, 2H), 4.10 (dd, J = 6.2, 2.5 Hz, 1H), 3.39 (s, 3H), 3.36 (dd,
J=6.1,49 Hz, 1H), 2.45-2.36 (m, 1H), 1.90 (d, /= 13.1 Hz, 1H), 1.80-1.67 (m, 2H), 1.63-1.58
(m, 1H), 1.57-1.48 (m, 1H), 1.39-1.32 (m, 1H), 1.28 (d, J = 13.2 Hz, 1H), 1.00 (dd, /=9.9, 3.4

Hz, 1H), 0.95 (s, 9H), 0.05 (s, 3H), 0.02 (s, 3H); °C NMR (126 MHz, C¢De) & 173.7, 137.8,
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136.8, 128.7, 116.0, 80.6, 74.9, 61.0, 56.0, 51.1, 46.2, 45.4, 40.7, 39.9, 36.4, 25.9, 18.1, -4.4, -
5.1; IR (neat) 3454, 2952, 2930, 2857, 1728, 1253, 1089, 835 cm™'; HRMS (ESI/MeOH) m/z

calcd for C,;H3404SiNa (M + Na)+ 401.2124, found 401.2126.

002me

[ omss
rac-(2R)-Methyl 7a-allyl-2-((tert-butyldimethylsilyl)oxy)-7-oxooctahydro-1H-1,5-

methanoindene-1-carboxylate (3.56a). Ry = 0.44 (10:90 EtOAc:hexanes); 'H NMR (500 MHz,
C¢Dg) 6 6.08 (dtdd, J=17.0, 9.9, 5.1, 0.8 Hz, 1H), 5.01 (dd, J = 9.9, 4.0 Hz, 1H), 4.98-4.90 (m,
2H), 3.19 (s, 3H), 2.80-2.74 (m, 1H), 2.67 (dd, J = 13.8, 5.0 Hz, 1H), 2.35 (ddd, J = 13.8, 9.7,
7.2 Hz, 1H), 2.23 (dt, J = 18.6, 2.9 Hz, 1H), 1.94-1.84 (m, 3H), 1.70 (ddd, J = 9.8, 5.0, 2.3 Hz,
2H), 1.48-1.40 (m, 1H), 1.32-1.26 (m, 1H), 1.12 (dd, /= 13.8, 4.1 Hz, 1H), 1.00 (s, 9H), 0.20 (s,
3H), 0.17 (s, 3H); °C NMR (126 MHz, C¢Ds) & 210.9, 173.9, 135.9, 117.0, 74.0, 59.2, 58.0,
514,455, 43.0, 37.8, 36.9, 33.4, 29.7, 26.1, 25.0, 18.4, -4.5, -4.6; IR (neat) 2951, 2929, 2855,
1730, 1256, 835 cm'l; HRMS (ESI/MeOH) m/z caled for C;;H3404SiNa (M + Na)Jr 401.2124,

found 401.2132.

(o)
CO,Me
/ OTBS
rac-(25)-Methyl 7a-allyl-2-((tert-butyldimethylsilyl)oxy)-7-oxooctahydro-1H-1,5-

methanoindene-1-carboxylate (3.56b). Ry = 0.25 (10:90 EtOAc:hexanes); 'H NMR (500 MHz,
CsDg) 6 6.05-5.93 (m, 1H), 5.06-4.92 (m, 2H), 4.25 (t, J = 7.4 Hz, 1H), 3.39 (s, 3H), 2.44 (dd, J
=13.8, 6.8 Hz, 1H), 2.36-2.24 (m, 2H), 2.14-2.02 (m, 2H), 1.96 (d, /= 14.1 Hz, 1H), 1.77 (dd, J

=16.8, 3.8 Hz, 1H), 1.59 (ddd, J = 12.8, 8.2, 4.5 Hz, 1H), 1.45 (dd, J = 12.7, 6.3 Hz, 1H), 1.36—

81



1.29 (m, 1H), 1.16 (ddd, J = 12.7, 6.1, 3.1 Hz, 1H), 0.93 (s, 9H), 0.71 (dd, J = 13.6, 5.2 Hz, 1H),
0.05 (s, 3H), 0.04 (s, 3H); '>*C NMR (126 MHz, C¢Ds) & 212.7, 174. 8, 135.1, 117.6, 70.4, 51.4,
49.6, 49.2, 42.4, 36.3, 34.6, 34.1, 33.9, 31.3, 27.1, 25.9, 18.1, -4.1, -5.0; IR (neat) 2952, 2930,
2857, 1728, 1256, 837 cm’; HRMS (ESI/MeOH) m/z caled for CyH3404SiNa (M + Na)*

401.2124, found 401.2119.
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Chapter 4

Origins of Regio- and Stereochemistry in Type 2 Intramolecular N-Acylnitroso Diels—Alder

Reactions: A Computational Study of Tether Length and Substituent Effects

Abstract: Quantum mechanical calculations have been used to investigate type 2 intramolecular
N-acylnitroso Diels—Alder reactions. Experimentally observed regioselectivities and
diastereoselectivities of these reactions have been reproduced using B3LYP/6-31+G(d) DFT
calculations. The factors that govern selectivity (i.e. tether length, tether substitution and diene
substitution) were systematically investigated. Tethers less than 6 carbon atoms lead to 1,3
regioisomers due to conformational restrictions. Substituents on the tether lead to
diastereoselective outcomes dictated by transannular interactions in the transition states. The
modest diastereoselectivity of diene-substituted substrates is rationalized as arising from
reduction of eclipsing interactions in the flattened diene transition states. This method should

prove valuable for planning syntheses involving type 2 intramolecular Diels—Alder reactions.

Introduction

The type 2 intramolecular Diels—Alder (type 2 IMDA) reaction involves the union of a
diene and a dienophile that are tethered at the C2 position of the diene (4.1) to afford bicyclic
bridgehead alkene products (Figure 4.1)."” This reaction can either afford 1,3- or 14-
regioisomers as products (4.2 and 4.3, respectively), which is largely dependent upon the length
or rigidity of the tether. The regiochemical nomenclature is determined by counting along the

newly formed ring from the bridgehead alkene to the other end of the tether.
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1,3 isomer 1,4 isomer

Aor +
—_—
A | Lewis acid
N
4.2 4.3

4.1

Figure 4.1. Regioselectivity of the type 2 IMDA reaction.

The type 2 IMDA reaction is a powerful method for the construction of polycyclic
frameworks that has found utility in the synthesis of challenging bridgehead olefins and complex
organic molecules (Scheme 4.1). Schreiber and Kiessling’s approach to esperamicin (4.4)
attempted to employ a type 2 IMDA reaction to access the cyclohexenyl core of the molecule.
Though rigid ene-diyne 4.5 was originally reported to afford the desired 1,3-regioisomer (4.6),
subsequent synthetic studies and NMR experiments revealed that the major product was in fact
the 1,4-regioisomer (4.7).° In contrast, Baran and co-workers synthesis of taxadienone (4.8)°
features a Lewis acid promoted type 2 IMDA reaction to afford the taxane core in a highly
diastereoselective manner.”® More recently, Stoltz and Hong utilized a related IMDA reaction to
assemble the tricyclic core of 9p-presilphiperfolan-1a-ol (4.11), which proceeded in high yield,
but afforded the desired diastereomer (4.14) as the minor product.’

These examples highlight two important facts. First, the type 2 IMDA reaction is a
powerful method for the rapid synthesis of complex architectures. Second, the regio- and
stereochemical outcomes of these reactions can be challenging to predict. With the second point
in mind, we set out to develop a simple computational method for predicting product

distributions in type 2 IMDA reactions.
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Scheme 4.1. Application of the type 2 IMDA reaction to complex products.*®’

A) Schreiber and Kiessling

OMe MeO,C
CO,Me OMe
hydroquinone TBSO... e + —
PhH, 80 °C \\ TBSO:':- |
75% \\ // \
dr=1:7
4.6 4.7

Me  BF,-OEt,

4.8
| . CHyCl
47%
Me  dr=00:1
C) Stoltz and Hong
Me e
o4 H

dioxane
170 °C
>90%

dr=2:1

OH e oTBS
4.11 9p-presilphiperfolan-1a-ol

4.12

In this report we provide an analysis of contributing factors to the regio- and
stereoselectivity of the type 2 IMDA reaction. The N-acylnitroso type 2 IMDA reaction was
chosen for this computational study since this reaction has provided a wealth of experimental

data concerning both regio- and diastereoselectivities.'” '

The computational method accurately
describes the observed product distributions and identifies contributing factors to regio- and
stereochemistry.

Hetero-Diels—Alder reactions of N-acylnitroso dienophiles have been useful tools for the
synthesis of biologically active molecules."” The N-acylnitroso type 2 IMDA reaction has been

studied as a method to synthesize medium ring lactams and cis-1,4-cyclohexyl aminoalcohols.'

This reaction is attractive because it employs synthetically tractable precursors (diene esters) to
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assemble complex cycloadducts that can be further functionalized (Figure 4.2). The increased
reactivity of the N-acylnitroso moiety allows these reactions to proceed under ambient or even

cryogenic temperatures without the use of Lewis acids; a feature absent from the all-carbon type

2 IMDA reactions.
1,3 isomer 1,4 isomer
type 2 IMDA
Z NNo —— N"So + 0
1] reaction | 1 | I X
~ O o N™ ~o
4.15 4.16 417

Figure 4.2. Regioselectivity of the N-acylnitroso type 2 IMDA reaction.

We have employed density functional theory (DFT) calculations in an effort to
understand the observed regio- and stereochemical outcomes of the N-acylnitroso type 2 IMDA
reaction. In particular, we have sought to understand how subtle changes in tether length and
substitution play a dramatic, non-obvious role in determining the stereochemical outcome of
these reactions. Tether length was investigated to determine the regiochemical reliability of the
method, whereas tether and diene substitution were investigated to determine stereochemical
reliability. The method described herein correlates well with experimental data and provides

insight into predicting the outcomes of these important reactions.

Background
Scope of the N-acylnitroso Type 2 IMDA Reaction

Several factors including tether length and substitution, as well as diene substitution have
been shown experimentally to affect product distributions in this reaction. Tether length plays an
important role for the regiochemical product distribution of the N-acylnitroso type 2 IMDA

reaction (Table 4.1).'""" The cycloaddition of dienes and nitroso groups with 4- or 5-carbon
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tethers (4.15a and 4.15b) results in exclusive formation of the 1,3-regioisomers (4.16). The
standard reaction conditions failed to provide products in the 6-carbon tethered case (entry 3),
however upon masking the diene as the 9,10-dimethylanthracene adduct (4.15d), thermolysis led
to a 1:1 mixture of 1,3- and 1,4-regioisomers (entry 4). The regiochemical crossover with a tether
of 6 or more carbons favors the electronically preferred 1,4-regioisomer (4.17) due to increased
flexibility of the tether. This change in regiomeric preference has also been observed in Lewis
acid-catalyzed type 2 IMDA reactions.'*

Table 4.1. Acyclic diene N-acylnitroso type 2 IMDA reactions. "’

= 9 conditions S [o} )
— LOH ————> N + o|n
a N | |

(o] N o
4.15 4.16 4.17
entry n conditions % yield ratio (4.16:4.17)
1 1 (4.15a) Et,NIO,4, CHCI;, 0 °C 75 >95:5
2 2 (4.15b) Et,NIO,4, CHCI;, 0 °C 80 >95:5
3 3 (4.15¢) Et;NIO,, CHCP®, 0 °C not isolated N/A
4 3% (4.15d) PhH, 80 °C 60 50:50

a) Starting material was the dimethylanthrecene adduct of the acyl nitroso diene.

The stereochemistry of N-acylnitroso type 2 IMDA reactions is influenced by
substitutions on the tether.'” Of particular interest was the stereochemical reversal of product
distribution in a-carbonyl substituted cases (Table 4.2). Alkyl a-substituents, such as benzyl or
allyl groups (4.18a and 4.18b), afforded diastercomer 4.19 exclusively with an anti relationship
between the substituent and the bridging carbon (entries 1 and 2). In contrast, ethereal -
substituents, such as benzyl or tert-butyldiphenylsiloxy ethers (4.18a and 4.18b), provide syn
diastereomer 4.20 as the predominate product (entries 3 and 4). The preferential formation of the
syn diastereomer in ethereal cases was originally hypothesized to be a manifestation of a dipole

minimization in the transition state. However, ethereal substrates showed negligible changes in
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diastereoselectivity across solvents of varying polarity, indicating that the observed selectivity
was not correlated to dipole minimization.

Table 4.2. a-Substituted acyclic diene N-acylnitroso type 2 IMDA reactions. '

R R R
: H < Q
‘N Et;NIO,,
~ —_— o (o]
j/\/\ﬂ/ oH CHCI,, 0 °C | * | N
= o o o]
4.18 4.19 4.20
entry R % yield anti:syn (4.19:4.20)
1 Bn (4.18a) 83 >95:5
2 allyl (4.18b) 70 >95:5
3 OBn (4.18¢) 62 <5:95
4 OTBDPS (4.18d) 70 16:84

Cyclic diene substrates, both unsubstituted and substituted, have been previously
investigated (Table 4.3). In both cases, the 1,3-regioisomer is obtained exclusively, and in the
substituted example there is a preference for a trans relationship between the substituent and the
newly formed bonds (4.22). These substituted dienes are model systems for the synthesis of
several members of the stemona alkaloids, including stenine (Scheme 4.2, 4.24)."*

Table 4.3. Cyclic diene N-acylnitroso type 2 IMDA reactions.'

0 o)
H
HO/N _‘\R Et4N|04, /N + N
o CHCI3, 0°C R \
4 N
R
421 4.22 4.23
entry R % yield cis:trans (4.22:4.23)

1 H (4.21a) 50 N/A
2 CH,CH,OTBS (4.21b) 50 86:14
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Scheme 4.2. Retrosynthetic analysis of stenine.

o
0 1
(o) N
reductive N-O N
: H cleavage / N-acylnitroso X
\\..Me functionalization g T2IMDA r
Et reaction
[0} X Et
4.24 stenine 4.25 4.26

Previous Theoretical Studies

Comparisons of quantum mechanical methods for studying pericyclic reaction
mechanisms, including intermolecular Diels—Alder reactions, have been reported.”> A subsequent
computational study by Leach and Houk describes the transition state and mechanism of
intermolecular hetero-Diels—Alder reactions, including N-acylnitroso examples.'® The study
concluded that these reactions proceed through a concerted, yet highly asynchronous, endo
transition state. While type 1 intermolecular Diels—Alder reactions have been extensively studied

computationally,'” >

there have been no computational studies of either the type 2 IMDA
reaction or N-acylnitroso type 2 IMDA reaction.
Computational Methods

Conformational analysis of starting materials and products were performed in Spartan
'08%* using MMFF.” Geometry optimization, transition state identification, and vibrational
frequency analysis were carried out with Gaussian 09 using B3LYP/6-31+G(d)*"** as
convergent, gas-phase calculations performed at 273 K. Transition states were confirmed by IRC
calculations.” Free energies are reported from the unscaled frequencies. Graphics were

generated using the CYLview program.*’
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Results
Acyclic Dienes and the Role of Tether Lengths in Product Distribution

The calculated energy diagrams and transition states for the acyclic diene N-acylnitroso
type 2 IMDA reaction for 4-, 5- and 6-carbon tethered substrates are shown in Figure 4.3. The
reaction is highly exothermic, with a late transition state, which resembles the products. In the
case of 4-carbon tether SM-A, the 1,3-regioisomeric TS-A is 4.8 kcal mol™' lower in energy than
the 1,4-regioisomeric TS-A'. A comparison of C—N distances in the transition states shows less
advanced bond formation in the lower energy TS-A than in TS-A" (2.10 A vs. 2.01 A). Both TSs
display a high level of asychronicity, as evident by the large differences between the C—O and
C—N bond distances (2.80 A vs. 2.10 A for TS-A). The 7-membered ring resulting from C-N
bond formation TS-A adopts a chair geometry, whereas the 8-membered ring of TS-A' is a
chair-boat conformation. In both cases, these conformations result in the tether p-carbon oriented
away from the C1 carbon of the adjacent diene terminus (internal orientation). The free energy
of PDT-A" is also dramatically higher than PDT-A (8.9 kcal mol™).

Extending the tether length to 5-carbons results in a smaller AAG? (1.9 kcal mol™)
between TS-B and TS-B', favoring 1,3-regioisomeric TS-B, in contrast to AAG* of TS-A and
TS-A' (4.8 kcal mol™). As compared to the chair structure adopted by TS-A, TS-B tether must
adopt a chair-boat conformation where the tether f3-carbon is oriented toward the C1 carbon of
the adjacent diene terminus (external tether). As a result of this orientation, A" strain between
the y-carbon of the tether and C1 of the diene destabilizes TS-B compared to TS-A. Formation of
the C—O bond is more advanced in TS-B than TS-B' (2.59 A vs. 2.74 A) and the difference in

free energies of PDT-B and PDT-B' (5.2 kcal mol™) is less than in the 4-carbon tether example.
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When the tether length is extended to 6-carbons the 1,4- regioisomeric TS-C' is now 1.0
kcal mol” lower in energy than the 1,3-regioisomeric TS-C. Higher activation energies are
required for these pathways compared to the 4- and 5-carbon tether cases (by 2.9-7.0 kcal mol™).
Distances between each pair of atoms undergoing new bond formation are similar in both TS-C'
and TS-C, which also both exhibit asynchronous bond formation. TS-C' adopts an internal tether
orientation while TS-C possesses an external tether orientation; however, there are limited steric
interactions in TS-C as compared to TS-B due to the flexibility of the long tether.
Diastereoselectivity of a-Substituted Tether Substrates

The calculated energy diagrams and transition states for the N-acylnitroso type 2 IMDA
reaction with o-substituted substrates are shown in Figure 4.4. In the case of substrate SM-D
(analogous to Table 4.2, entries 1 and 2) with a methyl group a to the acylnitroso, TS-D leading
to the anti-diastereomer is 2.7 kcal mol” lower in energy than the syn-diastereomeric TS-D'.
Both TSs display a high level of asychronicity however, TS-D exhibits an internal tether
orientation, whereas the tether in TS-D' is arranged in an external orientation. This conformation
places the y-hydrogen of TS-D' in direct proximity of the terminal olefin, causing a net
destabilizing effect. Because the internal tether is favored, the anti-diastereomer is predicted,
which reflects the experimental results that benzyl substituted 4.19a or allyl substituted 4.19b are

obtained as single diastereomers.
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The models with ethereal a-substituents (SM-E and SM-F) are similar to each other and
are in direct contrast to a-methyl substrate SM-D. Both TS-E' and TS-E adopt internal tether
orientations as well as display similar levels of asychronicity and bond development. For ethereal
substrates SM-E and SM-E' (analogous to Table 4.2, entry 3), AAG* has decreased to 0.9 kcal
mol™ and syn-diastereomeric pathway through TS-E' is now preferred. Similarly, TS-F' and TS-
F (analogous to Table 4.2, entry 4) adopt internal tether orientations with a AAG* of 0.8 kcal mol
" and again the syn-diastereomeric pathway through TS-F' is preferred. All transition states for
the ethereal substrates posses a tether in an internal orientation and there is only a slight energetic
preference for the syn-diastereomers. Nevertheless, the model accurately predicts the major syn
products (4.20) from the cycloadditions of substrates such as benzyl ether 4.18¢ or tert-
butyldiphenylsiloxy ether 4.18d.

