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ABSTRACT OF DISSERTATION
TOWARDS THE TOTAL SYNTHESIS OF 14-ACETOXYGELSENICINE AND
SYNTHESES OF LARGAZOLE ANALOGS

Herein are documented our efforts in two projects. beginning with studies towards
the total synthesis of I4-acetoxygelsenicine. We have developed different strategies
towards this complex natural product. wherein we have developed routes towards an
appropriate substrate for a novel. intramolecular hetero Diels-Alder cyclization. The
developed route would also lead to related members of this family of alkaloids, and helps
set the stage for future efforts.

In the second project discussed, we have successfully pursued the synthesis of
numerous. biologically active analogs of the natural product (+)-largazole. Synthetic
efforts have led to the design of inhibitors with unprecedented biologically activity, as
well as providing information regarding the structure-activity relationship of these

molecules.
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Summer, 2009
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Chapter 1: Introduction and Overview

1.1 Introduction

Herein are discussed two different projects in the area of natural product
synthesis: studies towards the total synthesis of 14-acetoxygelsenicine and syntheses of
largazole analogs. In general. our studies in natural product synthesis are geared towards
molecules displaying structural complexity and/or biological utility, and each of these
projects highlights a different facet of our interests. 14-Acetoxygelsenicine is a
structurally attractive target that presents opportunities for the development of a novel
synthetic approach. although its biological activity is quite modest. Largazole, in
contrast, possesses biological activity unprecedented at the time of its isolation. Its
comparatively simpler structure make it an ideal candidate for the synthesis of analogs.
1.1.1 14-Acetoxygelsenicine

As mentioned above. our interest in this product lies in the structure of the
molecule (Figure 1). The rather strained tricyclic core of the molecule represents an
interesting synthetic challenge, as does the installation of the quaternary center of the
spirooxindole. In addition to 14-acetoxygelsenicine, the Gelsemium family of alkaloids
includes over fifty natural products isolated from both Gelsemium elegans Bentham and
Gelsemium sempervirens'. These other members of the family have also garnered
considerable synthetic attention on the basis of their complex molecular architecture.

Perhaps the best known of these alkaloids is gelsemine, which has been the target of



synthetic approaches by numerous laboratories. A summary of approaches to gelsemine
are included in Chapter 2 of this work, as these prior efforts have influenced our synthetic
design.

Of further note are the synthetic studies of a related natural product. gelsedine.
This member of the Gelsemium family has been studied as part of an exploration of the
possible biosynthesis of these alkaloids. The current proposal for the biosynthesis of the
Gelsemium alkaloids is presented herein, alongside a biomimetic synthesis of gelsedine
published by Sakai et al>. A purely synthetic approach to gelsedine as published by
Hiemstra and coworkers is also presented herein’. The similarity between gelsedine and
I4-acctoxygelsenicine has allowed us to draw upon these reports as well in our work

towards 14-acetoxygelsencine.

14-acetoxygelsenicing gelseding gelsefuranidine gelsedilam
Figure 1: 14-Acetoxygelsenicine and related alkaloids.

Our synthetic efforts are discussed in detail in Chapter 3. We have developed two
approaches towards this complex molecule. The first generation approach was designed
to capitalize on an intramolecular Heck reaction to access the spirooxindole present in the
natural product, a strategy which has proven successful in syntheses of related molecules.
We met with early success using this route. in that we were able to access the product of
the Heck reaction. However, concerns regarding the efficiency of this route. specifically
the necessity of numerous repeated redox operations, caused us to abandon this route in

favor of a more highly efficient strategy.
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In the second generation approach. we proposed a novel intramolecular hetero
Diels-Alder reaction as the key step to access the core of 14-acetoxygelsenicine. This
route would provide access to gelsedilam as well as gelsefuranidine, two recently isolated
alkaloids related to 14-acetoxygelsenicine. The novelty of the proposed key step, as well
as possible routes to other Gelsemium alkaloids make this strategy both unique and
versatile. In Chapter 3 of this work, our attempts towards the synthesis of the Diels-
Alder substrate are presented, as well as the roadblocks we encountered in accessing the

desired target.