Cyclic Dienes and Product Distributions

Calculated energy diagrams and transition states for the cyclic diene N-acylnitroso type 2
IMDA reactions are shown in Figure 4.5. Similar to the acyclic diene with a 4-carbon tether (TS-
A), TS-G is 3.5 kcal mol” lower in energy than the TS-G', favoring the 1,3-regioisomer. Both
TSs display a high level of asychronicity, internal tether orientation, and the free energy of PDT-

G' is dramatically higher than PDT-G (AG = 9.6 kcal mol™).

99



A)

|

\ AG (keal/mol)
. 14
A /
) N 39 !
—
PDT-G'
(o]
N via TS-G'
/ -€
4
PDT-G'
\ AG (kcal/mol)

|

not observed

B)
fl/_i

|

N\
o
©/\/\([)r
PDT-G

1.0

TS-G

PDT-G

-2

via TS-G

\j

“ 217
PDT-H' PDT-H
TS-H' TS-H
le) (o]
via TS-H' o wMe via TS-H
mMe N - - N
X 0o
N 4
Me
PDT-H' SM-H PDT-H
AG (kcal/mol)
c) \
\_A
Zz |
2 16/ 28
-~ 3
{’
PDT-I PDT-I
TS-I
0
_ viaTsI o e via TS-1
o
PDT-I

A\

PDT-I'

Me \
Figure 4.5. FE diagrams/TS structures for regioselectivity (1,3 vs. 1,4) of unsubstituted cyclic

SM-I

100

diene (A) and stereoselectivity (cis vs. trans) of substituted cyclic diene substrates (B-C)



Substituted cyclic diene substrates SM-H and SM-I were examined for
diastereoselectivity. Both data sets have very similar characteristics; the AAG* between cis and
trans TSs is small (Me = 0.8 kcal mol”, Et = 0.7 kcal mol™) favoring the trans product.
Formation of the C—N bond is slightly more advanced in TS-H than TS-H' (2.10 A vs. 2.17 A),
though the inter-atom distances of the developing bonds in the Me and Et cases are similar to
TS-G. The small magnitude of AAG* for TS-I and TS-I' accurately predicts the 6:1 ratio of

diastereomers and thus the stereochemical outcome of the cycloaddition of 4.21b.

Discussion
Tether Length Dictates Regiochemistry

The regiochemical outcome (1,3 vs. 1.4 product formation) is largely dictated by the
nature of the tether, where the increased flexibility afforded by a longer tether lowers the energy
of the TS leading to the 1,4 product. For even numbered tethers (i.e. 4- and 6-carbon cases), TSs
leading to 1,3 products proceed through an internal tether orientation in order to reduce eclipsing
interactions. In contrast, TSs leading to 1,3 products for odd numbered tethers (5-carbon case)
adopt an external conformation. While this conformation reduces eclipsing interactions in the
tether, it also raises the energy of the TS by introducing an A'~ interaction between the tether and
the diene. The calculations comparing cycloadduct precursors with tether lengths of 4 and 5
carbons to a substrate with 6 carbons unequivocally confirm that the strain imparted by the tether
causes the reaction to prefer the 1,3 regioisomeric product in the 4 and 5 carbon cases.
Cycloadduct Olefin Strain: Comparison of Calculated and X-ray Geometries

To confirm the accuracy of this computational method, the calculated geometry of the

products in the unsubstituted acyclic cases were compared to the X-ray crystallographic data. In
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particular, the torsional angles (t) and pyrimidalization angles () about the bridgehead olefin
and the bridgehead amide were calculated as previously described by Winkler and Dunitz
(Figure 4.6).”> An unstrained sp” alkene, such as ethene, is expected to have each substituent 90°

9933

to the & system and thus T, %, and ¥, all equal to zero. So-called “twist amides™ represent

*% or 2-quinuclidone,™ where the 7

extremely strained systems, such as 1-aza-2-adamantanone
orbitals are virtually perpendicular to each other (t = 90°). An accurate computational method

would describe the molecules so that the difference in the angles between the computational and

X-ray data (A) would be zero.

Figure 4.6. A visual description of Dunitz’s model of olefin strain, where T describes the
torsional strain between the t orbitals and ¢ is a measure of the pyrimidalization of the sp

center.

The computed angles describing the olefin and amide for each of the 1,3 cycloadducts, as
well as the deviation from experimental angles are shown in Table 4.4. In all cases, the
difference between the computational and experimental angles is small (A < 4.4°), supporting the
validity of the computational method. This data also shows that as tether length is increased the
olefin adopts a more sp’-like geometry as indicated by the decrease in the torsional angle of the
olefin. The computational angles for the 6-carbon tethered 1,4 regioisomeric product (4.17¢)
show a much greater torsional strain about both the olefin and the amide than the 1,3 products
(4.16a-c). These angles represent the physical limit of allowed strain in these systems as
synthesized by the type 2 IMDA because the 1,4 products for the 4- and 5-carbon tethers are not

observed experimentally.
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Table 4.4. Computational angles and deviation from experimental angles (A) of acyclic diene

cycloadducts.

T
-" v,
< (o] Xcr ~
| e - 4 (5- -
0o R, JXB N R R JXN
") "R [ %6 s

-2

Computational angle A Computational angle A

4.16a xB 23.4° 3.1° AN 54.5° -0.3¢
XE 11.3° 2.3° Xc 0.4° 0.0°

Tolefin 6.95° 0.1° Tamide 3.20° -0.3°

4.16b xB 14.1° 0.6° AN 53.2° 0.6°
XE 8.4° 4.4° Xc 1.1° -0.4°

Tolefin 3.7° 0.1° Tamide 10.70° 0.4°

4.16¢ XB 9.3° -1.9° AN 47.5° -1.5°
XE 4.8° -1.6° Xc 2.8° -1.3°

Tolefin 2.25° -0.9° Tamide 15.35° -1.1°

417¢  Tolefin 11.3° N/A Tamide 19.7° N/A

Transannular Interactions Drive Syn/anti Diastereoselectivity

Our model indicates the diastereoselectivity of tether-substituted substrates is controlled
through steric interactions in the transition state. Substrates with alkyl substitution a to the acyl-
nitroso group preferentially form the anti cycloadducts, whereas ether substitution favors syn
products. The rest of the tether is not an innocent bystander and must be in the internal
conformation to avoid steric interactions with the diene. Further tether substitution and
substituents such as alkenes and alkynes will likely cause an impact on the diastereoselectivity,
and will be the topic of future studies.

A comparison of a-substituted TSs leading to syn products is shown in Figure 4.7. The
o-Me substrate prefers to adopt an external orientation of the tether (TS-D') in order to avoid a
steric interaction (2.12 A) between the terminal diene hydrogen and the methyl hydrogen present

in the internal tether orientation (TS-D'"). This close contact interaction is analogous to a syn
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pentane interaction, and is more energetically disfavored than the allylic-type close contact
interaction (2.08 A) present in TS-D' which is 1.0 kcal mol" lower in energy than TS-D''.
Interestingly, the externally oriented TS-A'' also was identified in the unsubstituted 4-carbon
tether and was 2.2 kcal mol™ higher in energy than the internally oriented TS-A. In contrast, the
ether TS-E' and silyl ether TS-F' are able to accommodate an internal orientation due to the

reduced steric demand of ether substitution as opposed to alkyl substituted TS-D"'.

‘
) | 5
S it oFFE
\ _ 1.0keal mol’!
3 /,."'\"2.:08 ’ /I\ : 212
TS-D' TS-D

TS-A" TS-A

\
.—:_ ’\?L J ll\:/( ,(
\ o4
—~3 _;5_ o ,‘5—7
TS-E' TS-F'
Figure 4.7. Comparison of external (left) and internal (right) transition structures for a-methyl
substituted tether (TS-Ds), the analogous unsubstituted transition structures (TS-As), and the

internal a-ethereal substituted tethers (TS-E and TS-F). Interatomic distances relevant to close

contact interactions are given in A and depicted as dotted lines.
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Diene Substitution Has Modest Effects on Cis/trans Diastereoselectivity

While there is a clear preference for the formation of 1,3-regioisomeric products in the
case of cyclic dienes (Figure 4.5 A), substituted dienes show only a modest preference for trans
products (Figure 4.5 B and C). The less than expected magnitude of AAG* as well as the
calculated and experimental diastereoselectivities resulting from diene substitution may be
rationalized by examining various physical parameters influencing the transition states. The
concerted, highly asynchronous, nature of the transition states result in C—N bond formation
preceding C—O bond formation. Conformational restrictions of the cyclic diene also limit the
torsional freedom of substituents on the diene. As a result, trans approach TSs (Table 4.5, entries
1 and 3), while sterically less demanding, are required to adopt a more eclipsed conformation
than cis approach TSs (entries 2 and 4). This eclipsed conformation flattens the diene and
effectively raises the free energy of the trans approach pathway.

Table 4.5. Comparison of dihedral angles from cis and trans approaches in substituted cyclic

diene substrates.

cis approach trans approach
NH el o//N "o R
|-IC [0) \gn H Rﬁ/
- H c c
P AL
entry structure/approach R-R C-H dihedrals H-H average

1 TS-H/trans 2.6° 5.5° 8.0° 5.4°
2 TS-H'/cis 14.1° 21.9° 23.1° 19.7°
3 TS-1/trans 6.0° 10.1° 12.2° 9.4°
4 TS-I'/cis 13.5° 21.5° 22.5° 19.2°

Experimental studies have shown that the regio- and stereochemical outcomes of N-

acylnitroso type 2 IMDA reactions are attributable to tether length and substituent effect,
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respectively. This study has identified a computational method that accurately describes the
observed product distributions (Table 4.6). Tether length studies show the appropriate
regiochemical crossover (at tether length = 6-carbon) and the computational products are in good
agreement with the X-ray crystallographic data. Studies of substrates with c-substitution also
agree with the experimental results that carbon-linked substituents lead to anti-products, while
oxygen-linked substituents afford syn-products. Perhaps more importantly, these studies revealed
that tether-diene steric interactions, not dipole minimization, give rise to the observed
stereoselectivity. Studies of cyclic diene systems have also recapitulated experimental results
with regard to regio- and stereoselectivity. These studies suggest the modest stereoselectivity is a
result of the required eclipse conformation that the less hindered trans product must adopt in the
transition state.

Table 4.6. Summary of computed substrate selectivities in terms of AAG? (in kcal mol™) and

product distributions (experimental values in parentheses).

entry substrate selectivity AAG'DFT (expt.) distr. DFT (expt.)
1 4.15a 1,3:1,4 4.8 (>1.6) >99:1 (>95:5)
2 4.15b 1,3:1,4 1.9 (>1.6) >97:3 (>95:5)
3 4.15¢ 1,3:1,4 -1.0 (0) 20:80 (50:50)
4 4.21a 1,3:14 3.5(>1.6) >99:1 (>95:5)
5 4.18a anti:syn 2.7 (>1.6) >99:1 (>95:5)
6 4.18b anti:syn 2.7 (>1.6) >99:1 (>95:5)
7 4.18c anti:syn -0.9 (<-1.6) 19:81 (<5:95)
8 4.18d antizsyn -0.8 (-0.9) 22:78 (16:84)
9 4.21b (SM-H) trans:cis 0.8 (0.97) 78:22 (86:14)
10 4.21b (SM-I) trans:cis 0.9 (0.97) 73:25 (86:14)
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Conclusion

These computational studies have demonstrated that the type 2 IMDA reaction can be
effectively modeled using density functional theory. As a result, current efforts to model other
classes of type 2 IMDA reactions and additional tether substitution patterns are underway. We
believe this computational study will provide a simple method to predict complex N-acylnitroso,
and other type 2 IMDA reactions, which will lead to a broader applicability of these synthetically

useful reactions.

Calculated geometries and energies:

The B3LYP/6-31+G(d) optimized geometry of each species is given below, as well as the
following energies at that geometry:

1. B3BLYP electronic energy (E)

2. B3LYP zero-point energy (ZPE)

3. B3LYP free energy at 273 K (G)

All energies are reported in Hartree.

SM-A

C -3.667451 -0.884879 -0.631708 H -0.692650 2.335259 0.865745
C -1913662 0.705980 0.230506 C -1.158495 -0.351562 1.012823
C -3.083812 0.323944 -0.576268 H -1.869634 -0.982082 1.562132
C -1.530891 1.998745 0.260755 H -0.533676 0.134070 1.769428
H -4.545779 -1.051485 -1.248820 C -0.272798 -1.277238 0.143102
H -3.516353 1.131440 -1.167952 H 0.145401 -2.061363 0.784889
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1 imaginary frequency

E =-516.542670

ZPE =0.178717

G =-516.395828

PDT-A

-0.528587

0.288196

0.835611

2.129676

-0.101456

2.575944

1.141628

-0.498914

-0.612887

-1.364443

-0.649538

-1.373136

-0.295141

-1.037441

-0.852762

-0.603213

0.107318

-1.412448

1.862393

-1.882248

0.388710

0.972948

-0.388619

-0.132600

2.083677

1.369493

-0.843774

-0.589047

0.121341

-1.522181

1.905610
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H
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- T~ O O

-1.103984

-2.192355

-2.222601

-3.165371

-2.036923

-0.620648

-0.242354

1.395396

-2.544553

-2.517289

0.617185

2.864919

0.719563

-1.579258

-2.054542

-1.783753

-2.206835

-1.619436

-0.803484

-0.932148

-1.149515

0.693554

1.228081

1.873845

1.606125

1.305503

0.909220

-1.698364

-1.271663

0.706602

-1.556995

-1.946988

-2.271914

-0.179505

-1.483989

0.208695

1.295380

-0.159768

-0.145952

-0.289915

-1.233881

0.763998

0.612644

-1.105394

-1.856649

-0.063162

0.860899

-0.099138

0.811243

-0.904940

-0.478981



H -3.296922

H -2.006078

C -1.697489

C -0.217549

-0.235803

0.006039

1.060237

1.358500

0 imaginary frequencies

E =-516.597837

ZPE =0.185129

G =-516.442388

PDT-A’

H 0.686767

C -0.065338

C -0.373497

C -1.736351

@)

0.520498

-2.245323

-0.655066

-0.051876

Z =T T =T

-2.424100

C 1.962508

H 2.557284

-1.890989

-1.718472

-0.823124

-0.429975

-1.261874

0.282697

-2.633546

-0.393658

-1.248572

-0.814861

-1.412326

0 imaginary frequencies

E =-516.583336

-0.365808

-1.541098

0.311927

0.023208

-1.573800

-0.799203

1.414684

0.865691

0.505544

1.515562

-0.672440

2.361854

0.630765

0.506036

-0.195178

111

T

= = O

0.120806

1.988218

-1.895392

-2.248907

2424273

2.002672

2.986383

1.906917

0919194

-0.459764

-0.756866

0.898069

1.191827

-0.990370

-1.416686

2.103409

0.561587

0.952413

1.938189

-0.923072

0.700154

0.927819

1.302566

1.220125

1.309002

2.237781

0.625014

2.246187

-0.706318

0.254333

-0.876168

0.274761

1.384426

-0.036327

1.494469

0.101786

-0.327082

1.012745

-0.902091

-0.240581

0.490808

-1.817355

-1.167516

-1.364214

-0.426568



ZPE =0.184809

G =-516.428194

SM-B

C

C

T T

@)

T T

H

H

2.797910

1.644753

1.929357

1.577462

0.318437

0.447763

0.058285

-0.815989

-0.543071

-0.929442

-2.171036

-2.869962

-2.029498

0.409408

-0.397400

-0.744799

-1.309793

0.367888

1.294773

0.674581

-0.467405

-0.756164

-1.400304

0.276781

-0.316789

1.223698

0 imaginary frequencies

E =-555.872656

ZPE =0.205506

G =-555.705457

-0.033016

0.497432

1.503879

-0.112872

0.525562

1.099912

-0.493658

1.133532

2.158864

0.566574

1.190767

1.794688

1.726805

C

C

H

T T
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-2.791976 0.564497 -0.163064

-3.434682

-3.792421

-3.634497

-4.139571

-3.317540

-2.769071

-3.201669

-2.322638

4.139520

4.102813

2.808838

-0.524488

-0.246118

-1.787055

-2.508411

-2.145773

1.803750

2.014437

2.644072

-0.298109

_1.284444

1.557881

-0.915785

-1.907625

-0.501871

-1.138017

0.473804

-0.692600

-1.668260

-0.167283

-0.086204

-0.788908

-0.395982



TS-B

C

H

— T O 0

@)

H
H
N
O
C
O

-1.561642

-1.350326

-0.432009

-0.554806

-1.519860

0.294048

-2.810795

-3.142378

-3.560523

-0.802937

-1.941747

0.276175

0.011927

1.304343

1.615807

1.267058

0.730361

0.643007

0.696401

0.852157

0.577530

0.802965

-1.248126

-1.440013

-1.376779

-1.662792

1 imaginary frequency

E =-555.859081

ZPE =0.208082

G =-555.683277

TS-B’

C

0.326381

-0.710555

-1.732545

0.185041

1.458668

1.942743

2.132283

-0.434189

0.559761

-1.218301

0.820084

0.391272

-0.246657

-1.389183

-1.161703 -1.175992

H 0.086932 -0.553785 -2.046300

C

-0.762059

-1.441999

-0.269451
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@

T

H

0.886037

0.885097

0.882789

2.207284

2.234892

3.008686

2.555961

3.593143

2.523056

1.675718

1.622842

2.136111

1.798493

2.885603

1.684491

1.227349

1.292289

1.889837

-0.203119

-0.408643

-0.269243

-1.320730

-1.235166

-2.290361

H 0.346532 -2.627824

-1.398033 -2.253270

-0.361416

-0.182048

-1.453746

0.184245

1.280935

-0.168218

-0.261450

0.032031

-1.357073

0.333022

1.423740

0.102879

C -0.582892 -2.131398 0.887517

1.140814

1.596627



C

1.658902

1.990198

2.399712

-2.100637

-2.909513

-2.170159

-2.385177

-2.422596

-3.399829

-1.441538

-1.447014

-2.181749

-1.136420

-0.790306

-1.488731

-0.611203

0.536085

0.340959

0.845120

1.730474

1 imaginary frequency

E =-555.855612

ZPE =0.207854

G =-555.680246

PDT-B

C

H

0.742417

0.510272

-0.210024

0.178579

0.762371

-0.684325

2.119450

-1.497375

-1.898300

-1.389995

-0.651367

-1.257709

-0.268649

-0.915466

-0.961995

-0.236823

-1.690611

-0.584504

-0.336062

-1.665883

0.158321

1.239127

-0.128983

-0.102922

-0.857514

-1.843693

0.081623

1.349415

2.048011

1.895524

-0.689695

114
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@)

C

-1.214712

-1.995601

-0.121063

0.116893

-0.237212

1.086425

1.590929

1.838593

1.392469

2.891320

2.372096

1.039116

2.263176

0.482810

1.137644

-1.670120

1.819788

2.639497

1.757033

2.797934

1.205978

1.243664

1.789342

0.022602

-0.379783

-1.683192

-0.314652

0.466446

-0.083339

1.408893

1.935740

-1.658799

-1.173897

0.158393

0.721267

0971812

1.657039

-0.033478

-0.985553

0.531176

1.606045

-0.558871

-1.572761

0.935314

0.499720

0.054852

-0.829666

-0.161139



Z T O T =

C

-2.052225

-1.797541

-2.543510

-2.753041

-3.518740

-2.012447

-2.435732

-2.043277

-0.384429

-0.233158

-0.595239

0.941599

0 imaginary frequencies

E =-555.921100

ZPE =0.214605

G =-555.737298

PDT-B’

C

H

T - O Tm T O

@)

0.553319

0.372884

-0.456177

-0.050085

0.427423

-0.885380

1.906636

2.448339

2.559880

-1.902017

-2.551660

-1.153215

-0.912514

-1.377751

-1.625885

-2.608018

-1.572584

-0.841220

-1.700742

-0.310172

-1.092862

-1.936975

0.518012

-1.180976

0.029074

1.097152

-0.428630

-0.565774

-1.272158

-2.317620

-0.412872

1014118

1.120338

1.717263

-0.660214

-0.250757

-1.352087

-0.712129

-0.437933
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Z - O T T O m

@)

-2.881520

-1.598619

-0.988813

-1.262164

-1.058304

-2.025649

-2.399218

-2.467010

-3.432616

-1.610353

-1.351686

-2.302347

-0.331904

-0.216058

-0.445543

0.941559

1.596378

0.774129

1.767675

1.739892

2.810767

-0.930304

0.162090

-0.072744

0.343554

1.483006

1.640810

2.292742

1.711669

2791717

1.253575

1.259340

-0.704481

-1.568796

0.275969

1.337451

-0.046436

-1.790377

0.061864

1.133171

-0.263210

-0.111201

-1.166318

0.150516

0.763474

0.901954

1.748304

0.063542



O

N

1.416675

1.896892

-0.865247

1.595839 0.069094 0.473919

0 imaginary frequencies

E =-555911860

ZPE =0.213881

G =-555.729018

SM-C

Tz - - O 0

T T O T T O

3.572143

3.687314

4.219032

4.502015

4.068414

5.255151

4.157683

2.234355

2.109749

1.963885

1.251423

1.500818

1.387643

-0.213826

2.130656

-0.366995

0.954769

-1.439865

3.054866

0.953439

-2.432347

-0.507114

-1.447481

0.297563

-0.495829

-1.329924

0.422318

-0.607131

-0.014234

-0.321164

0.045731

-0.276835

0.268125

0.386078

-0.557097

-0.732167

-1.283707

-1.429717

0.458054

1.129081

1.043574

0.016275

116

O 0.931824 -0.636022

QO T T T =

T T
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-0.348492

-0.458571

5.539788

2.541265

-1.189713

-0.949655

-1.059054

-2.662102

-3.297674

-2.820585

-3.239470

-4.656345

-4.749341

-2.746031

-1.525104

0.232965

-1.355656

2.220410

-0.624319

-1.470781

0.286014

-0.748408

-0.986730

-1.571565

0.500930

0.392518

-0.456196

1.596724

1.500594

-0.576152

-0.647136

0.038193

-0.346242

1.202338

1.859076

1.801047

0.788698

1.656619

0.078044

0.179006

-0.358907

-1.218096

0.095390



0 imaginary frequencies

E =-595.187654

ZPE =0.234264

G =-594.993189

TS-C

C

H

@)

O

C

-1.580431

-1.137753

-0.965955

-1.534452

-2.576004

-1.085913

-2.592333

-3.100116

-2.942737

-0.922458

-1.405987

0.588599

1.093166

0.306118

1.426606

2.287082

1.017060

0.012470

-0.262070

-0.264774

0.789001

-0.078497

1.147722

-1.611581

-1.720195

-1.549683

-1.589125

1.709582

1 imaginary frequency

E =-595.168046

ZPE =0.236809

-0.572311

-1.070886

0.670653

1.443315

1.321157

2.390706

-1.210341

-0.806809

-2.174421

0.370277

-0.767524

0417467

1.518765

1.134018

117

QO =m T o = O

T T
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0.750104

-0.006857

1.354282

2.335682

1.401456

2091092

0.971021

1.519666

2.083979

0.532874

2.243405

3.097477

2.672342

0.832467

1.124750

2.663007

-1.540940

-1.981982

2.047291

2.743991

2.611627

-0.097441

-0.178912

0.287140

0.878822

1.322775

0.322677

-2.145523

1.948382

1.591547

-0.881533

-0.679916

0.095746

0.591337

-0.742883

-1.421836

-2.358595

-1.698887

-0.456491

-0.983948

0.387254

-1.628020



G =-594.964895

TS-C'

C
H

@

T T T - O T T O

@)

H

-0.801498

-0.213476

-0.080558

-0.688348

-1.756670

-0.115266

-2.135930

-2.852789

-2.558272

1.420914

1.716423

1.642058

2.312551

2.061705

1.089990

0.711073

1.805219

2.217558

2.143051

2.687697

0.736305

1.225970

0.173455

1.994119

2.924123

2.135754

0.851114

0.697374

1 imaginary frequency

E =-595.169969

ZPE =0.236927

G =-594.966490

-1.166922

-1.999595

-0.137932

1.007084

1.170036

1.802776

-1.138365

-0.488456

-1.963437

-0.321283

0.179245

-1.388235

0.228044

1.285896

T T O m O Z O O

@)

T

0.440463

0.354745

0.258374

-0.683117

-0.750976

-1.922303

-1.853261

3.346892

2.245186

3.228608

1.564113

1.833143

2.564040

1.872700

-1.614851

-0.750979

-2.496296

-1.563975

-2.207037

-0.743804

-0.251251

1.218000

-0.495601

-0.709600

-0.412485

-1.718793

-1.866227

-2.614492

0.942006

1.606201

1.574441

-0.069095

-1.089404

0.314123

1.442941

0.220064

-0.543730

-0.981247

-1.398156

0.297339

1.104190

-0.333757



PDT-C

C

— T O 0

@)

H
H
N
O
C
O
C

1.048267

0.808301

0.199838

0.559560

1.271577

-0.314795

2.285166

3.205729

2.268988

1.214301

2445508

0.496859

0.979364

-1.178347

-1.524758

-2.038210

-1.553679

-0.690817

-1.178912

-0.426535

-0.669339

-1.264315

-0.016538

0.527483

0.148010

1491411

2.091869

-2.161526

0 imaginary frequencies

E =-595.237164

ZPE =0.243532

G =-595.025634

PDT-C’

C

H

0.848191

0.525725

-1.258576

-1.339562

-0.859864

-1.790759

0.178091

1.375353

2.048939

1.968859

-0.881742

-0.908236

-1.764868

0.879607

0.307621

0.162166

-0.786236

0.125109

-1.215370

-2.251516
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H

C

H

C

H

H

C

H

H

C

H

H

H

C

C

-1.335589

-1.278022

-0.905629

-1.107274

-2.296539

-2.346923

-3.255735

-2.032953

-2.981772

-1.908718

-2.136966

-1.256992

-2.993455

-0.909938

0.040324

0.555780

-2.856917

-2.748468

1.812828

1.344022

-1.077089

-0.651658

-1.590090

1.497814

1.775581

2.170357

0.055630

-0.143843

0.036210

2.895052

-1.485251

0.962977

-0.797112

0.678537

1.644584

0.168932

1.179896

0.027400

-0.337296

0.142721

-1.194247

-0.881292

-1.504510

-1.567222

0.855281

-1.620492 -0.206114

1.203479



Z T O T =

@)

T T

H

1.095553

-0.257186

2.100577

2967001

2.388608

-1.418534

-1.684987

-1.625352

-2.331590

-2.208858

-0.304940

-0.309072

-2.392418

-1.329195

-0.465387

-1.069489

0.180730

-1.961912

-2.866041

-2.174290

-0.793412

-0.664655

1.683590

0.948216

0 imaginary frequencies

E =-595.231755

ZPE =0.242971

G =-595.020834

SM-D

C

H

H

C

C

-3.361291

-4.433598

-2.952666

-2.582663

-3.192306

-1.454475

_1.449644

-2.342982

-0.408351

0.779497

1.503919

1.921496

-0.893690

-0.602544

-1.723696

-0.371055

0.195385

-1.427572

0.108298

1.192014

0.972671

1.777315

-0.771519

-0.589294

-1.246711

-0.431388

0.186230
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-0.109906

0.822624

0.945173

1.750632

1.516255

-3.370262

-2.107722

-3.042441

-1.376424

-1.676966

-2.438289

-1.666424

-4.264902

-2.568740

-3.123445

-1.503946

-1.084919

2.657555

1.420146

2.075402

0.395075

-0.392285

-1.119850

0.560887

0.853769

0.436580

1.763150

1.941884

2.649845

0.701571

1.921333

2.745852

2.081147

-0.443617

1.440213

-0.015107

-1.042236

0.251790

1.395631

-0.027654

-0.617824

-1.112897

-1.425683

0.253890

1.026156

-0.389701

0.366978

0.522098

0.961521

0.374674

-0.670012



Z T O T =

H

C

-0.861246

-0.757271

-0.277430

-0.586310

-0.511420

1.242927

1481414

1.998846

-1.218890

0.510450

-0.736184

-1.711796

0.004993

-0.776489

-1.429263

-1.317557

0 imaginary frequencies

E =-555.872743

ZPE =0.205636

G =-555.704069

TS-D

-0.578862

-1.195729

-1.853182

-2.850932

-1.027818

-3.350604

-2.097523

-1.578005

-3.216495

0.874716

0.572728

0.837810

-0.076995

1.174448

-0.330136

0.033104

1.313186

-0.574245

-1.413600

-1.100556

0.612675

1.009308

1.384917

0.391211

-0.460528

1.632061

2.354865

1.514253

-0.863086

-0.879431

0.278618

-1.809712

1.776656

-1.804418

0.011926

121

QO = T =

© O =z

N

C

H

H

O - =

@)

1.662002

1.795118

3.083017

1.806157

3.203838

3.267431

1.315431

-0.380516

0.145967

0.385745

-0.136245

1.417565

2.269330

1.315279

1.732384

0.709190

-2.337313

-0.697431

-1.347156

0.585995

0.629074

-0.022217

1.670471

-1.271758

2.114035

2.592122

2917192

1.412278

2.097300

1.186639

0.095075

-0.946809

1.845391

2.512216

1.476370

0.061333

-0.545903

-1.564928

0.252991

0.901872

0.078523

1.036185

-0.614675

-0.453708

-0.355675

-1.523108

0.298049

-0.126406



O 0.778348

O

H

C

-1.270334

1.626440

3.157339

-1.603807

-1.135236

-1.973186 0.437137

0.265535

-0.398237

1 imaginary frequency

E =-555.862128

ZPE =0.207103

G =-555.687847

TS-D’

@)

Z - O =z T® T =T =

-0.157925

-0.922515

-2.072990

-3.047927

-1.007574

-3.744820

-1.741708

-2.013488

-3.191281

-0.093690

0.109594

-0.020375

0.047770

1.083431

0.712952

0.724984

-0.162954

1.154844

-0.489288

0.193038

1.096845

-0.583481

-1.145236

2.024508

3.061639

2051626

1.377090

-0.003626

2.163232

1.490756

-0.702980

-0.406822

0.186100

-1.172880

1.972623

-1.725166

0.582739

0.871477

-0.366867

-0.024520

-1.462145

122

H 3.891406 0.349015 0.318844

H 3.287821

H 3.372504

@ T an @)

T

1.501049

1.593424

2.269623

1.824305

2.112252

0.652239

0.419851

3.003700

3.877033

3.285718

2.750598

-1.001137

-0.576201

-1.075706

-1.335975 0.520310

1.524150

1.561818

2.205442

0.100629

0.171218

-0.877285

-1.600118

-0.522504

0.138168

-1.493824

-0.664264

0.061546

1.153182

-0.325060

-0.444216

-1.500291

-0.471106

-1.406884

0.333792

0.276957

-0.086264

1.390330

-1.948839 0.728847



1 imaginary frequency

E =-555.857171

ZPE =0.206907

G =-555.683481

PDT-D

@)

C
H
H
H
H
N
C

H

H

-0.110875

-0.872082

-1.685497

-2.493093

-0.870879

-2.713078

-1.833052

-1.635937

-3.438013

-0.619094

0.354392

0.581450

0.212462

0.800606

0.505041

0.884900

-0.351268

1.342864

-0.884432

0.477296

1.267737

-0.143541

-0.866204

2.188327

2.770392

2.902629

0 imaginary frequencies

E =-555912166

ZPE =0.213157

G =-555.730409

2.089540

1.366413

-0.859913

-0.597402

0.107813

-1.526243

1.887574

-1.877859

-0.079627

0.871856

-0.110902

0.792674

-0.930714

QO = T 0

Z O O 0O

Z T T QO

1.560089

2491276

1.485391

1.706250

0.517890

0.556675

-1.802134

1.723524

3.025882

3.874166

3.061851

3.140446

1.260633

1.830411

0.984711

-0.066093

-1.004919

-1.814424

-1.343217

0.165833

-0.763896

-0.113012

-1.008749

-1.698860

-0.460160

-0.344993

-1.519726

0.351023

0.037894

-0.868344

0.281535

1.422787

-0.007254

0.234337

-1.072821

0.551477



PDT-D'

H

C

@)

Zz T T = =

H

H

0.525721

-0.413189

-1.566463

-2.548023

-0.494087

-3.031629

-1.225164

-1.648319

-3.325338

-0.572676

0.816046

1.359852

0.672679

0.452535

0.408374

1.236402

0.143971

1.397371

-0.219129

0.492831

1.743263

0.456213

-0.904225

2.016897

2.377212

2.877566

0 imaginary frequencies

E =-555.904629

ZPE =0.213139

G =-555.723313

SM-E

C

3.348080

-1.759922

H 4311113 -2.083585

1.950064

1.402483

-0.531715

-0.217987

0.264298

-1.129378

2.130110

-1.491805

0.490496

0.746607

-0.142773

0.740259

-0.807160

-0.650823

-0.262618

Z O = T O

— O O 0

H

H

o

1.657735

2.694479

1.255668

1.700281

2.180299

0.284887

-0.072580

2.581287

3.628815

2.501772

2.357582

-1.933486

C 2.803327

0.946584

1.299300

0.889752

-0.517396

-1.096428

-1.153859

-1.847674

-0.712108

-0.542445

-1.735809

-0.028701

-1.056576

H 2.851940 -2.433803

-0.580471

-0.908066

-0.996375

-1.926711

-0.360239

-1.156327

-0.352633

-1.286942

0.890748

0.614395

1.273162

1.714358

0.424938

-1.344986

-0.292895



T = O = 0

@)

T T

H

H

3.527329

4468390

3.150944

3.770308

2.229345

1.450149

1.476167

1.219360

0.314491

0.549161

0.213548

0.303332

-0.098876

1.529032

2.104965

2.001680

-0.153426

0.900167

-0.734971

-0.353761

0.151208

-1.423374

0 imaginary frequencies

E =-631.074770

ZPE =0.209855

G =-630.903760

TS-E

H

C

C

C

C

H

-0.881361

-1.488443

-2.346771

-3.155457

-1.522488

-3.663956

0.713920

0.335656

0.565281

-0.519849

1.005513

-0.822249

0.633786

1.009956

1.035145

1.716955

0.705467

-0.827288

-1.126230

-1.728645

0.197400

1.140844

0.421397

2.391523

1.574687

-0.742316

-0.748546

0.365933

-1.659140

125

@)

T T T

Z QO zZz @-m I =T

-1.031663

-1.262726

-2.143200

-2.468382

-2.854730

-2.775569

-0.936265

-1.974115

-1.724093

-2.951163

-2.012206

-2.243290

-2.231422

-3.357639

-0.368443

-0.563969

-0.345696

0.194052

-0.259093

-0.227703

-1.706813

-2.099255

0.466274

1.591021

2.213171

3.275110

2.092605

1.805522

-0.387760

1.124393

-1.116089

-1.301621

2.160939

2.634226

-0.314754

-1.295040

0.644657

0.680512

-0.400448

1.396026

-0.420280

-1.174717

-1.218827

-0.691646

-2.195650

1.857358

-1.670673

0.134194

0.803751

0.143830

1.108809



@)