O 0O H

. M s HO
N NS 0 \./‘El‘-\/

........ s Y

\ =LY

N N

H H

proposed Diels-Alder subsirate key intermediate

Figure 2: Proposed key step.
1.1.2 Overview of Results

Following the retrosynthetic approach to 14-acetoxygelsenicine mentioned above,
we developed several different strategies towards the synthesis of the Diels-Alder adduct.
Difficulties were encountered in accessing an appropriately substituted tryptophan
derivative for use in the cyclization. Specifically. attempts to cyclize a substrate without
further substitution at the amide nitrogen (R=H. Figure 2) were unsuccessful. However.
attempts to couple the desired diene to a secondary amine did not provide product:
likewise, attempts to protect the nitrogen with the diene already in place were
unsuccessful. A summary of the substrates that were successfully synthesized. as well as
the problems encountered in continuing forward with these compounds, is delineated in

further detail in Chapter 3.
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As we were unable to access the desired Diels-Alder substrate, we chose to cease
our efforts towards the total synthesis of 14-acetoxygelsenicine. However, this
retrosynthetic approach still seems a promising one, and to this end. possible future
directions are discussed, wherein we believe that the difficulties mentioned above might
be avoided.

1.2 Largazole

As we were deciding 1o leave our studies of 14-acetoxygelsenicine, the structure
of a naturally occurring histone deacetylase inhibitor (HDAC!), largazole. was disclosed.
Histone deacetylase enzymes play an important role in the regulation of gene expression.
and dysfunction in these enzymes has been linked with a variety of human diseases,
including cancer’. An overview of the function of HDAC enzymes. as well as synthetic
efforts towards other known HDACI (as excerpted from our review on the subject) is
presented in Chapter 4°.

HDACI are emerging targets for use as possible cancer treatments: however,
clinical trials have resulted in cardiac complications. It is possible that the reason for
these deleterious effects lies in the lack of specificity of these compounds for different
classes or isoforms of the HDAC enzymes. Largazole however. displays inherent
selectivity for both class and isoform, properties which prompted our interest in the
natural product, as a more specific inhibitor might not lead to these side effects.
Furthermore., we felt that largazole was a promising target for possible use as a drug as
we believe that the natural product exists as a prodrug - the octanoyl side chain (Figure 3)

increases the hydrophobic nature of the molecule, allowing it to pass into cells. Once




inside the cell, enzymatic cleavage of the octanoyl tail would unmask a free thiol, which
could bind to a zinc cation within the active site of the HDAC enzyme.

These desirable characteristics led us to use largazole itself as a starting point for
the development of a series of analogs, through which we have begun to seek out a novel
HDAC with greater biological activity and specificity than the natural product. To this
end, our group partcipates in a collaboration with three others. two of which perform
biological assays (in vivo or in vitro) and one of which uses computational studies to
rationalize and predict biological activity. The data provided by these laboratories is

discussed in Chapter 5. along with our svnthetic efforts.

S 8 .
w0 T
= OY NH

MH""P-N
Rt Oy NH cap region
07 "NH
Meo . 0,
‘T i Me\jl,.l\n,o
Me Me O
—
L H Me O 2
|’ , linker region
I\/\rrs zing-binding { SH
0 motil
largazole largazole pharmacophore

Figure 3: Largazole and its pharmacophore.
1.2.1 Overview of Results

We have developed a library of largazole analogs with variations in all points of
the pharmacophore (shown in Figure 3). The HDACI pharmacophore is composed of
three regions: the cap region (macrocycle), a functional group capable of binding the zinc
cation in the HDAC active site. and a linker region connecting the two. Through our
synthetic efforts. we have explored the effect of variations in the stereochemistry of the
cap region. variations in the heteroatoms and ring sizes contained therein, and a series of
analogs with changes in the zinc-binding moiety and linker region. As a result of these

studies. we have successfully developed three analogs possessing activity and specificity



equal to or greater than largazole itself. Syntheses of the aforementioned library of
analogs, as well as biological data, are presented in Chapter 5.

From these results, we have identified a new series of targets for total synthesis.
We have begun work on two of these analogs, and our early efforts in this direction are
also discussed. A summary of the analogs that we have successfully synthesized to date

is included in Chapter 5.



Chapter 2: The Gelsemium Alkaloids

Introduction 2.1

Background 2.1.1

The Gelsemium family of alkaloids has been the subject of extensive research

dating back over 100 years®. This large family includes over 50 natural products to date,

isolated from both Gelsemium elegans Bentham and Gelsemium sempervirens

Gelsemium elegans has been used in traditional Chinese and Native American medicine

for over 1200 years in the treatment of skin disorders, and is still in use today in the

United States as a homeopathic remedy for both influenza and anxiet_vs'g.