O - =

C

o

-1.042749

0.765219

1.491996

0.626662

1.386236

0.580962

0.768117

2.924307

1.739053

2.555972

1.520701

0.499130

-0.743849

-1.367899

1 imaginary frequency

E =-631.06359

ZPE =0.211445

G =-630.886696

TS-E’

@)

Zz T -~ I =

-0.127648

0.772375

2.306063

3.201271

1.107381

4.023038

1.481248

2.440974

3.161580

0.146941

0.507793

0.289170

0.814025

-0.179381

1.056269

-0.327722

-0.379711

1.458188

-0.854076

-1.407003

-0.482567

-0.516076

-0.445808

-1.581705

0.152127

-0.256067

-1.268344

-2.247161

-1.684453

0.196446

-0.002355

-0.588332

0.691931

-2.157851

1.065433

-0.850600

-0.492842

126

@)

T T T

T - O T T O

@)

-1.141164

1.355329

2.726186

3.495856

3.482042

4.519273

3.137933

0.136034

-0.475285

0.693390

-0.802399

-1.585700

-0.251927

-1.472156

-0.418239

-0.112747

1.114681

-2.136338

0.597269

0.425584

-0.608598

-0.523347

-0.476915

-1.603521

2.120488

2.452836

2995148

1.642855

2.392439

1.534218

0.292938

-0.821624

-1.312968

-2.125011

0.350669

1.250352

-0.287270

0.313817

1411510

-0.044211

0.019320

-0.114955

-0.958847

0.245673

1.017175

1.180366

1.959169

0.709261

0.807620

1.865329

-0.275812



H -2.197858 0.074529 1.509058 H -3.546651 -0.430157 -1.737693
O -2.137738 0.389353 -0.534300 H -3.787053 -0.771567 0.000423
C -3.040281 -0.678224 -0.802003 H -2.510565 -1.632982 -0.922164
1 imaginary frequency

E =-631.065285

ZPE =0.211443

G =-630.888118

PDT-E

H -0420354 0.706254 2.094381 C 0.874688 1.714255 -0.498449
C -1.149878 0.276058 1.405889 H 1.658664 2472256 -0.390109
C -2.210117 0.573006 -0.727172 H 0.800183 1.476891 -1.565909
C -2.673902 -0.836213 -0.508145 C 1.394443 0.430065 0.201075
C -1.453989 1.159818 0.217751 C 0452279 -0.778529 -0.107533
H -2.833229 -1.352199 -1.458737 O 0.641565 -1.507683 -1.057700
H -2.027923 -0.012319 1.990500 O -1.696884 -1.679295 0.245751
H -2.339079 1.015551 -1.713280 H 1471997 0.582052 1.290050
H -3.596216 -0.896906 0.083088 O 2682611 0.211669 -0.323970
N -0.620439 -0.962726 0.796171 C 3414397 -0.832931 0.305977
C -0489477 2.291482 -0.012253 H 3.507295 -0.649997 1.388276
H -0.345038 2.863885 0.913966 H 4.409066 -0.825391 -0.145405
H -0.859197 2.990056 -0.771605 H 2947885 -1.810632 0.136101

0 imaginary frequencies



E =-631.11459

ZPE =0.217526

G =-630.930041

PDT-E'

z T©L T T T O O

@)

H

-0.459041

0.526555

2.167400

2.767052

1.049168

3.349207

1.201943

2.541115

3.407208

0.449570

0.035071

-0.521238

0.510808

0.327662

0.116863

0.894234

-0.462325

1.216152

-0.789958

-0.158430

1.503198

-0.504491

-1.054438

2.247131

2.612569

3.113593

0 imaginary frequencies

E =-631.116967

ZPE =0.217773

G =-630.932226

-1.821910

-1.410654

0.162016

-0.060401

-0.513460

0.804820

-2.225546

0.983440

-0.950620

-0.508369

-0.094745

-0.966285

0.380019

A O =T O O o o @m =T 0O

T T T

-0.951681

-1.836225

-0.455629

-1.456560

-0.275896

-0.010346

1.750913

-2.077775

-2.250924

-3.028875

-3.636425

-3.688586

-2.392900

1.609082

2.249113

1.573736

0.173994

-0.850121

-1.415781

-1.537652

-0.127449

0.179734

-1.000730

-0.842728

-1.166670

-1.885160

0.931742

1.036636

1.908964

0.649741

0.681128

1.725156

-0.281679

1.505206

-0.526792

-0.703173

-1.597191

0.160942

-0.846530



SM-F

C

H
H
C

= O

Z = O Z-m == O - T O

@

H

C

-3.235049

-4.152958

-2.382389

-3.163179

-4.356475

-5.227733

-4.472925

-5.413230

-3.657379

-1.867442

-2.073719

-1.206341

-1.130414

-1.765120

-0.903973

0.192310

0.641760

-0.031749

-2.494935

-3.072231

-2.999694

-1.216168

-0.574057

-1.223998

0.704886

1.078830

1.420818

-0.435290

0.567142

-0.928600

-0.315952

0.175173

-1.319313

0.461236

0.479817

1.920366

0 imaginary frequencies

E =-1000.489969

ZPE =0.283353

G =-1000.253087

0.864445

0.778675

1.311879

0.444843

-0.127891

-0.216294

-0.522895

-0.918509

-0.466048

0.553374

0.950625

1.272415

-0.796741

-1.542178

-1.176603

-0.714864

-1.722965

-0.339729

Z T - O T T =® O »vw O O O =z

Z T T QO

1.123007

0.825119

-0.928259

1.086251

2.548758

3.310781

3.499950

4.265594

2.645934

3.633737

3.800430

3.198307

4.613822

2.182724

1.685146

1.537697

3.111741

2.526503

2984162

2.639298

-0.083011

-0.889649

-1.125697

-0.160308

-1.662762

-1.702840

0.171313

1.164741

0.308614

-0.303296

-2.543790

-2.415357

-3.172707

-3.099539

0.419203

1.495519

-0.702024

0.238211

-0.077114

1.621622

2.105706

1.555790

2.275421

-1.197657

-0.764989

-2.195809

-1.338929

-0.910632

-1.880595

-0.284844

-1.094465



TS-F

H

Z LT O Z T T =T I~©T O O

@)

T T

C

C

1.900300

2.526748

3.558248

4.266470

2.702168

4.806088

3.197279

3.555523

4.356408

1.330335

1.865879

1.629785

2451071

0.548791

-0.108566

0.730716

-0.222620

0.515748

-0.746798

-0.303194

-0.421993

0.729751

-0.948745

1.089691

0.474624

-0.974526

1.327270

1.238347

-2.179515

-2.685428

-2.887858

-1.867858

-2.744032

-1.634745

-0.685443

0.616911

1 imaginary frequency

E =-1000.478126

ZPE = 0.284825

2.364370

1.596533

-0.657525

-0.597943

0.386165

-1.468852

1.940975

-1.596899

0.302342

0.768990

0.088881

1.033075

-0.511345

-0.651661

-0.624762

-1.707866

-0.028744

-0.370340

O =m O O

A T T T QO @=—m - T O

T T T

0.375699

2.056449

-0.249738

-1.522839

-2.903778

-4.233355

-5.200373

-4.366119

-3.964000

-3.315914

-3.461195

-4.242207

-2.528647

-2.649648

-1.894008

-3.587096

-2.334230

1.227602

2.146493

-0.797403

-0.683639

0.070593

-0.321628

0.109260

-1.404718

0.083152

-0.687205

-1.772179

-0.255361

-0.504297

1.930329

2.177943

2410846

2.385721

-1.397090

0.384798

1.066216

-0.570953

0.051017

-1.216648

-0.927301

-1.326466

-2.199466

1.734652

1.659399

2.136355

2477680

0.236577

0.993037

0.547835

-0.709211



G =-1000.235523

TS-F'

ZT T O T T O Z @m o @m o &m T O 0O

@)

C

-0.607099

-1.566772

-3.429312

-4.193221

-2.140171

-5.106425

-2.131674

-3.761908

-3.952535

-0.998186

-1.350884

-0.628007

-2.026741

-0.591238

0.082597

-1.288782

0.241256

-0.709446

0.493576

0.216257

0.673326

-0.404532

0.991381

-0.596801

-0.529386

1.338915

-1.109998

-1.369040

2.153630

2.499079

2.993246

1.802510

2.627494

1.673077

0.511420

-0.691813

1 imaginary frequency

E =-1000.480026

2.125353

1.705622

0.128670

0.415506

0.719801

-0.139878

2.252305

-0.668109

1.203462

0.352861

0.149570

0.893976

-0.060746

-1.149140

-1.410408

-1.985811

-1.020318

-0.995801

Z T T QO ©c - O O

@)

T =T T O =T T =

-1.144687

-1.918901

0.818650

1.090444

2.640433

3.161746

4.182592

2496678

3.138002

3.784369

4.803433

3.839230

3.454451

2.585074

3.581430

2.266018

1.898076

-1.178464

-2.170112

0.395758

0.592394

-0.084748

0.260442

-0.096049

-0.242079

1.335222

0.779306

0.376307

1.857418

0.643633

-1.934770

-2.378780

-2.149649

-2.454709

-2.009648

0.256786

-1.949495

0.106629

0.218758

1.991077

2.179434

2.703769

2.208528

-1.011653

-0.942527

-0.816030

-2.049680

-0.142754

-0.015119

-1.170684

0.535399



ZPE =0.284874

G =-1000.236807

PDT-F

H

Z LT O Z T T =T I~©T O O

@)

T T

C

C

-1.524913

-2.223203

-3.429937

-3.681648

-2.712593

-3.820740

-3.019180

-3.672387

-4.552819

-1.561087

-1.927372

-1.815753

-2.429376

-0.523614

0.153096

-0.617301

0.213100

-0.574697

0.757271

0.222100

0.346659

-1.110455

1.042856

-1.654504

-0.179305

0.756240

-1.290476

-0.937410

2.293883

2.890027

2.927173

1.903872

2.763238

1.651157

0.705656

-0.619092

0 imaginary frequencies

2051182

1.404960

-0.666832

-0.416832

0.232974

-1.354940

2.038501

-1.645805

0.225544

0.770690

-0.051623

0.864234

-0.792163

-0.606351

-0.538196

-1.668918

0.059280

-0.193840

©c =m= O O

A T T T QO @=—m - T O

T T T

-0.346294

-2.557701

0.317218

1.478730

2.874178

4.113673

5.090356

4.260209

3.762374

3.443807

3.634283

4.373457

2.700758

2.581020

1.860717

3.522246

2197777

-1.325298

-1.801789

0.880497

0.636799

-0.119746

0.092101

-0.332150

1.151950

-0.411693

0.782162

1.844529

0.343107

0.719387

-1.939928

-2.083423

-2.414394

-2.476895

-1.151924

0.284552

1.140302

-0.544569

0.038889

-1.357100

-1.091100

-1.597938

-2.265487

1.602664

1.405070

1.988342

2.408620

0.432755

1.248137

0.742434

-0.441909



E =-1000.528975

ZPE =0.290717

G =-1000.279797

PDT-F’

T T O T ¥ O Z @m o @m o &m T O 0O

@)

-0.428455

-1.414735

-3.359241

-3.695607

-2.224627

-4.334614

-1.919619

-3.934626

-4.187269

-1.273322

-1.455119

-0.846933

-2.122960

-0.534382

0.209393

-1.152944

0.235684

-0.757843

0.376327

0.028125

0.613864

-0.836771

1.077444

-1.203520

-0.409761

1.201017

-1.044711

-1.051442

2.289963

2.685382

3.093769

1.893707

2.682946

1.830659

0.551117

-0.650149

1.700267

1.400023

0.117222

0.296592

0.672310

-0.510884

2.265809

-0.596573

1.255393

0.397857

0.219790

1.042215

-0.112764

-0.975381

-1.141985

-1.879248

-0.874909

-0.849264

133

Z T T QO ©c =m= O O

@)

T =T T O =T T o

-1.071262

-2.498435

0.760815

1.160769

2.686033

3.344938

4.356993

2.707850

3.390918

3.778674

4.785972

3.881451

3.379218

2.513653

3.496492

2069312

1.880839

-1.184827

-1.733940

0.421924

0.585198

-0.160165

0.117262

-0.293723

-0.368659

1.186383

0.688192

0.251108

1.760200

0.581368

-1.994171

-2.484133

-2.160001

-2.507121

-1.897162

0.289407

-1.829845

0.202586

0.188059

1.927100

2.034362

2.676066

2.167641

-1.097812

-1.099535

-0.888467

-2.114287

-0.211893

-0.208403

-1.201247

0.522365



0 imaginary frequencies

E =-1000.531482

ZPE =0.290924

G =-1000.281905

SM-G

C

@)

T T

O

O

2.751295

1.497393

0.815952

1.759265

0.822800

0.642176

1.510171

-0.499305

-0.303982

-0.854201

3.478049

3.825926

3.247755

0.070765

0.114705

-0.654848

-0.227245

1.488610

1.818158

2.221505

1.490448

1.172235

2.530213

-1.260530

-1.617599

0.944029

0 imaginary frequencies

E =-593.989406

ZPE =0.213568

G =-593.813554

0.461796

-0.363806

0.031044

-1.375853

-0.384356

0.645818

-0.823370

-1.182329

-2.214969

-1.238420

0.499655

-0.604867

1.127415

C

@ T an @)

T

-1.589565

-2.146530

-1.907829

-2.914442

-3.292581

-2.090276

-1.728124

-3.204609

-4.153742

-2.423252

-3.228851

-3.205108

-4.182003

0.627838

1.013266

2.002072

0.169799

0.460023

-0.458644

-0.736303

-1.221336

-1.595552

-1.905868

-1.254080

-2.291266

-0.829066

-0.585517

0.725461

1.114328

1.439143

2417440

-1.210025

-2.199397

0.925234

1.326794

1.299957

-0.612365

-0.967303

-0.973470



TS-G

C 0.749945

H 0.202647

C 0.114387

C 0.682410

H 0.199941

@)

2.134294

2.203419

T T

2.639850

1.947271

= O

2.343903

C 2.848905

H 3.330446

H 3.661926

-0.840804

-1.016131

-1.175778

-0.686692

-0.925266

-0.284036

0.618418

-1.079598

-0.202040

0.135264

-0.067064

0.915911

-0.800062

1 imaginary frequency

E =-593.979105

ZPE =0.215900

G =-593.795988

TS-G'

C 0.346293

H -0.442781

0.154729

0.057501

1.317339

2.241787

0.069998

-1.104528

-2.049691

-1.207623

-1.824335

-1.772291

1.350832

2.306282

0.153547

0.175259

0.272585

-1.305078

-2.044834

135

C -1.186529

H -1.169733

H -1.253591

C -2.456027

H -2.585522

H -3.336445

C -2.388091

H -2.123877

H -3.361441

C -1.383179

O -1.630068

N -0.055415

O 0.787077

C 0.357278

C 1.374582

-1.950503

-2.729345

-2.467323

-1.086480

-0.801211

-1.677718

0.197128

-0.038852

0.699249

1.148410

1.884240

1.252477

1.876571

1.277831

1.370666

0.028725

0.802328

-0.937192

0.207201

1.258498

-0.072971

-0.645982

-1.683277

-0.640468

-0.034930

0.892126

-0.746298

-0.099614

-0.419365

0.485402



C

H

1.323930

1.160210

1.040048

2.658513

3.354888

3.126891

2473781

3.275293

2.550496

-0.903801

-1.003238

2.119241

-0.951800

-1.843075

0.593676

1.198987

0.483067

-0.800224

-0.979410

-1.595669

2.112862

2.782011

1 imaginary frequency

E =-593.974742

ZPE =0.216312

G =-593.790406

PDT-G

QO - O

@)

H

C

-0.749759

-0.530589

-0.047889

-0.435982

0.152406

-1.938639

-0.726039

-0.963788

-1.194793

-0.481304

-0.789660

-0.590786

1.273943

-1.038362

-1.647184

0.346951

-0.254075

1.330144

-0.310121

-1.038348

0.439208

-0.304908

-1.171966

-1.368549

-2.407007

-0.319182

0.960764

1.825402

1.282814

136

-0.813428

-2.200219

-2.504020

-3.007600

-2.131388

-3.150339

-1.638224

-1.424607

-1.962989

0.020594

0.397998

-2.162330

-2.149149

-1.749888

-2.209802

-2.762052

-3.493038

2.760411

1.269285

0.902215

1.930975

0.063271

-0.266881

0.351681

-1.130831

-1.937911

-1.416335

-0.780028

0.079264

-1.613491

0.329726

0.825968

-0.208238

0.572660

0.576148

-0.193111

-1.181457

0.143262

0.782625

1.008910

1.714197

0.157027

-0.566717

0.544983

1.545568

2.119484

1.612507

-0.992325

-1.847786

0.026970

0.259947



@)

Z T O T =

-3.301585

1.252647

1.352108

1.291414

2452094

2.618136

3.359613

-1.066866

-1.947828

-2.564648

-2.627199

-0.955470

-0.541426

-1.510526

0 imaginary frequencies

E =-594.025487

ZPE =0.221285

G =-593.835079

PDT-G'

T

@)

T T O =-Zm O =& 0

-0.336316

0.280853

-0.167063

-1.035072

-0.925755

-1.057613

-0.985220

-2.494463

-2.901300

-3.091666

0.158507

-0.006159

1.201112

1.077959

1.907531

-1.003469

-1.936458

0.757585

1.525276

0.756966

-0.388522

-0.324650

-1.225894

0.539032

-0.257728

-1.259572

0.011598

1.408174

2.288523

0.567596

-0.653798

-1.355813

0.746526

1.303889

-0.306698

0.360935

-1.224298

137

Tz = O

@)

T - O T T O

@)

O - =

2.295168

2.119042

3.227253

1.211670

1.483986

-0.113074

-1.064759

-2.499322

-3.122890

-2.881999

1.119367

1.334409

1.049692

2.306637

2.620083

3.160979

2.068995

0.239914

-0.109943

0.811948

1.210827

2.151922

0.945924

1.450602

-0.646455

-0.665850

-1.406317

1.991149

2.518689

2.754868

1.018155

0.554268

1.606470

-0.134380

0.721579

1.745103

0.725258

0.233507

-0.486867

0.656141

-0.273350

0.355914

1.255500

-0.332733

0.495810

1.433740

-0.289018

0.197977

1.141163

-0.160669

-0.831235



H 3.035952 -0.614765

H

C

1.695195

1.156667

0.259058

-1.234303

0 imaginary frequencies

E =-594.010059

ZPE =0.220832

G =-593.819806

SM-H

H

C

C

@)

Z O T T = &= T

3.994945

3.115221

2.500737

1.243760

1.675381

1.909633

2987624

2.786295

3.949136

1.294491

1.634807

2.273964

3.365603

4.274253

0.195443

0.727238

-1.086999

-0.879635

-1.633926

0.246582

0.333372

-1.641030

0477125

-2.644781

0.798363

1.014264

2.232044

2.541951

-1.009555

-1.778537

-0.276655

0.612081

0.203183

-1.446975

0.655040

-0.536538

0.986530

-1.280776

-2.339021

-1.788747

-0.673565

1.886307

-1.780447

0.373179

-0.157084

138

O

1.586995 -2.145809

0.408935

N -0.256773 -1.184473 -0.538304

O

H

H

C

Z T O T =

@)

H
H
C

N

O

-0.567223 -0.113869

3489219 2.496600

2.526741 2.817962

0.087536 -1.421973

-0.011801 -0.844250

0.313371 -2.456248

-1.264143 -1.434521

-1.179807 -2.022013

-2.013305 -1.942739

-1.762108 -0.028123

-1.009247 0.527433

-1.930423 0.576686

-3.038510 -0.016251

-3.595510 1.351863

-3.848445 2.000969

-1.419770

1.430615

-0.024006

1.466607

2.394907

1.765807

0.719757

-0.202320

1.338435

0.378306

-0.202295

1.281422

-0.413056

-0.758571

0.233015



O

-3.670113

-0.949051

0 imaginary frequencies

E =-633.305157

ZPE =0.241534

G =-633.102839

TS-H

C

— O T O 0

= O

C
H
H
N
O
C

-0.343239

0.326880

-0.018807

-0.707315

-0.448368

-1.386149

-1.539463

-2.081207

-2.069933

-2.458241

-3.345804

-2.758578

0.387170

-0.199764

1.105993

0.174509

0.210287

0.958150

0.689050

1.265626

-0.694970

-1.353601

0.050971

-0.679543

-0.687147

-0.209281

-1.717110

-1.076798

-2.011799

1.972636

1 imaginary frequency

-0.840969

1.686701

2.543710

0.525613

-0.656200

-1.542230

1.675872

2.528337

-0.695995

-1.513070

0.621509

1.069354

0.402819

-0.984284

-0.436683

0.543924

T

T - O T T O

@)

1.109164

0.903071

2.510267

2.883785

3.211654

2.492486

3.518080

2.002150

1.791557

2.328745

-3.127743

-3.176847

-4.121960

-2.901479

2.493756

2.731610

1.381363

0.861897

2.198283

0.385386

0.116623

0.826991

-0.883718

-1.768540

1.128052

1.907231

0.671550

1.610283

1.510292

-0.222412

0.282773

1.173853

0.073370

-0.895648

-1.170469

-1.770916

-0.463746

0.161012

-1.051772

-0.281249

-1.133435

-2.010779



E =-633.294025

ZPE = 0.243949

G =-633.084332

TS-H'

C

H

C

C

@)

T QO O Z T T 0O

0.250949

-0.444235

-0.181668

0.626920

0.312204

1.442091

1.677147

2.114678

2.518572

3.409848

2.820180

-0.088394

0.595907

-1.494928

-1.673936

-1.263362

-1.622223

-1.246508

-0.603134

-0.584410

-0.734224

-0.663487

-0.415096

-0.306384

-0.926049

0.719135

1.334328

1.718048

-1.871650

-2.775351

1 imaginary frequency

E =-633.292946

ZPE =0.243819

1.360418

2.117232

-0.015846

-0.941690

-1.983530

1.738413

2.798851

-0.721363

0.777747

0.955931

1.020422

-0.284793

0.661075

-0.441239

0.156165

H

-1.399968

-2.728503

-3.053688

-3.562310

-2.431845

-3.365323

-1.957647

-1.553876

-1.973636

2.532496

2.721661

2.350697

2476250

3.814560

-2.199624

-0.946686

-0.847878

-1.398535

0.461540

1.026038

0.398512

1.207167

1.781694

-1.363466

0.707493

1.684658

0.574541

0.704965

-1.484357

-0.337257

0.705745

-0.888397

-0.895494

-0.993499

-1.881576

0.082659

1.059533

-1.101304

-1.575899

-1.254750

-2.637097

-1.483854



G =-633.083159

PDT-H

Tz O =-m QO - O O

© zZz T T QO

C

-0.425931

-0.098174

-0.048162

-0.458650

-0.113904

-1.186516

-1.367469

-1.978399

-2.101371

-2.451741

-3.093346

-3.018349

0.251293

-0.374195

1.011509

-0.045196

-0.040695

0.863720

0.433125

1.112197

-1.200154

-2.012973

0.192700

-0.350855

-0.713226

-0.163272

-1.571772

-0.871460

-1.852215

1.923362

0 imaginary frequencies

E =-633.34109

ZPE =0.249234

G =-633.124105

1.663205

2.700273

0.744437

-0.649991

-1.430881

1.077103

1.781570

-0.809167

-1.753660

0.359968

1.059759

-0.015736

-0.816403

0.003772

0.858883

141

s

@ Q =— T O @m = O

T T T

1.108847

0.736943

2.388103

2.818188

3.072763

2.366002

3.395548

1.939403

1.652398

2.265595

-2.751572

-2.619461

-3.824747

-2.427368

2.279698

2.790077
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Chapter 5

Investigation of Intramolecular Cyano-azadiene Diels—Alder Reactions: Indolizidine and

Quinolizidine Synthesis

Abstract: Progress toward understanding the scope and diastereoselectivity of an intermolecular
aza-Diels—Alder reaction is described herein. The cyanoenamine products that result from this
cyclization have interesting structures and are underutilized intermediates in organic synthesis.
Assembly of the Diels—Alder precursors was achieved using an imine condensation/oxidative
cyanation protocol. By this method, several indolizidine and quinolizidine structures were

constructed.

Introduction

Indolizidine and quinolizidine are important heterocyclic motifs present in many alkaloid
natural products (Figure 5.1)."* These saturated heterocyclic systems and highly substituted
derivatives provide an organized template for specific biological binding.** While several
synthetic methods for the synthesis of quinolizidine and indolizidine have been reported, > the
Diels—Alder reaction of cyano-azadienes is an underdeveloped strategy for the preparation of
such heterocycles.'® Described herein are the initial studies for the construction of highly
substituted cyanoenamine containing indolizidines and quinolizidines via the Diels-Alder

reaction.
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Figure 5.1. Examples of indolizidine (red) and quinolizidine (blue) containing natural
products.'' ™
Cyanoenamine derivatives provide an intriguing functional handle for divergent synthetic

15,16

strategies, particularly in the realm of reductive cyanation precursors, though little has been

reported on the chemistry of this functional group.'” !

Modular syntheses of such heterocyclic
systems offer the opportunity for late-stage introduction of sensitive moieties without the use of
protecting groups or additional synthetic operations. Furthermore, this type of Diels-Alder
cyclization is an underdeveloped transformation in terms of scope and diastereocontrol.'® With

these specific aims in mind, we set out to investigate the synthesis of cyanoenamine containing

indolizidines and quinolizidines.

Background
While reports on the synthesis of cyanoenamine containing quinolizidine and

22-29
Fowler and

indolizidines in the literature are limited, there have been a few key studies.
Grierson initially reported the rapid cyclization of aniline-derived indolizidines (Scheme 5.1

A).? A subsequent report revealed that alkyl-derived substrates are less reactive, requiring
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higher temperatures and longer reaction times.** Despite the high yields (73-92%) of the Diels—
Alder reaction, the diastereoselectivity of these transformations was modest (4:1-3:2) and a
reversal of the cis/trans preference was observed with cyano-azadiene 5.13. Masson and Zhu
described an improved one-pot condensation/oxidative cyanation protocol to access
homoallyl-derived substrates.”’ In their sole example of an aza-Diels—Alder cyclization,
cinnamaldehyde derivative 5.16 underwent smooth cyclization to afford the requisite
indolizidines as a 1:1 mixture of diastereomers (Scheme 5.1 B). Despite solid precedent for the
desired cyclization, these limited reports lack much information about the diastereoselectivity of
this transformation, particularly with respect to dienophile substitution.

Scheme 5.1. Previous syntheses of indolizidines and quinolizidine containing

. 23,24,29
cyanoenamines.
A) Grierson and Fowler Me Me Me
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5.16 517 5.18 : “ PhCHs | H | |
H A 86%, dr=1:4

5.13 5.14 5.15

Indolizidine alkaloid 261C (5.1, Figure 1), isolated from the skin of the Madagascan frog
Mantella betsileo, provides a unique opportunity to investigate the subsequent reactivity of
cyanoenamines.'' Toyooka and co-workers have reported on synthetic studies toward 261C,
starting from known alcohol 5.19 (Scheme 5.2 A).*® However, their strategy requires over 30

synthetic steps to reach advanced intermediate 5.20. Implementation of an intramolecular
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aza-Diels—Alder reaction would dramatically shorten the synthesis of 261 C (5.1). The
importance of understanding the diastereoselectivity of these cyclizations is highlighted in a
retrosynthetic analysis of 261C (Scheme 5.2 B). An aza-Diels—Alder reaction of
cyano-iminodiene 5.22, derived from the asymmetric self-Mannich reaction’ of a known
aldehyde,’” would set two key stereostereocenters for the piperidine fragment of 261C and
rapidly lead to intermediate 5.21. This cyanoenamine could undergo a conjugate
addition/cyclization cascade to close the final ring, followed by decyanation/cross metathesis, to
furnish 261C (5.1). With this strategy in mind, we set out to investigate the feasibility
diastereoselective aza-Diels—Alder cyclizations.
Scheme 5.2. Synthetic strategies toward indolizidine alkaloid 261C.*

A) Toyooka and co-workers

EtO,C
AcO
>30 steps
/\)\/0 T & MeocC
/ H
5.19 Me
5.20
B) Aza-Diels—Alder based retrosynthetic analysis
Et Et
conjugate | asymmetric
addition/ — self-Mannich
cyclization aza-IMDA N
> T8SO ) TBso B
decyanation/ reaction N
cross NC N H NC.__N
metathesis \(
Et X
5.1
5.21 5.22

Results and Discussion
Substrate Design

A few key design considerations were taken into account when selecting substrates for
this study (Figure 5.2). Tether length was varied to access either indolizidines (n = 1) or

quinolizidines (n = 2). To probe reactivity and selectivity, the dienophile substitution (R, R’, R”
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= Me/H) was varied. In order to reduce the volatility of intermediates in the synthetic sequence, a
phenethyl substituent was introduced o to the nitrogen on the tether, which also provided a
useful chromophore for reaction monitoring. In addition, the cinnamaldehyde-derived diene
fragment was chosen to investigate steric effects and reduce volatility. Preliminary studies using
Grierson and Fowler’s triflation/cyanation protocol to access the Diels—Alder substrates proved
to have varying degrees of reproducibility.”® These issues led to the identification of Masson and
Zhu’s one-pot imine condensation/oxidative cyanation protocol as the preferred way to install the

nitrile moiety.”

NC N R
’d
R, R', R" = Me/H
\g n=1,2
Ph
5.23

Figure 5.2. Diels—Alder substrates.

Simple Unsubstituted Dienophile Synthesis

Synthesis of the unsubstituted dienophile amine precursors began from commercially
available 4-pentenoic acid 5.24a and 5-hexenoic acid 5.24b (Scheme 5.3). The acids underwent
standard amide coupling with N,0O-dimethylhydroxylamine hydrochloride, in the presence of
triethylamine and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride, resulting in
usable quantities of amides 5.25a-b. Using the protocol described by Woerpel and co-workers,
Weinreb amides’ 5.25a-b were treated with freshly prepared phenylethylmagnesium bromide to
furnish desired ketones 5.26a-b. Condensation of ketones 5.26a-b with hydroxylamine
hydrochloride in the presence of potassium carbonate resulted in quantitative conversion to
oximes 5.27a-b, which were isolated as an inconsequential 1:1 mixture of E:Z isomers. The

oximes were reduced using lithium aluminum hydride to furnish desired amines 5.28a-b in high

157



yields. Although the earlier steps were low yielding, due to the volatility of both starting
materials and products, this sequence afforded gram quantities of amines 5.28a-b and provided a
useful strategy for the synthesis of substituted dienophile amine precursors.

Scheme 5.3. Synthesis of unsubstituted dienophile amine precursors.

0 MeONHMe-HCI ° ph” - MgBr
é é
\/\MJnJ\OH Et;N, EDCI-HCI \/\M)nLNMeOMe

5.24an=1 5.25an=1:42%
5.2dbn=2 5.25b n = 2: quant.
OH
r NH
\/\Mj\/\ NH,OH-HCI NI LiAlH, W
—_— —_—
- Ph  K,COg \/\M)n\/\ph - Ph
5.26an =1:86% 5.27a n =1: quant. 5.28a n = 1: 92% (2 steps)
5.26b n = 2: 56% (2 steps) 5.27b n = 2: quant. 5.28b n = 2: 90% (2 steps)

Substituted Dienophile Synthesis

The synthesis of substituted dienophile amine precursors began from commercially
available allylic alcohol derivatives 5.29a-c¢ (Scheme 5.4). The alcohols underwent a Johnson
orthoester Claisen rearrangement® with triethylorthoacetate in the presence of acetic acid to
afford esters 5.30a-c. Lithium hydroxide-mediated hydrolysis of the esters proceeded
quantitatively and the crude acids were subjected to standard coupling conditions to furnish
desired amides 5.25c-e. As before, Weinreb amides 5.25¢-e were treated with freshly prepared
phenylethylmagnesium bromide to access ketones 5.26¢-e. Condensation of the ketones with
hydroxylamine hydrochloride in the presence of potassium carbonate led to quantitative
conversion to oximes 5.27c-e (1:1 mixture of E:Z isomers), which were reduced using lithium
aluminum hydride to furnish desired amines 5.28¢c-e in good yields. Yields were consistently
lower for most steps in the sequence with the 1,1-disubstituted alkene substrate, but usable

quantities were obtained by this method.

158



Scheme 5.4. Synthesis of substituted dienophile amine precursors.
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5.29b R, R' = H; R" = Me 5.30b R, R' = H; R" = Me: 69% 5.25d R, R' = H; R" = Me: 48%
5.29¢c R, R'= Me; R" = H 5.30c R, R' = Me; R" = H: 33% 5.25e R, R'= Me; R" = H: 36%
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R R
5.26¢ R, R" = H; R' = Me: 81% 5.27¢ R, R" = H; R' = Me: 89% 5.28¢c R, R" = H; R' = Me: 95%
5.26d R, R' = H; R" = Me: 68% 5.27d R, R' = H; R" = Me: quant. 5.28d R, R' = H; R" = Me: 98%
2.26e R, R' = Me; R" = H: 41% 5.27e R, R' = Me; R" = H: 99% 5.28¢ R, R' = Me; R" = H: 76%

Synthesis of the Cyclization Precursors and Cyanoenamine Products

With amines 5.28a-e in hand, strategies to access cyano-azadienes 5.23a-e were
investigated. While previous studies suggested Masson and Zhu’s imine condensation/oxidative
cyanation protocol®’ was the preferred method (vide supra), initial attempts to perform the
reaction as described were met with mixed results. The yields were significantly lower than
reported and inconsistent upon subsequent runs. In addition, monitoring the reaction was difficult
due to the sensitive nature of the intermediates.

In order to address these issues, a modified procedure to access the Diels—Alder
precursors was identified (Scheme 5.5). Treatment of amines 5.28a-e with trans-cinnamaldehyde
in the presence of magnesium sulfate for extended periods of time led to high yields of
intermediate imines 5.31a-e, which could be observed by NMR spectroscopy. Imines 5.31a-e
were pretreated with trimethylsilyl cyanide and a stoichiometric amount of methanol to initiate
the Strecker reaction,® followed by addition of tetrabutylammonium bromide and
2-iodoxybenzoic acid to furnish Diels—Alder precursors 5.23a-e in modest, but reproducible

yields.
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Scheme 5.5. Synthesis of the Diels—Alder precursors.
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Diels—Alder Cyclization

The Diels—Alder cycloaddition with cyano-azadienes S.23a-e occurred under thermal
conditions, to afford indolizidines 5.32a and 5.32c-e and quinolizidine 5.32b (Scheme 5.6).
While the yields are not optimal for this transformation, these preliminary results provide some
information about the scope and diastereoselectivity of the reaction. Temperatures lower than
180 °C did not provide sufficient conversion to product, however shorter reactions times at
180 °C were not investigated. It may be possible to improve these yields by either reducing

reaction times, or using Bronsted or Lewis acids to catalyze the cyclization.
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Scheme 5.6. Aza-Diels—Alder cyclizations.
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Simple unsubstituted alkene substrates afforded similar yields of indolizidine 5.32a and
quinolizidine 5.32b (38% and 33%, respectively), but the cyclization of precursor 5.23a gave
indolizidine 5.32a as a single diastereomer. Quinolizidine 5.32b was isolated as an inseparable
2:1 mixture of diastereomers, the stereochemistry of which could not be determined, due to
significant overlap in the alkyl region of the 'H NMR spectrum. Tentative assignment of
indolizidine 5.32a by NOESY correlations, suggests a cis relationship between the substituents
on the pyrrolidine ring. NOESY correlations also clearly indicate an exo-oriented cyclization
with respect to the tether, resulting in a frans relationship between the piperidine phenyl
substituent and the tether. This result is in sharp contrast to the virtual lack of selectivity reported
by Grierson and Fowler, as well as Masson and Zhu.***’ The preference for exo-cyclization was

observed in the substituted dienophile substrates as well.
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E-alkene 5.23c underwent cyclization to give indolizidine 5.32¢ in 37% yield as a single
diastereomer, which was comparable to unsubstituted alkene substrate S5.32a. The
stereochemistry of the dienophile was transferred to the product, suggesting that the cyclization
occurs in a concerted fashion rather than through a step-wise ionic or a di-radical pathway. As
with simple indolizidine 5.32a, NOESY correlations, suggest a cis relationship between the
substituents on the pyrrolidine ring. While this is not the desired relationship for the synthesis of
261C (Scheme 5.2. B), the role that diene substituents have on diastereoselectivity of cyclization
is unclear and remains an active area of interest within this research project.