The Gelsemium family is divided into six subsets, representatives of which are

shown in Figure 4.

Me
=
. HO N-OMe
N o St H
koumidine koumine galseleging
sarpagine-type koumine-type gelselegine-type

gelsemine rankiniding 14-acetoxygeisenicine
gelsemine-type humantenine-type gelsedine-type

Figure 4: Representative members of the Gelsemium alkaloid family.




These classifications are made on the basis of the carbon skeleton arrangement.
with the majority of these alkaloids known to date belonging to the humantenine- and
gelsedine-type sub-families'’.  The principle alkaloid produced by Gelsemium
sempervirens, gelsemine, was isolated in 1870 by Wormley, and its structure was solved
by X-ray crystallography by Orgell in 1963'“"2, " Since this time. many other related
natural products have been isolated from the same plants, and have become targets for
total synthesis in their own right on the basis of their complex molecular architecture,

Perhaps the most famous of this family of alkaloids is the aforementioned
gelsemine. a member of the gelsemine subfamily. 14-Acetoxygelsenicine, the molecule
which attracted our attention as a synthetic target, belongs to the gelsedine group of
which gelsedine itself is the best known member. The structural complexity of these
alkaloids has made them the target of many synthetic efforts, although 14-
acetoxygelsenicine has yet to be successfully synthesized.

2.1.2 Biological Activity

Biological studies on specific members of the family are rare: the majority of
research in this area appears to focus on the biological activity of the total alkaloidal
extract from the plant”. These studies have shown that the alkaloidal fraction is highly
toxic (in mice, oral doses of 25 mg/kg lead to 100% mortality, and interperitoneal
injections of 7 mg/kg are also completely lethal), with death resulting from respiratory
arrest”'. At lower doses, the plant acts as both an analgesic and a possible
chemotherapeutic. being particularly effective against ovarian and breast cancer cell

13,14

lines "". However. the precise mechanism of action of either individual family members



or the alkaloidal extract as a whole remains unknown, although the biological activity of
14-acetoxygelsenicine was explored somewhat during the course of its isolation.
2.1.3 Isolation

14-Acetoxygelsenicine was isolated in 2006 by Takayama and coworkers as a
minor component of a mixture of 15 alkaloids extracted from the leaves of Gelsemium
elegans Bentham’. On the basis of UV absorption in conjunction with detailed NMR
studies ('H. “C. HMBC and 'H-'H COSY). the structure shown in Figure 4 was
assigned’. The isolated alkaloids were tested for biological activity, and it was reported
that 14-acetoxygelsenicine displayed cytotoxic activity comparable to cisplatin against
the A431 carcinoma cell line (ECsy = 250 nM)T. However, it was later disclosed that the
activity mentioned actually relates to another compound isolated from the same mixture -
14.15-diacetoxygelsenicine - while the activity of 14-acetoxygelsenicine was a much
more modest 36 nM ", Although we are generally focused upon the synthesis of natural
products with a higher degree of biological utility, we chose to continue with our efforts
towards this molecule on the basis of its structure alone (discussed in more detail in the
following chapter).

Given the somewhat scant reports on biological activity of these alkaloids, it is
unsurprising that their mechanism of action remains largely unexplored. Overall, the
attraction to these alkaloids is based upon their structures rather than any inherent
biological use: according to Danishefsky. "[t]he degree of attention which has been
lavished by many laboratories on total syntheses of gelsemine surely did not arise from
any documented information suggesting that this alkaloid might have valuable

properties."'®



2.2 Proposed Biosynthesis
2.2.1 Biosynthesis of Strictosidine

The biosynthesis of the gelsemium alkaloids has been studied in somewhat more
depth, leading to proposals of biosynthetic pathways. To the best of our knowledge.
these remain unproven, although Sakai's proposal regarding the biosynthesis of gelsedine
was upheld by his biomimetic synthesis following the same route’. In large part, the
proposed biosynthetic pathways are based upon a feeding experiment conducted in 1979
by Zenk and coworkers, which showed that 6-"'C labeled strictosidine was incorporated
into gelsemine in Gelsemium sempcm-‘iren.s‘1?. This information has led to proposed

biosynthetic pathways that rely upon strictosidine as a precursor. The biosynthesis of

18.19
| !

strictosidine has been extensively studied. and is shown below in Scheme

oH OH
gearaniol-10- -
= hydroxylase
| I__om

10-hydroxy laganin secologanin
geraniol geraniol !
strictosidine
synthase _
Q
W
OH —
" tryptophan decarboxylase NH.
T\ HeN 3 WA 3 strictosidine
N
H H
L-tryplophan fryptamine

Scheme 1: Biosynthesis of strictosidine.

Following the synthesis of geraniol, enzyme mediated oxidation occurs to give
10-hydroxygeraniol. This compound is ultimately converted to secologanin which,
through the action of strictosidine synthase. is combined with tryptamine to give
strictosidine. The possible continuation of this pathway towards the Gelsemium alkaloids

is discussed below.

10



2.2.2 Biosynthesis of the Gelsemium alkaloids

Knowing that strictosidine had successfully been incorporated into gelsemine.
Ponglux et al. proposed a series of possible biosynthetic pathway for the gelsemium
alkaloids®™. As seen below in Scheme 2, the pathway leading to the gelsemine subfamily
is reasonably well supported by virtue of including previously isolated natural products as
proposed intermediates. In this work. a total of three different pathways were proposed
to account for the formation of all of the Gelsemium alkaloids known at the time (from
the sarpagine, humantenine. gelsemine and gelsedine subfamilies). with each pathway

. . ; - 2
branching from common intermediate 2.

5 gelsemine

Scheme 2: Proposed biosynthesis of gelsemine.

Formation of the C5-C16 bond would give rise to 2. and subsequent isomerization
of the C18 double bond gives 3. From this point. formation of the nitrogen-C21 bond
gives the natural product koumidine. and N-C3 bond breakage with concomitant O-C3
bond formation would give (/9Z)-taberpsychine. A proposed halogenation/elimination

sequence would then set the stage for the final C6-C20 bond formation to give gelsemine.

11



While many synthetic studies of gelsemine have been undertaken. to the best of
our knowledge, no biomimetic synthesis of this molecule has yet been accomplished.
Currently, this particular proposal stands as the most reasonable pathway for the
biosynthesis of gelsemine itself.

In the same work. Ponglux and co-workers also proposed a biosynthetic pathway
for the gelsedine sub-family. While the route shown in Scheme 2 seems to have
reasonable support for the gelsemine-type alkaloids, the proposal leading to the gelsedine
sub-family lacks the benefit of known natural products serving as intermediates. In the
proposal shown in Scheme 3, intermediate 2 would undergo the loss of the C21 aldehyde
in addition to the formation of a nitrogen-C20 bond to ultimately give rise to 7. Breakage
of the N-C3 bond with formation of the O-C3 bond gives 8. which would be oxidized to

the oxindole to form the precursor to the gelsedine alkaloids.

1. oxidation
2. ring closure

............... -

HaCOLC
strictosiding 1 2

HO

Ry=R.=H: gelsedine R
Ri=H, R;=0Me: gelsemicine a
Ry=0H, Ro=H; 14-hydroxygelsedine =1
R.=0H. R,=0OMe: 14-hydroxygelsemicine

=H, X=H,: gelsenicine
=0H, X=H,: 14-hydroxygelsenicine
=H, X=0: 19-oxo-gelsenicine

Scheme 3: Proposed biosynthesis of gelsedine alkaloids.



While the Gelsemium alkaloids. including those of the gelsedine sub-family, have
been the subject of many synthetic explorations. only one group has examined their
biosynthesis in detail. Neither Ponglux's work nor Sakai's proposal (discussed below)
included 14-acetoxygelsenicine as it had yet to be isolated: however, its similarity to
gelsedine (which was included) suggests that perhaps they arise from a shared
biosynthetic pathway. Gelsedine differs from 14-acetoxygelsenicine in its oxidation state
at both C20 and C14. In l4-acetoxygelsenicine, C20 is oxidized to the imine and C14
bears the acetoxy substituent, while gelsedine contains an amine at C20 and is

unsubstituted at C14 (Figure 3).

[4-acetoxyeelsenicine relsedine
: &

Figure 5: 14-Acetoxygelsenicine and gelsedine.

2.3 Biomimetic Syntheses of Gelsedine
2.3.1 Attempts at Biomimetic Synthesis

Given the lack of supporting evidence for the biosynthetic proposal of the
gelsedine-type alkaloids, Sakai and coworkers attempted a biomimetic synthesis of
gelsedine in order to test this hypothesis. Following a preliminary study wherein they
prepared several of the proposed intermediates, it was observed that this route gave the

incorrect (R) stereochemistry at the quaternary center of the spirooxindole (Scheme 4)°.