Perhaps most interesting is the finding that 1,1-disubstituted alkene S5.23d and
trisubstituted alkene 5.23e undergo cyclization to give indolizidines 5.32d and 5.32e,
respectively. These are the first examples of this type of cyclization where quaternary centers are
generated, albeit in reduced yields. Indolizidine 5.32d was observed by 'H NMR spectroscopy
and HRMS, but an analytically pure sample could not be obtained. The stereochemical outcome
of this cyclization could not be determined. Indolizidine 5.32e was obtained in 19% yield as a
3:1 mixture of diastereomers. The major diastereomer in this cyclization suggests an exo mode of
cyclization and also appears to exhibit a cis relationship between substituents on the pyrrolidine

ring, which is the same diastereoselectivity observed in the less substituted cases.

Conclusions and Future Directions

These initial studies provide a solid foundation for further investigation into the synthesis
of cyanoenamine containing indolizidines and quinolizidines. The aza-Diels—Alder approach to
constructing these molecules has proven a viable synthetic strategy beyond simple, unsubstituted

cases. Additionally, interesting diastereoselective outcomes have been observed, several of
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which are in direct opposition to literature examples. Future computational studies should
provide a better understanding on the origins of the observed diastereoselectivities for this class
of Diels—Alder reactions. Once the oxidative Strecker and the cyclization reactions are
optimized, a more comprehensive study on the role that substituents play in determining the

diastereoselectivity of the cyclization will be initiated.

General Experimental Details:

Unless otherwise stated, reactions were carried out using standard procedures for the
rigorous exclusion of air and moisture. This included the use of oven-dried glassware, as well as
carrying reactions out under an atmosphere of Ar. When specified, glassware was washed with
0.5 M ethanolic HCI, then 0.5 M ethanolic KOH and oven-dried for a minimum of 4 h prior to
use. Thin layer chromatography (TLC) was carried out using glass plates coated with a 250 um
layer of 60 A silica gel. TLC plates were visualized with a UV lamp at 254 nm, or by staining
with KMnOy4, PMA, or vanillin. Organic solutions were concentrated using a rotary evaporator
equipped with a water aspirator. Flash column chromatography was performed using 40-63 um
silica gel. Silica gel was deactivated by preparation of a slurry (1:99 Et;N:hexanes) prior to
chromatography. All reagents were purchased from Acros, Alfa Aesar, Sigma-Alrich, Strem,
TCI, or VWR and used without further purification unless otherwise noted. Et;N and i-Pr,EtN
were freshly distilled over CaH; prior to use. Solvents, such as CH,Cl,, Et,0, THF, MeCN and
toluene were purchased as HPLC-grade and passed though a solvent purification system
equipped with activated alumina columns. Infrared spectra were recorded on a FT-IR
spectrometer. Nuclear magnetic resonance (NMR) spectroscopy was performed using a 500

MHz spectrometer. Chemical shifts in '"H NMR spectra are referenced from residual CHCl; or C-
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¢DsH (8 = 7.26 or 7.16, respectively) and reported in parts per million (ppm) with respect to
tetramethylsilane. Chemical shifts in BC NMR spectra are referenced from CDCIl; or C¢Dg (8 =
77.07 or 128.06, respectively) and reported in ppm with respect to tetramethylsilane. Coupling
constants are reported as J values and are given in Hertz (Hz). High resolution mass
spectrometry (ESI-MS) was performed by the Mass Spectrometry Laboratory at University of

California — Irvine.

Experimental Procedures:
General procedure for Johnson ortho-ester Claisen rearrangement:

To a dry Ar-flushed microwave vial was added the appropriate alcohol (42.1 mmol, 1.00
equiv), triethylorthoacetate (62.7 mmol, 1.49 equiv) and AcOH (1.25 mmol, 0.03 equiv). The
vial was then capped and heated thermally at 140 °C until starting material was consumed. The
reaction mixture was then cooled to 25 °C, partitioned between Et,O (10 mL) and H,O (10 mL),
and the aqueous was extracted with Et;O (3 X 5 mL). The combined organics were stirred with 1
M aq. HCI1 (10 mL) at 25 °C for 30 min, washed with brine (10 mL), dried over MgSOy, filtered

and concentrated in vacuo.

(o)

MeWLOEt

(E)-Ethyl hex-4-enoate (5.30a). Clear yellow oil (4.08 g, 68%): Ry = 0.28 (5:95

EtOAc:hexanes). Spectral data matched those reported in the literature.’’
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(0]

Me
Ethyl 4-methylpent-4-enoate (5.30b). Clear yellow oil (4.16 g, 69%): Ry = 0.31 (5:95

EtOAc:hexanes). Spectral data matched those reported in the literature.*®

Me (o)

MeMLOEt

Ethyl 5-methylhex-4-enoate (5.30c). Clear yellow oil (2.18 g, 33%): Rf = 0.38 (5:95

EtOAc:hexanes). Spectral data matched those reported in the literature.*

General procedure for ester hydrolysis:

To a solution of ester (1.00 equiv) in THF (20 mL) was added a solution of LiOH (5.00
equiv) in 1:1 H;O:MeOH (40 mL) and the reaction mixture was heated to 60 °C for 1 h or until
starting material was consumed by TLC analysis. The reaction mixture was then cooled to 25 °C,
partitioned between Et,O (20 mL) and 1M aq. NaOH (20 mL). The aqueous layer was extracted
with Et,0O (3 X 20 mL) and the combined organic layers were washed with 1 M aq. NaOH (3 x
10 mL). The aqueous washes were acidified to pH = 1 and extracted with Et,O (4 x 20 mL).
Combined organics were washed with brine (10 mL), dried over MgSQOy, filtered and the Et,O
removed by atmospheric distillation. The crude products were carried on directly without further

purification.
(o]

Me/WLOH

(E)-Hex-4-enoic acid (5.24c). Clear oil (4.10 g, quant.): Rr=0.48 (1:1 EtOAc:hexanes). Spectral

data matched those reported in the literature.**"!
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(o)

Ao

Me
4-Methylpent-4-enoic acid (5.24d). Clear oil (4.23 g, quant.): Rf = 0.50 (1:1 EtOAc:hexanes).

Spectral data matched those reported in the literature.**

MeMLOH

5-Methylhex-4-enoic acid (5.24e). Clear oil (2.37 g, quant.): Ry = 0.47 (1:1 EtOAc:hexanes).

Spectral data matched those reported in the literature.***

General procedure for amide coupling:

To a solution of carboxylic acid (1.00 equiv) in CH,Cl; (0.35 M) at 0 °C was added Et;N
(3.00 equiv). A single portion of N,O-dimethylhydroxylamine hydrochloride (1.00 equiv) was
added and the mixture was stirred for 10 min, followed by the addition of N-Ethyl-N'-(3-
dimethylaminopropyl)carbodiimide hydrochloride (1.00 equiv) in 2 equal portions over 5 min.
The resulting heterogeneous mixture was then slowly warmed to 25 °C, stirred for 12 h, then
quenched by the addition of HO (100 mL). The aqueous portion was extracted with CH,Cl, (3 X
30 mL) and the combined organics were washed with 1 M aq. HCI (200 mL), sat. aq. NaHCO;
(100 mL), and brine (50 mL). The organics were dried over MgSO, and filtered. Solvent was

removed by atmospheric distillation and the product purified by vacuum distillation.
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(o)

oM
WLN’ e

[
Me

N-Methoxy-N-methylpent-4-enamide (5.25a). Clear oil (2.15 g, 42%): bp 76 °C (15 torr); R¢=
0.61 (1:1 EtOAc:hexanes). Spectral data matched those reported in the literature.*

o

M
/\/\)LN’O e

1
Me

N-Methoxy-N-methylhex-5-enamide (5.25b). Clear oil (7.00 g, quant. not distilled, carried on

directly): Rg=0.60 (1:1 EtOAc:hexanes). Spectral data matched those reported in the literature.*

(0]

M
Me/WLN’O €

1
Me

(E)-N-Methoxy-/N-methylhex-4-enamide (5.25¢). Clear oil (3.00 g, 53% over 2 steps): bp 88—
91 °C (15 torr); R¢ = 0.60 (1:1 EtOAc:hexanes). Spectral data matched those reported in the

literature.™>

0

WI\ ~OMe
\

Me Me
N-Methoxy-/V,4-dimethylpent-4-enamide (5.25d). Clear oil (2.21 g, 48% over 2 steps): bp 82—
85 °C (15 torr); Ry = 0.66 (1:1 EtOAc:hexanes). Spectral data matched those reported in the

. 47
literature.
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Me (0]

OMe
MeMLN’

[
Me

N-Methoxy-N,5-dimethylhex-4-enamide (5.25¢). Clear oil (0.85 g, 36% over 2 steps): bp 93—
97 °C (15 torr); R¢ = 0.59 (1:1 EtOAc:hexanes). Spectral data matched those reported in the

. 4
literature.*

General procedure for ketone synthesis:

A flame-dried Ar-flushed round bottom flask was charged with freshly ground Mg°
turnings (12.3 mmol, 1.49 equiv) and THF (10 mL). A single crystal of I, was added, followed
by dropwise addition of (2-bromoethyl)benzene (10.2 mmol, 1.25 equiv) while heating to reflux.
Stirred for 30 min at reflux then cooled to 25 °C. The resulting clear tan solution was then added
to a pre-cooled solution (—10 °C) of amide (1.00 equiv) in THF (20 mL) dropwise over 10 min,
then slowly warmed to 25 °C. After 1 h, TLC indicated consumption of starting material. The
resulting heterogeneous white slurry was partitioned between Et,O (20 mL) and sat. aq. NH4CI
(20 mL). The aqueous was extracted with Et;0 (2 x 10 mL) and the combined organics were
washed with brine (10 mL), dried over MgSOQy, filtered and concentrated in vacuo to give a crude

yellow oil. Chromatography was performed using 40 g SiO; (0:100 — 10:90 EtOAc:hexanes).

(0]
X

1-Phenylhept-6-en-3-one (5.26a). Clear yellow oil (1.30 g, 83%): Ry = 0.49 (1:9

EtOAc:hexanes). Spectral data matched those reported in the literature.*°
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W\)‘\/\Q

1-Phenyloct-7-en-3-one (5.26b). Clear yellow oil (5.02 g, 56% over 2 steps): Ry = 0.47 (1:9
EtOAc:hexanes); 'H NMR (500 MHz, CDCls) & 7.34-7.23 (m, 2H), 7.22-7.14 (m, 3H), 5.74
(ddt, J=17.0, 10.2, 6.7 Hz, 1H), 5.05-4.91 (m, 2H), 2.89 (t, J = 7.6 Hz, 2H), 2.72 (t, /= 7.6 Hz,
2H), 2.38 (t, J = 7.4 Hz, 2H), 2.03 (q, J = 7.1 Hz, 3H), 1.66 (p, J = 7.4 Hz, 2H); *C NMR (126
MHz, CDCl;) ¢ 210.0, 141.3, 138.1, 128.6, 128.4, 126.2, 115.3, 44.5, 42.2, 33.2, 29.9, 22.9; IR
(neat) 3063, 3027, 2932, 1714, 1453, 913, 699; HRMS (ESI/MeOH) m/z calcd for C14H,;3ONa

(M + Na)" 225.1255, found 225.1248.

(o]
Me/\/\)‘\/\©
(E)-1-Phenyloct-6-en-3-one (5.26¢). Clear yellow oil (1.35 g, 81%): Ry = 049 (1:9

EtOAc:hexanes). Spectral data matched those reported in the literature.*

(o)

0

6-Methyl-1-phenylhept-6-en-3-one (5.26d). Clear yellow oil (1.14 g, 68%): Ry = 0.50 (1:9
EtOAc:hexanes); '"H NMR (500 MHz, CDCl3) & 7.38-7.31 (m, 2H), 7.29-7.22 (m, 3H), 4.81-
4.77 (m, 1H), 4.74-4.69 (m, 1H), 3.02-2.95 (app t, 2H), 2.86-2.79 (app t, 2H), 2.63-2.58 (app t,
2H), 2.34 (t, J = 7.6 Hz, 2H), 1.79 (s, 3H); *C NMR (126 MHz, CDCls) & 209.5, 144.5, 141.2,
128.6, 128.4, 126.2, 110.3, 44.4, 41.3, 31.5, 29.9, 22.7; IR (neat) 3064, 3026, 2931, 1714, 1452,

889. HRMS (ESI/MeOH) m/z calcd for C14H;sONa (M + Na)" 225.1255, found 225.1263.
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Me (o)

Me

7-Methyl-1-phenyloct-6-en-3-one (5.26e). Clear yellow oil (0.44 g, 41%): Ry = 0.48 (1:9

EtOAc:hexanes). Spectral data matched those reported in the literature.*®

General procedure for oxime formation

To a solution of hydroxylamine hydrochloride (8.00 mmol, 1.25 equiv) in H>O (6.0 mL)
was added K,COj3 (8.00 mmol, 1.25 equiv) slowly in small portions, followed by a solution of
ketone (6.40 mmol, 1.00 equiv) in EtOH (6.0 mL). The resulting cloudy mixture was brought to
reflux for 4 h and cooled to 25 °C. Additional hydroxylamine hydrochloride and K,COs (1.00
equiv each) were added and the reaction mixture refluxed for 1 h at which time TLC indicated
consumption of starting material. The reaction mixture was cooled to 25 °C and partitioned
between Et,O (20 mL) and H,O (20 mL). The aqueous portion was extracted with Et,O (20 mL)
and the combined organics were washed with brine (10 mL), dried over MgSO,4 and concentrated
in vacuo. The resulting crude oil was then chromatographed using 40 g of SiO; (0:100 — 20:80

EtOAc:hexanes). Products were isolated as a 1:1 mixture of £:Z oximes.

W\Q

1-Phenylhept-6-en-3-one oxime (5.27a). Clear yellow oil (1.55 g, quant.): Rf = 0.30 (1:9
EtOAc:hexanes); '"H NMR (500 MHz, CDCl3) & 8.95 (br s, 2H), 7.33-7.25 (m, 4H), 7.25-7.14
(m, 6H), 5.89-5.74 (m, 2H), 5.12-4.94 (m, 4H), 2.89-2.81 (app q, 4H), 2.69-2.61 (app t, 2H),

2.56-2.45 (m, 4H), 2.34-2.19 (m, 6H); *C NMR (126 MHz, CDCl3) & 160.6, 160.5, 141.5,
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141.4, 137.6, 137.5, 128.59, 128.57, 128.4 (2), 126.3, 126.2, 115.42, 115.35, 36.3, 34.1, 32.7,
31.7, 30.3, 30.2, 29.7, 27.5; IR (neat) 3241, 3082, 2927, 1641, 1496, 1453, 915; HRMS

(ESI/MeOH) m/z caled for C13H;7,NONa (M + Na)" 226.1208, found 226.1200.

/\/\)'\/\Q

1-Phenyloct-7-en-3-one oxime (5.27b). Clear yellow oil (5.40 g, quant.): Ry = 0.24 (1:9
EtOAc:hexanes); "H NMR (500 MHz, CDCls) 6 8.82 (br s, 2H), 7.28 (t, J = 7.6 Hz, 4H), 7.25—
7.14 (m, 6H), 5.88-5.71 (m, 2H), 5.08-4.94 (m, 4H), 2.91-2.80 (m, 4H), 2.68-2.61 (m, 2H),
2.55-2.47 (m, 2H), 2.43-2.35 (m, 2H), 2.18-2.01 (m, 6H), 1.68-1.56 (m, 4H); °C NMR (126
MHz, CDCl3) & 161.1, 161.0, 141.6, 141.4, 138.20, 138.18, 128.59, 128.56, 128.43, 128.42,
126.23, 126.22, 115.2 (2), 36.2, 34.1, 34.0, 33.4, 32.7, 31.8, 30.1, 27.6, 25.4, 25.0; IR (neat)
3244, 3078, 2928, 1640, 1496, 1454; HRMS (ESI/MeOH) m/z calcd for C1sHxNO (M + H)"

218.1545, found 218.1545.

I
Me/\/\)\/\©

(6E)-1-Phenyloct-6-en-3-one oxime (5.27¢). Clear yellow oil (1.24 g, 89%): Rs = 0.25 (1:9
EtOAc:hexanes); '"H NMR (500 MHz, CDCls) & 8.59 (br s, 2H), 7.29 (t, J = 7.5 Hz, 4H), 7.26—
7.16 (m, 6H), 5.57-5.35 (m, 4H), 2.89-2.80 (app q, 4H), 2.66-2.60 (app t, 2H), 2.53-2.47 (app t,
2H), 2.46-2.40 (app t, 2H), 2.26-2.20 (app q, 2H), 2.18 (s, 4H), 1.64 (t, J = 5.4 Hz, 6H); °C
NMR (126 MHz, CDCls) 8 160.9, 160.8, 141.6, 141.5, 130.2, 130.0, 128.59, 128.57, 128.4 (2),

126.23, 126.21, 126.0, 125.9, 36.4, 34.7, 32.6, 31.7, 30.1, 29.3, 28.7, 28.1, 18.07, 18.05; IR
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(neat) 3241, 3026, 2918, 1496, 1452, 965; HRMS (ESI/MeOH) m/z calcd for C;4H;9NONa (M +

Na)" 240.1364, found 240.1373.

Me

6-Methyl-1-phenylhept-6-en-3-one oxime (5.27d). Clear yellow oil (1.48 g, quant.): R¢= 0.27
(1:9 EtOAc:hexanes); '"H NMR (500 MHz, CDCl;) & 8.89 (br s, 2H), 7.34-7.25 (m, 4H), 7.25-
7.13 (m, 6H), 4.79-4.65 (m, 4H), 2.89-2.83 (app q, 4H), 2.67-2.63 (app t, 2H), 2.55-2.49 (app
q, 4H), 2.30-2.15 (m, 6H), 1.76 (s, 3H), 1.71 (s, 3H); °C NMR (126 MHz, CDCl;) & 160.83,
160.81, 145.0, 144.8, 141.5, 141.4, 128.59, 128.58, 128.4 (2), 126.3, 126.2, 110.6, 110.5, 36.2,
34.2, 33.4, 33.0, 32.7, 31.8, 30.1, 26.5, 22.54, 22.51; IR (neat) 3239, 3083, 2931, 1650, 1496,
1453, 890; HRMS (ESI/MeOH) m/z caled for Ci4sH;NONa (M + Na)Jr 240.1364, found

240.1355.