1 0504 py., THF

LCN 2 ACOHMaOHM,0
i 70% 2 staps

ajmaling

Scheme 4: Sakai's first generation approach to spirooxindole.
The oxindole shown with the incorrect (R) configuration (12) was the sole product
of this sequence, isolated in 70 percent yield>. In light of this finding. Sakai and

coworkers devised a different biosynthetic proposal. as shown in Scheme 5.

HiCO0"

Strictosiding

19{Z}-anhydrovobasinediol humantenine gelsedine
Scheme 5: Sakai's revised biosynthetic proposal.

This sequence has the advantage over the previous proposal in that nearly all of
the proposed intermediates are known in their own right, with only 13 remaining
unknown®',

2.3.2 Biomimetic Synthesis of Gelsedine

With this new proposal in hand. Sakai et al. chose to pursue a total synthesis of
gelsedine following the outline shown in Scheme 5. This approach proved to be
successful, giving gelsedine in 22 steps from gardnerine, a commercially available indole
alkaloid which can be converted to (19£)-koumidine (14) in seven steps (Scheme 6)*.

Following protection of amine 14. treatment with osmium tetroxide gives the

spirooxindole in 52 percent yield, with the correct (S) stereochemistry. The diol formed



in this reaction was removed to restore the olefin in a three step process. The alkene was
then internalized to form the enamine with trimethylsilyl chloride in the presence of
sodium iodide. Treatment with osmium tetroxide produces the diol. facilitating cleavage
of the six-membered ring in 16. Reduction of the resultant aldehyde with sodium
borohydride gave 17 in 75 percent yield, and reduction of the oxindole to the indoline
was accomplished with borane dimethylsufide in 77 percent yield. Oxidation of the
indole nitrogen and restoration of the oxindole was accomplished with a tungstate
complex in the presence of peroxides, and methylation with diazomethane gave 18. This

i 2223
substrate was then converted to gelselegine in two steps™".

HO

1 CH(OMe)y, PFTS 1 TMSCL Nal
1 TroeCl Mgl 84% 2 Ac,O. refiux 2 Ds0y, py,, NaHS0O4
2. 0s0, NaHSO, 50% 3.5% KOHaq MeOH 3. NaBH,
3 75%, 3 sleps 75%. 3 steps
N
H
14 16
1 BHySMe,, MezNO
2 Urea H,0n NaWO, y TMAD, nBuPPhy 1 Zn, AcOH
3 CHuN ~OMe 63% N-OMe 2 5days
2Nz HO, i

61%, 3 steps —

gelsedine

geisanicing

Scheme 6: Sakai's biomimetic synthesis of gelsedine.

In the course of pursuing this synthesis, Sakai et al. successfully accessed three
different members of the gelsedine sub-family: gelselegine, gelsenicine and gelsedine, as
shown above. This. in conjunction with the correct stereochemistry at the spirooxindole,

appears to lend credence to their biosynthetic proposal.
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2.4 Prior Syntheses of Selected Gelsemium Alkaloids
2.4.1 Syntheses of Gelsemine

As mentioned above, 14-acetoxygelsenicine has yet to be synthesized. However.,
other members of this family of alkaloids have been subjects of considerable synthetic
attention, and the approaches used in these studies could. in principle, be applied to 14-
acetoxygelsenicine as well. In particular. gelsemine has been the subject of numerous
synthetic studies as well as several total syntheses. The complex three dimensional
structure of this molecule has sponsored an enviable array of approaches, which are
notable for the differing strategies used to access the carbon skeleton of the molecule'.

Additionally. installation of the spirooxindole moiety has sponsored many creative and

elegant approaches. Selected syntheses of gelsemine are shown below in Schemes 7-14.

SePh
1. mGPBA,
J:Cl 1 pyridine 73% Q 6 steps DIPA 929%
] el (\@ 2 hv, MeOH 2 K;C05 MaOH
MeO,L” COMe  OH AcOM (irace) ~ MeDC 3 OMSO. TFAA,
53% MeQ,C H

E3N, 92%, 3 steps

20 21 22
& = 1. MeNH,, T
OTBS MeOH, 86% i OTBS g gteps OTIPS 1 TFA 74% D 2
MeO,C—- : 2. LiBH,, MeOH H, 2 BusSnH
iH § 3.CrOs. py OHC AIBN (cat) O~
G 95%, 2 steps o Mo 0
24 25 27

H
z
B
=
ol
%
4
o
zx
pan

{ S N\ DIBAL-H 2
Tms  OMe ] E/ N* 2 HCI, 99% 63%
LDA 0 2 N~ e f"; o
65% ﬂ;to e
29 21-oxogelsemine gelseming

Scheme 7: Johnson's synthesis of gelsemine.

One of the first total syntheses of gelsemine was reported by Johnson and co-
workers in 1994, Following a photoinduced cyclization to give tricycle 22. reduction
and tetrahydrofuran formation gave 23. Installation of the requisite vinyl group and

synthesis of amido ester 26 set the stage for a free-radical cyclization to give the
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gelsemine core. A radical cyclization of benzotriazole 29 led to 21-oxogelsemine after
hydrolysis. and reduction of the lactam gave gelsemine in 26 steps (Scheme 7).

Nearly six years later. Fukuyama and co-workers published their synthesis of
gelsemine. This synthesis is particularly noteworthy. being to date the sole asymmetric
synthesis of the natural product”. Following a chiral auxiliary controlled Diels-Alder
reaction, epoxide 33 was accessed in 5 steps. Treatment with methylaluminum bis(2.6-di-
tert-butyl)-4-methylphenoxide gave cyclopropane 34. Installation of the iodooxindole
followed by deprotection, oxidation, and heating permitted the vinyl cyclopropane

rearrangement, giving access the bicyclic core of gelsemine.

SiMesH
o 9 S = T 4-odooxindale
-)LNJ\O + é ELAKCH " Esmps P _MeAR; _piperidine cat__ nd|:|ecal
,Jj / \ 7 DCM, -78°  Bn, — COMe " 5oss, 2 steps
- 88% Z-N”\‘o MaO,C Hlask
30 31

COABu

1. TBAF o H NC Od MOM
200, HSO, S NN _Tstes N VOGN 1 KHMDS, 62%
"3 toluena/MeCN, 507 e Q 2 PRCOCH py,

DMAP

92%

Som
37

1 HgiOThy PhNMe, Q
MeNO, NaCl

2 NaBH;, BnNELC), MS,N
DEMMHO
61%, 2 sleps

40 gelsemine
Scheme 8: Fukuyama's asymmetric synthesis of gelsemine.

Further manipulation of this compound led to 37. which underwent a Michael
addition to form the pyrrolidine ring.  Oxymercuration followed by reductive
demercuration gave the final ring, and deprotection followed by reduction of the N-
methyllactam gave gelsemine in 27 steps (Scheme 8)*

Two years later. a total synthesis of (+)-gelsemine was published by Danishefsky

and co-workers (Scheme 9)*. Following a similar rearrangement to that used by



Fukuyama, an oxetane ring was introduced to facilitate the installation of the pyrrolidine

ring using Lewis acid catalysis.
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3. Swarn oxidation
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©.5leps o {5 2 PwCl 3. TsOH
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. 1K 4 s
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Scheme 9: Danishefsky's synthesis of (+)-gelsemine.

In the original plans for this synthesis, the spirooxindole was to be directly
accessed: however. due to severe steric strain. the five-membered ring was never
observed. Installing the spirooxindole earlier in the synthesis via a Heck reaction was, in
fact, successful. Unfortunately, it was found that the desired oxetane ring did not form in
the presence of this completed portion of the molecule. In light of these findings. the six-
membered ring (49) was manipulated by dihydroxylation followed by oxidative cleavage
using sodium periodate to give dialdehyde 50. Treatment with potassium carbonate in
methanol effected deformylation of the aniline nitrogen with concomitant formation of
the lactol, which was then oxidized to give the desired spirooxindole (51). Deprotection
and formation of the final ring system using the same oxymercuration/demercuration

sequence as shown above led to (+)-gelsemine in 39 steps.
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Scheme 10: Overman's synthesis of (+)-gelsemine.