7-Methyl-1-phenyloct-6-en-3-one oxime (5.27¢). Clear yellow oil (0.40 g, 99%): R¢=0.23 (1:9
EtOAc:hexanes); '"H NMR (500 MHz, CDCI3) & 8.32 (br s, 2H), 7.29 (t, J = 7.5 Hz, 4H), 7.25—
7.15 (m, 6H), 5.14 (t,J = 7.1 Hz, 1H), 5.08 (t, J = 6.4 Hz, 1H), 2.89-2.82 (app q, 4H), 2.67-2.61
(app t, 2H), 2.54-2.47 (app t, 2H), 2.43-2.36 (app t, 2H), 2.27-2.12 (m, 6H), 1.69 (s, 3H), 1.68
(s, 3H), 1.62 (s, 3H), 1.59 (s, 3H); °C NMR (126 MHz, CDCl;) § 161.2, 161.1, 141.6, 141.5,
132.9, 132.7, 128.59, 128.57, 128.4 (2), 126.23, 126.21, 123.4, 123.2, 36.5, 34.8, 32.7, 31.8,
30.1, 28.2, 25.8 (2), 24.9, 24.3, 17.9, 17.8; IR (neat) 3234, 2925, 1496, 1453, 960, 699; HRMS

(ESI/MeOH) m/z caled for CsH, NONa (M + Na)' 254.1521, found 254.1509.
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General procedure for oxime reduction:

To a stirring suspension of LiAlH4 (2.00 equiv) in Et;O (0.5 M) at 0 °C was added a
solution of oxime (1.00 equiv) in Et,O (0.5 M) at an approximate rate of 1 mL/min (gas
evolution observed). The heterogeneous grey reaction mixture was warmed to 25 °C, then heated
to reflux for 16 h, or until TLC analysis of a quenched aliquot indicated consumption of starting
material. The reaction mixture was cooled to 25 °C and treated sequentially with H,O (1 mL/g of
LiAlHy), 10% w/w aq. NaOH (1 mL/g of LiAlH4) and H,O (3 mL/g of LiAlH4) at a rate
sufficient to prevent reflux, then stirred vigorously for 1 h. The resulting white heterogeneous
mixture was filtered through a pad of Celite, washed with Et,O (3 x 20 mL), and concentrated in
vacuo to give a light yellow oil. Chromatography was performed using Et;N-deactivated SiO; (5-

10 g/mmol substrate; 0:1:99 — 99:1:0 EtOAc:Et;N:hexanes).

NH,
\/\)\/\@

1-Phenylhept-6-en-3-amine (5.28a). Clear oil (1.17 g, 92%): Ry = 0.12 (49:1:50
EtOAc:Et;N:hexanes); "H NMR (500 MHz, CDCl3) 6 7.34 (dd, J = 13.7, 6.0 Hz, 2H), 7.30-7.20
(m, 3H), 5.88 (ddt, J = 16.8, 10.0, 6.7 Hz, 1H), 5.09 (d, J = 17.1 Hz, 1H), 5.02 (d, J = 10.2 Hz,
1H), 2.87-2.77 (m, 2H), 2.75-2.65 (m, 1H), 2.24 (td, J = 15.0, 6.4 Hz, 1H), 2.15 (td, J = 15.0,
7.0 Hz, 1H), 1.87-1.78 (m, 1H), 1.64 (tdd, J = 14.4, 8.8, 6.0 Hz, 2H), 1.51-1.41 (m, 1H), 1.28 (s,
2H); °C NMR (126 MHz, CDCl;) & 142.5, 138.7, 128.48, 128.46, 125.9, 114.7, 50.5, 40.0, 37.4,

32.7, 30.6; IR (neat) 3372, 3026, 2924, 1639, 1453, 910; HRMS (ESI/MeOH) m/z calcd for C-

13H2oN (M + H)" 190.1596, found 190.1587.
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NH,
W\)\/\@
1-Phenyloct-7-en-3-amine (5.28b). Clear oil (4.55 g, 90%): Ry = 0.10 (49:1:50
EtOAc:Et;N:hexanes); "H NMR (500 MHz, CDCl3) 6 7.27 (dd, J=13.3, 5.3 Hz, 2H), 7.18 (dd, J
=12.0, 7.6 Hz, 3H), 5.80 (ddt, /= 17.0, 10.2, 6.7 Hz, 1H), 5.00 (dd, /= 17.1, 1.5 Hz, 1H), 4.95
(d, J=10.2 Hz, 1H), 2.79-2.69 (m, 2H), 2.67-2.57 (m, 1H), 2.13-1.99 (m, 2H), 1.80-1.69 (m,
1H), 1.62—1.53 (m, 1H), 1.52-1.36 (m, 3H), 1.35-1.17 (m, 3H); °C NMR (126 MHz, CDCls) §

142.5, 138.8, 128.42, 128.41, 125.8, 114.6, 50.8, 40.0, 37.7, 33.9, 32.7, 25.5.

NH,
Me/WK/\Q
(E)-1-Phenyloct-6-en-3-amine (5.28c). Clear oil (1.06 g, 94%): Ry = 0.11 (49:1:50
EtOAc:Et;N:hexanes); '"H NMR (500 MHz, CDCls) & 7.32-7.23 (m, 2H), 7.22-7.11 (m, 3H),
5.51-5.34 (m, 2H), 2.79-2.68 (m, 2H), 2.66-2.57 (m, 1H), 2.13-2.04 (m, 1H), 2.04-1.94 (m,
1H), 1.79-1.69 (m, 1H), 1.64 (d, J = 4.7 Hz, 3H), 1.61-1.47 (m, 2H), 1.39-1.32 (m, 1H), 1.30
(br s, 2H); °C NMR (126 MHz, CDCl3) § 142.5, 131.1, 128.4 (2), 125.8, 125.1, 50.4, 39.9, 38.0,

32.6,29.3, 18.0; IR (neat) 3364, 3025, 2918, 1582, 1453, 967; HRMS (ESI/MeOH) m/z calcd for

Ci4sHN (M + H)' 204.1752, found 204.1749.
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NH,

0

6-Methyl-1-phenylhept-6-en-3-amine (5.28d). Clear oil (1.09 g, 98%): R¢ = 0.10 (49:1:50
EtOAc:Et;N:hexanes); '"H NMR (500 MHz, CDCL3) & 7.31-7.24 (m, 2H), 7.22-7.16 (m, 3H),
4.72-4.70 (m, 1H), 4.70-4.68 (m, 1H), 2.80-2.71 (m, 2H), 2.68-2.59 (m, 1H), 2.17-2.08 (m,
1H), 2.08-1.99 (m, 1H), 1.81-1.74 (m, 1H), 1.73 (s, 3H), 1.66—1.54 (m, 2H), 1.48-1.38 (m, 1H),
1.29 (s, 2H); *C NMR (126 MHz, CDCls) 5 145.9, 142.4, 128.4, 128.4, 125.8, 110.0, 50.7, 40.0,
36.1, 34.5, 32.7, 22.5; IR (neat) 3372, 3026, 2931, 1648, 1453, 886; HRMS (ESI/MeOH) m/z

caled for C14H2oN (M + H)™ 204.1752, found 204.1747.

7-Methyl-1-phenyloct-6-en-3-amine (5.28e). Clear oil (0.29 g, 76%): Ry = 0.09 (49:1:50
EtOAc:Et;N:hexanes); '"H NMR (500 MHz, CDCls) & 7.31-7.25 (m, 2H), 7.22-7.15 (m, 3H),
5.11 (dddd, J = 8.5, 7.1, 2.6, 1.3 Hz, 1H), 2.79-2.70 (m, 2H), 2.62 (ddd, J = 13.7, 10.4, 6.0 Hz,
1H), 2.15-1.96 (m, 2H), 1.75 (dddd, J = 13.6, 10.7, 6.0, 4.8 Hz, 1H), 1.69 (s, 3H), 1.61 (s, 3H),
1.60—1.55 (m, 1H), 1.54-1.46 (m, 1H), 1.33 (dddd, J = 13.7, 9.2, 7.9, 6.0 Hz, 1H), 1.19 (s, 2H);
>C NMR (126 MHz, CDCl;) & 142.6, 131.8, 128.5 (2), 125.9, 124.4, 50.7, 40.1, 38.3, 32.8, 25.9,
24.8, 17.8; IR (neat) 3374, 3026, 2916, 1603, 1453, 699; HRMS (ESI/MeOH) m/z calcd for C-

1sH2sN (M + H)" 218.1909, found 218.1917.

General procedure for imine formation:
A flamed dried Ar-flushed vial containing MgSO4 (1.00 equiv) was charged with a

solution of trans-cinnamaldehyde (1.00 equiv) in PhH (0.4 M), followed a solution of amine
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(1.00 equiv) in PhH (0.4 M) and was allowed to stir at 25 °C for 12 h. The resultant hazy mixture
was filtered through a plug of MgSOs, rinsed with PhH (4 x 0.5 mL), and concentrated in vacuo.
NMR analysis of the crude oil showed virtual consumption of the aldehyde and was carried on

directly to the oxidation without further purification.

(E)-1-Phenyl-N-((E)-3-phenylallylidene)hept-6-en-3-amine (5.31a). Clear oil (18 mg, 82%):
'H NMR (500 MHz, C¢D¢) & 7.80 (d, J = 8.7 Hz, 1H), 7.27-7.17 (m, 4H), 7.14-6.97 (m, 7H),
6.65 (d, J=16.1 Hz, 1H), 5.78 (ddt, J = 13.4, 10.0, 6.7 Hz, 1H), 5.04 (d, /= 17.2 Hz, 1H), 4.99
(d, J=10.1 Hz, 1H), 2.97 (ddd, J=12.3, 8.5, 3.4 Hz, 1H), 2.67 (ddd, J = 14.3, 10.5, 5.2 Hz, 1H),
2.49 (ddd, J=13.7,9.9, 6.7 Hz, 1H), 2.15-2.02 (m, 2H), 1.97 (ddd, J = 21.3, 14.1, 6.2 Hz, 1H),

1.90-1.77 (m, 2H), 1.67-1.58 (m, 1H).

3

(E)-1-Phenyl-N-((E)-3-phenylallylidene)oct-7-en-3-amine (5.31b). Clear oil (24 mg, quant.):
IH NMR (500 MHz, C¢D¢) 6 7.81 (d, J = 8.6 Hz, 1H), 7.26-7.17 (m, 4H), 7.15-6.97 (m, 7H),

6.65 (d, J = 16.1 Hz, 1H), 5.77 (ddt, J = 13.5, 9.9, 6.6 Hz, 1H), 5.04 (d, J = 17.9 Hz, 1H), 4.98
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(d, J=10.2 Hz, 1H), 2.93 (dt, J= 12.2, 4.1 Hz, 1H), 2.69 (ddd, J = 14.5, 10.0, 5.0 Hz, 1H), 2.51
(ddd, J = 13.9, 9.9, 7.0 Hz, 1H), 2.06 (ddd, J = 13.6, 9.4, 4.9 Hz, 1H), 2.02-1.93 (m, 2H), 1.88
(dddd, J=12.5,9.4, 6.2, 3.5 Hz, 1H), 1.71 (ddd, J = 19.1, 13.2, 4.8 Hz, 1H), 1.54 (ddd, J = 13.3,

10.0, 4.2 Hz, 1H), 1.42 (qd, J=12.5, 7.3 Hz, 1H), 1.28 (qd, J = 13.4, 6.5 Hz, 1H).

\

(6E,NE)-1-Phenyl-N-((E)-3-phenylallylidene)oct-6-en-3-amine (5.31c). Clear oil (26 mg,
quant.): "H NMR (500 MHz, C¢D¢) & 7.82 (d, J = 8.7 Hz, 1H), 7.25-7.17 (m, 4H), 7.15-6.97 (m,
7H), 6.65 (d, J = 16.1 Hz, 1H), 5.50-5.35 (m, 2H), 3.00 (dt, /= 12.0, 4.1 Hz, 1H), 2.69 (ddd, J =
14.7,10.5, 5.2 Hz, 1H), 2.51 (ddd, /= 13.8, 10.0, 6.7 Hz, 1H), 2.15-2.02 (m, 2H), 2.01-1.93 (m,

1H), 1.93-1.79 (m, 2H), 1.69-1.63 (m, 1H), 1.61 (d, J = 4.7 Hz, 3H).

M
H N
’d
TE)

(E)-6-Methyl-1-phenyl-N-((E)-3-phenylallylidene)hept-6-en-3-amine (5.31d). Clear oil (23
mg, quant.): 'H NMR (500 MHz, C¢Ds) & 7.83 (d, J = 8.7 Hz, 1H), 7.26-7.17 (m, 4H), 7.15-6.97

(m, 7H), 6.66 (d, J = 16.1 Hz, 1H), 4.82 (s, 2H), 2.98 (td, J = 8.4, 4.1 Hz, 1H), 2.69 (ddd, J =
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14.7,10.3, 5.1 Hz, 1H), 2.51 (ddd, /= 13.8, 10.0, 6.8 Hz, 1H), 2.12-2.01 (m, 2H), 2.00-1.84 (m,

3H), 1.73 (ddd, J = 12.8, 10.2, 5.4 Hz, 1H), 1.65 (s, 3H).

Me

\

(E)-7-Methyl-1-phenyl-N-((E)-3-phenylallylidene)oct-6-en-3-amine (5.31e). Clear oil (24 mg,
quant.): 'H NMR (500 MHz, C¢Ds) & 7.84 (d, J= 8.7 Hz, 1H), 7.26-7.17 (m, 4H), 7.15-6.97 (m,
7H), 6.65 (d, J = 16.1 Hz, 1H), 5.23 (t, J = 7.0 Hz, 1H), 3.03 (ddd, J = 12.2, 8.5, 3.5 Hz, 1H),
2.70 (ddd, J=14.3, 10.5, 5.1 Hz, 1H), 2.52 (ddd, /= 13.8, 10.1, 6.6 Hz, 1H), 2.19-1.97 (m, 3H),

1.96-1.80 (m, 2H), 1.68 (s, 3H), 1.67-1.63 (m, 1H), 1.56 (s, 3H).

General procedure for oxidative cyanation:

A solution of the crude imine (1.00 equiv) in MeCN (0.35 M) was treated with a solution
of TMSCN (1.10 equiv) in MeCN (0.80 M), followed by a solution of MeOH (1.10 equiv) in
MeCN (0.80 M) and stirred at 25 °C for 1 h. The clear reaction mixture was then treated with
tetrabutylammonium bromide (1.10 equiv) and 2-iodoxybenzoic acid (1.10 equiv) and stirred at
25 °C for 16 h. The cloudy mixture was filtered through a plug of Celite, concentrated in vacuo,

and chromatographed using 6.0 g of silanized’' SiO, (0:100 — 1:99 EtOAc:Hexane).
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NC N

\

(Z)-N-(1-Phenylhept-6-en-3-yl)cinnamimidoyl cyanide (5.23a). Clear yellow oil (12 mg,
51%): Re=0.32 (10:90 EtOAc:hexanes); 'H NMR (500 MHz, C¢Ds) 6 7.41 (d, J = 16.4 Hz, 1H),
7.10-7.04 (m, 4H), 7.03—6.94 (m, 6H), 6.91 (d, J = 16.5 Hz, 1H), 5.73 (ddt, J = 16.8, 10.0, 6.6
Hz, 1H), 5.07-4.96 (m, 2H), 3.94 (dt, J = 8.5, 4.7 Hz, 1H), 2.51 (t, J = 8.3 Hz, 2H), 2.01-1.89
(m, 3H), 1.81 (ddq, J = 8.9, 3.9, 2.8 Hz, 1H), 1.76-1.68 (m, 1H), 1.63-1.54 (m, 1H); °C NMR
(126 MHz, C¢Dg) 6 142.3, 141.90, 141.88, 138.0, 134.9, 130.1, 129.0, 128.8, 128.7, 128.4, 126.4,
126.3, 115.3, 110.0, 68.5, 38.4, 35.8, 33.1, 30.9; IR (neat) 3027, 2941, 2220, 1628, 1583, 1450,

967; HRMS (ESI/MeOH) m/z calcd for Cp3Hp4NoNa (M + Na)™ 351.1837, found 351.1835.

NC N

\

(Z)-N-(1-Phenyloct-7-en-3-yl)cinnamimidoyl cyanide (5.23b). Clear yellow oil (13 mg, 52%):
Re=0.33 (10:90 EtOAc:hexanes); 'H NMR (500 MHz, C¢Ds) & 7.41 (d, J=16.3 Hz, 1H), 7.11—
7.05 (m, 4H), 7.02-6.94 (m, 6H), 6.92 (d, J = 16.5 Hz, 1H), 5.71 (ddt, J = 14.0, 10.1, 6.8 Hz,
1H), 5.09-5.00 (m, 1H), 4.97 (d, J = 10.1 Hz, 1H), 3.98-3.84 (m, 1H), 2.52 (t, J = 9.1 Hz, 2H),

1.95 (h, J = 7.8, 7.2 Hz, 3H), 1.88-1.79 (m, 1H), 1.64-1.57 (m, 1H), 1.55-1.45 (m, 1H), 1.35~
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1.27 (m, 2H); °C NMR (126 MHz, C¢Dg) & 142.2, 142.0, 141.6, 138.6, 134.9, 130.0, 129.0,
128.78, 128.76, 128.4, 126.4, 126.3, 115.1, 110.0, 69.0, 38.5, 36.1, 34.0, 33.2, 25.9; IR (neat)
3027, 2938, 2220, 1629, 1583, 1450, 967; HRMS (ESI/MeOH) m/z calcd for Co4HsN,Na (M +

Na)" 365.1994, found 365.1989.

NC N

\

(£)-N-((E)-1-Phenyloct-6-en-3-yl)cinnamimidoyl cyanide (5.23c). Clear yellow oil (19 mg,
76%): Re=0.32 (10:90 EtOAc:hexanes); 'H NMR (500 MHz, CsDs) 6 7.42 (d, J = 16.4 Hz, 1H),
7.06 (d, J = 7.6 Hz, 3H), 7.04—6.89 (m, 8H), 5.46-5.35 (m, 2H), 3.98 (dt, J = 8.6, 4.5 Hz, 1H),
2.52 (t, J = 8.4 Hz, 2H), 2.03—-1.91 (m, 3H), 1.84 (ddt, J = 13.3, 9.2, 4.1 Hz, 1H), 1.75 (dq, J =
15.2,7.7 Hz, 1H), 1.63 (d, J = 4.6 Hz, 3H), 1.52 (dd, J = 18.0, 6.1 Hz, 1H); >*C NMR (126 MHz,
CeDg) 6 142.1, 142.0, 141.9, 135.0, 130.6, 130.0, 129.0, 128.87, 128.86 (2), 126.5, 126.3, 126.0,
110.0, 68.5, 38.6, 36.4, 33.2, 29.8, 18.2; IR (neat) 3027, 2918, 2220, 1629, 1583, 1450, 966;

HRMS (ESI/MeOH) m/z caled for Ca4HysN>Na (M + Na)™ 365.1994, found 365.1990.

180



Me

NC N

\

(Z£)-N-(6-Methyl-1-phenylhept-6-en-3-yl)cinnamimidoyl cyanide (5.23d). Clear yellow oil (13
mg, 54%): R¢=0.30 (10:90 EtOAc:hexanes); 'H NMR (500 MHz, C4D¢) 6 7.42 (d, J= 16.4 Hz,
1H), 7.08 (d, J = 7.6 Hz, 4H), 7.03—6.88 (m, 7H), 4.80 (d, J = 9.1 Hz, 2H), 3.95 (tt, /= 8.5, 3.3
Hz, 1H), 2.53 (t, J= 8.3 Hz, 2H), 1.97 (td, J = 8.3, 4.4 Hz, 3H), 1.83 (ddd, /= 16.0, 10.4, 5.3 Hz,
2H), 1.72 (dq, J = 6.7, 3.2 Hz, 1H), 1.62 (s, 3H); °C NMR (126 MHz, C¢Ds) 5 145.0, 142.3,
141.91, 141.88, 134.9, 130.1, 129.0, 128.78, 128.76, 126.4, 126.3, 110.8, 110.4, 110.0, 68.8,
38.5, 34.74, 34.66, 33.2, 22.6; IR (neat) 3027, 2941, 2220, 1628, 1583, 1450, 967, HRMS

(ESI/MeOH) m/z caled for Co4HagN;Na (M + Na)* 365.1994, found 365.1993.

Me

NC N Me

\

(Z)-N-(7-Methyl-1-phenyloct-6-en-3-yl)cinnamimidoyl cyanide (5.23e). Clear yellow oil (12
mg, 47%): R¢=0.31 (10:90 EtOAc:hexanes); 'H NMR (500 MHz, C4D¢) 6 7.42 (d, J= 16.4 Hz,
1H), 7.11-7.04 (m, 4H), 7.03-6.92 (m, 7H), 5.18 (t, J = 7.3 Hz, 1H), 4.01 (tt, J = 8.4, 4.0 Hz,
1H), 2.54 (t, J = 8.3 Hz, 2H), 2.08-1.94 (m, 3H), 1.87 (dtd, J = 12.9, 8.2, 3.7 Hz, 1H), 1.82-1.73

m, 1H), 1.71 (s, 3H), 1.65 (tq, J = 8.8, 4.2 Hz, 1H), 1.55 (s, 3H); *C NMR (126 MHz, C¢Ds) &
q

181



142.1, 142.0, 141.9, 135.0, 132.2, 130.0, 129.0, 128.77, 128.75, 128.6, 126.5, 126.3, 124.2,
110.0, 68.7, 38.6, 36.6, 33.2, 25.9, 25.3, 17.9; IR (neat) 3025, 2928, 2219, 1628, 1582, 1450,

967; HRMS (ESI/MeOH) m/z calcd for CpsHasNaNa (M + Na)™ 379.2150, found 379.2143.

General procedure for the intramolecular Diels—Alder reaction:

An acid/base treated microwave vial was charged with a solution of the substrate (1.00 equiv) in
PhCHj3; (0.05 M). The PhCH; was removed under vacuum to dry the sample to a yellow oil. The
residue was then charged with PhCH; (0.04 M), degassed by sparging with Ar for 10 minutes,
capped and heated thermally to 180 °C for 30 hours. The reaction was cooled to 25 °C,
concentrated in vacuo, and chromatographed using 4.0 g of SiO, (0:100 — 10:90

EtOAc:hexanes).

Ph

rac-(38,7S,8a8)-3-Phenethyl-7-phenyl-1,2,3,7,8,8a-hexahydroindolizine-5-carbonitrile

(5.32a). Clear yellow oil (5 mg, 38%): Ry = 0.25 (10:90 EtOAc:hexanes); '"H NMR (500 MHz,
CsDg) 6 7.13 (s, SH), 7.11-7.03 (m, 2H), 7.00 (s, 1H), 6.96 (d, J = 7.5 Hz, 2H), 5.18 (d, /= 5.3
Hz, 1H), 3.65 (t,J = 8.9 Hz, 1H), 3.18 (t, J=5.7 Hz, 1H), 2.88-2.78 (m, 1H), 2.50 (dtd, J = 12.2,
10.8, 5.9 Hz, 1H), 2.38 (dtd, J = 15.0, 13.1, 4.9 Hz, 1H), 2.07 (td, J = 13.3, 3.9 Hz, 1H), 1.60 (d,
J=12.7 Hz, 1H), 1.45-1.32 (m, 3H), 1.29-1.22 (m, 2H), 1.03 (td, J = 12.5, 5.9 Hz, 1H); °C
NMR (126 MHz, C¢Ds) 6 146.3, 141.9, 128.8, 128.7, 128.60, 128.58, 126.7, 126.3, 119.1, 116.4,
112.3,60.2, 52.2,39.2, 37.8, 37.0, 33.6, 29.8, 28.2; IR (neat) 3025, 2928, 2225, 1601, 1450, 700;

HRMS (ESI/MeOH) m/z caled for Co3H4NoNa (M + Na)Jr 351.1837, found 351.1833.

182



Ph

rac-(28,9a5)-6-Phenethyl-2-phenyl-2,6,7,8,9,9a-hexahydro-1H-quinolizine-4-carbonitrile

(5.32b). Clear yellow oil (4 mg, 33%): Ry = 0.24 (10:90 EtOAc:hexanes); '"H NMR (500 MHz,
C¢Dg) 6 7.24-7.18 (m, 5H), 7.12-7.04 (m, 3H), 7.02-6.97 (m, 2H), 5.28 (d, J = 4.1 Hz, 1H),
3.28-3.20 (m, 1H), 3.18-3.12 (m, 1H), 2.77-2.66 (m, 2H), 2.65-2.56 (m, 1H), 1.74-1.66 (m,
1H), 1.50-1.45 (m, 1H), 1.43-1.37 (m, 1H), 1.35-1.26 (m, 2H), 1.24-1.10 (m, 2H), 1.09-0.99
(m, 1H), 0.95-0.86 (m, 2H); >C NMR (126 MHz, C¢D¢) & 145.7, 142.2, 128.93, 128.89, 128.8,
128.7, 127.4, 126.8, 121.8, 118.1, 117.2, 59.2, 52.3, 37.9, 37.8, 33.6, 27.2, 27.0, 19.8, 18.7; IR
(neat) 3025, 2937, 2222, 1603, 1453, 700; HRMS (ESI/MeOH) m/z calcd for CosHsNoNa (M +

Na)" 365.1994, found 365.1984.

rac-(3S,7S,8R,8aS)-8-Methyl-3-phenethyl-7-phenyl-1,2,3,7,8,8a-hexahydroindolizine-5-

carbonitrile (5.32c¢). Clear yellow oil (7 mg, 37%): R¢= 0.25 (10:90 EtOAc:hexanes); 'H NMR
(500 MHz, C¢Dg) & 7.24—7.16 (m, 3H), 7.16—7.04 (m, 5H), 6.92 (d, J= 6.5 Hz, 2H), 5.17 (d, J =
5.4 Hz, 1H), 3.74 (t, J = 9.1 Hz, 1H), 2.97 (t, J = 5.5 Hz, 1H), 2.82 (td, J = 10.1, 6.3 Hz, 1H),
2.55 (ddd, J=16.7, 11.0, 5.8 Hz, 1H), 2.40 (td, J = 12.9, 4.8 Hz, 1H), 2.17-2.07 (m, 1H), 1.45

(td, J=12.9, 6.6 Hz, 1H), 1.34 (ddt, J=19.9, 12.0, 6.4 Hz, 3H), 1.13 (dq, /= 11.4, 6.4 Hz, 1H),
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1.02 (ddd, J = 21.1, 12.0, 8.0 Hz, 1H), 0.37 (d, J = 7.0 Hz, 3H); '>*C NMR (126 MHz, C¢Ds) &
141.9, 141.7, 130.4, 128.9, 128.7, 128.4, 126.9, 126.3, 118.1, 116.6, 113.8, 60.6, 57.7, 45.2, 37.9,
37.5, 33.8, 29.2, 28.3, 14.5; IR (neat) 3025, 2962, 2224, 1603, 1453, 700; HRMS (ESI/MeOH)

m/z calcd for CoaHosNy (M + Na)+ 365.1994, found 365.1997.

Ph

NC N
| Me

Ph
8a-Methyl-3-phenethyl-7-phenyl-1,2,3,7,8,8a-hexahydroindolizine-5-carbonitrile  (5.32d).
Clear yellow oil (3 mg, 21%): R¢ = 0.23 (10:90 EtOAc:hexanes); '"H NMR (500 MHz, C¢Ds) &
7.27-6.95 (m, 10H), 5.20 (s, 1H), 3.43-3.36 (m, 1H), 3.19-3.13 (m, 1H), 2.60 (ddt, J = 14.4,
10.3, 5.8 Hz, 2H), 2.38-2.27 (m, 1H), 1.67-1.25 (m, 6H), 1.16-1.08 (m, 1H), 0.87 (s, 3H); "°C
NMR (126 MHz, C¢D¢) 6 144.1, 142.0, 128.9, 128.8, 128.8, 127.6, 127.0, 126.5, 126.3, 115.3,
110.4, 63.0, 60.5, 41.6, 39.3, 39.0, 38.3, 33.0, 28.6, 26.6; IR (neat) 3025, 2927, 2222, 1601,

1453, 698; HRMS (ESI/MeOH) m/z calcd for Co4HysN2Na (M + Na)™ 365.1994, found 365.1989.

rac-(35,7S,8a5)-8,8-Dimethyl-3-phenethyl-7-phenyl-1,2,3,7,8,8a-hexahydroindolizine-5-

carbonitrile (5.32¢). Clear yellow oil (2 mg, 19%): R¢= 0.24 (10:90 EtOAc:hexanes); 'H NMR
(500 MHz, C¢Dg) 6 7.23-7.18 (m, 4H), 7.14-7.07 (m, 4H), 7.00-6.95 (m, 2H), 5.00 (d, J = 5.4
Hz, 1H), 3.68 (t, J = 8.7 Hz, 1H), 2.99-2.92 (m, 1H), 2.72 (d, J = 5.5 Hz, 1H), 2.63-2.55 (m,

1H), 2.55-2.45 (m, 1H), 2.21-2.11 (m, 1H), 1.49-1.37 (m, 2H), 1.35-1.27 (m, 1H), 1.19-1.09
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(m, 1H), 1.08-1.00 (m, 1H), 0.64 (s, 3H), 0.34 (s, 3H); °C NMR (126 MHz, C¢Dg) 5 143.3,
141.9, 130.4, 130.2 128.9, 128.8, 126.9, 126.3, 117.4, 116.2, 110.6, 60.9, 59.8, 52.7, 39.0, 33.9,
33.5,28.7, 24.3, 23.9, 22.8; IR (neat) 3026, 2964, 2224, 1602, 1424, 701; HRMS (ESI/MeOH)

m/z calcd for C,sHysNoNa (M + Na)+ 379.2150, found 379.2147.

NMR Tables for 5.32a, 5.32¢, and 5.32¢

Table 5.1. Tabulated NMR data for 5.32a.

Tabulated NMR Data for (3S,7S,8aS)-3-phenethyl-7-phenyl-1,2,3,7,8,8a-hexahydroindolizine-5-carbonitrile (5.32a)

Label Carbon Type Proton Shift Shift prime Integration COSsY NOESY
A 146.3 QUAT — — — — — —
B 141.9 QUAT = = = = = =
C 128.8 Ar-H c 6.96 — 2 Ar-H k, m, n, p
D 128.7 Ar-H d 713 - 2 Ar-H -
E 128.60 Ar-H e 713 — 1 Ar-H —
F 128.58 Ar-H f 713 = 2 Ar-H =
G 126.7 Ar-H g 7.07 — 2 Ar-H —
H 126.3 Ar-H h 7.00 = 1 Ar-H =
| 119.1 QUAT — — — = - -
J 116.4 QUAT = = = = = =
K 112.3 H X k 5.18 - 1 n,p c,n
L 60.2 H X | 3.65 = 1 o'/r/s 0,0,q,9,r/s
M 52.2 H X m 2.83 - 1 p, p', r/s' c,p,p,r/s'
N 39.2 CH n 3.18 — 1 k, p' c,p,p'
[e] 37.8 CH, 0, 0' 2.07 — 2 q, 9 1, o/r/s + COSY
- - - 1.38 - - overlap
P 37.0 CH, p, p' 1.60 — 2 m, n, r'/s' n, m, p'
— - — 1.03 = = r'/s'
Q 33.6 CH, q, 9" 2.50 — 2 0,0' 0, o/r/s
— — — 2.38 — — o, r/s'
R 29.8 CH. rr 1.38 — 2 s, s' overlap
= = = 1.26 = = overlap
S 28.2 CH. s, s' 1.38 — 2 rr overlap
- - - 1.26 - - overlap
Total # of C = 19 Total # of H = 24
-R,
T W-R o=
=N N—<>: :/>

[ o

NC
@ 5.32a
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Table 5.2. Tabulated NMR data for 5.32c.

Tabulated NMR Data for (3S,7S,8R,8aS)-8-methyl-3-phenethyl-7-phenyl-1,2,3,7,8,8a-hexahydroindolizine-5-carbonitrile (5.32c)

Label Carbon Type Proton Shift Shift prime Integration CcosYy NOESY

A 141.9 QUAT - - - - - -
B 141.7 QUAT = = = = = =
C 130.4 Ar-H [ 6.92 - 2 Ar-H k. I,m,n,t
D 128.9 Ar-H d 7.20 = 2 Ar-H =
E 128.7 Ar-H e 7.20 - 1 Ar-H -
F 128.4 Ar-H f 7.10 = 2 Ar-H =
G 126.9 Ar-H g 7.10 - 2 Ar-H =
H 126.3 Ar-H h 7.10 = 1 Ar-H =
| 118.1 QUAT - - - - - -
J 116.6 QUAT = = = = = =
K 113.8 X Kk 5.17 — 1 n c,n
L 60.6 H X 1 3.74 — 1 p,p,Ss,s' ¢, q,q + COSY
M 57.7 H X m 2.82 — 1 o,rr c, t + COSY
N 45.2 CH n 2.97 = 1 k, o c, t+COSsY
o 37.9 CH o 1.13 - 1 m,n,t cosy
P 37.5 CH, p,p' 2.11 = 2 ,9,9" cosy

= = = 1.34 = = overlap
Q 33.8 CH, 9.9 2.55 — 2 p, p' 1+ COSY

— — — 2.40 — — | + COSY
R 29.2 CH, rr 1.40 — 2 m,s, s' overlap

— — — 1.02 — — s, s, t
S 28.3 CH, s, s' 1.45 — 2 Lnr I,m,s', r'

— - — 1.35 — — overlap
T 14.5 CH, t 0.37 — 3 o c, m,n,o,r

Total #of C = 20 Total # of H = 26
T
§” R‘M—o’ c.
L

Table 5.3. Tabulated NMR data for 5.32e.

Tabulated NMR Data for (3S,7S,8aS)-8,8-dimethyl-3-phenethyl-7-phenyl-1,2,3,7,8,8a-hexahydroindolizine-5-carbonitrile (5.32e)

Label Carbon Type Proton Shift Shift prime Integration COosY NOESY

A 143.3 QUAT - - - - - -
B 141.9 QUAT = = = = = =
C 130.4 Ar-H c 6.98 - 2 Ar-H k,I,nt
D 130.2 Ar-H d 7.20 - 1 Ar-H -
E 128.9 Ar-H e 7.20 - 2 Ar-H -
F 128.8 Ar-H f 7.20 = 1 Ar-H =
G 126.9 Ar-H g 7.10 - 2 Ar-H -
H 126.3 Ar-H h 7.10 = 2 Ar-H =
| 117.4 QUAT - - - - - -
J 116.2 QUAT = = = = = =
K 110.6 X Kk 5.00 — 1 n c,nu
L 60.9 H X 1 2.96 — 1 n,s,s' m,r,s,s', t
M 59.8 H X m 3.68 — 1 o,o,rr 1 + COSY
N 52.7 CH n 2.72 = 1 k| u t
0 39.0 CH, 0,0' 2.16 — 2 m,q,q COSY

- - - 1.40 - - overlap
P 33.9 QUAT = = = = = =
Q 33.5 CH, q, 9" 2.60 — 2 0,0' r', m + COSY

— — — 2.50 — — r', m + COSY
R 28.7 CH. rr 1.45 — 2 m,s,s' overlap

— — — 1.31 — — l,q,q,t+COSY
S 24.3 CH, s, s 1.14 — 2 Lrr t, u + COSY

— — — 1.04 — — t+ COSY
T 23.9 CH, t 0.34 — 3 — clnr,s,s'
U 22.8 CH, u 0.64 — 3 — k,n,o, 1,8

Total # of C = 21 Total # of H= 28
s Y
R \'L—I—!’\’T Cc=
Q- M=-N ,N—<>: :/>
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Key NOESY correlation diagrams for 5.32a, 5.32¢, and 5.32¢

5.32a 5.32¢

5.32e
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