A total synthesis of racemic gelsemine was published by Overman et al. in 2005
(Scheme 10). Of particular note in this work is the strategy used to install the
spirooxindole through the use of an intramolecular Heck reaction®’. Additionally. an
interesting approach to the core of the molecule was taken using an aza-Cope-Mannich
strategy. Following the formation of bicycle 58, bromination followed by acid catalyzed
enol formation gave the tricyclic core of gelsemine™

With the tricyclic core in hand. attempts were made towards the installation of the
spirooxindole. which, while accessible in good yields. provided the incorrect
stereochemistry at the quaternary center. While this was problematic. earlier studies by
Hart and co-workers showed that this center could be epimerized by a retro-aldol/aldol
process. Using this approach allowed for the synthesis of (+)-gelsemine to be completed
in 35 steps.

In addition to the total syntheses discussed above. there have been numerous
formal syntheses as well as various approaches to the gelsemine core. Recently. Aubé

and coworkers disclosed their formal synthesis of gelsemine (Scheme 11).
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Scheme 11: Aubé's formal synthesis of gelsemine.

Formation of the dianion from 64 permits a double conjugate addition to a
quinone ketal to give 65 and 66 as an inconsequential mixture of diastereomers.
Following base-mediated expulsion of the nitro group. four further steps were necessary
to give the substrate for a Heck reaction (68) to provide oxindoles 69 and 70. From this
mixture of diastereomers. the major product (69) was carried on to 71. constituting a
formal synthesis of gelsemine in that earlier studies by Fukuyama and coworkers had

shown that 71 could be converted into (+)-gelsemine in 13 further stepsw‘m.
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Scheme 12: Hart's formal synthesis of gelsemine.
Hart et al. also completed a formal synthesis of gelsemine utilizing a free radical
cyclization approach32. Following a Diels-Alder reaction to access 73. further

manipulations gave thiol 75. Previous studies by this group had shown that such a thiol.



when treated with AIBN and tributyltin hydride. would selectively form the a-acylamino
radical®'. Here. an intramolecular radical cyclization provided 76 in 87 percent yield“.
The installation of the spirooxindole was also accomplished through a radical cyclization
procedure to give 46 percent of the desired product. To complete the synthesis.
installation of the final ring was accomplished through the formation of a hemiacetal,
which was reduced to tetrahydropyran 79. Installation of a vinyl group and removal of
the acetate protecting group gave 21-oxogelsemine. which had previously been
transformed into gelsemine (as seen above in work by both Johnson and F ukuyama)’>

In one of the first approaches to gelsemine, Stork and co-workers chose an
approach dependent upon a transannular Claisen rearrangement (Scheme 13)*.
Following a radical reaction to set the stereochemistry of the bicyclic system in 81. a
phenylacetic acid substituent was installed. Formation of the ester enolate led to the
aforementioned Claisen rearrangement. giving the gelsemine core which could, in
principle, be elaborated to gelsemine by taking advantage of the functional handles

present in 85.

1. DIBAL-H

Me0,C BuySnH Mandz H 1, LDA MeO,C H 2 phenylacetic acid,
OEt _AIBN (cat) OE! 2. PhSe-SePh OEt. DCC. DMAP
o o g 6 e
H 4. EtyN & . PivCl,
a 57%, 4
30 81 91%, 4 steps a0 steps
o]
= Co 7 COH
| Z O ® LDA, TMSCI
OCOCCHI ~ gmn | i
| ? o H
0 o)
W o]
83 84 85

Scheme 13: Stork's approach to gelsemine.
Finally, an interesting approach to the core of gelsemine involves the meta

cycloaddition used by Penkett and co-workers (Scheme 14). It has been noted that



electron-donating groups lead to the regiochemical outcome shown in Scheme 14:
therefore. an electron donating silicon tether was used in order to access the molecule

shown™,

Although this compound was not taken on to form the natural product, it was
thought that this substrate could be further elaborated to give gelsemine, in part, by using

the secondary alcohol as a functional handle to introduce the requisite spirooxindole™

Scheme 14: Penkett's approach to the gelsemine core.
2.4.2 Hiemstra's Total Synthesis of ent-Gelsedine

In 1999, Hiemstra and coworkers completed an elegant total synthesis of ent-
gelsedine. relying upon an iodide-promoted N-acylimminium ion cyclization as their key

step (Scheme 15)*".
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Scheme 15: Total synthesis of ear-gelsedine.
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Following the synthesis of allene 93. treatment with sodium iodide in the presence
of formic acid gave bicycle 94, which underwent a palladium-catalyzed amino
carbonylation to give 95°. In the hopes that an sp*-hydbridized carbon at the bridging
position would be less sterically demanding. thereby permitting access to the desired
spirooxindole stereochemistry. oxidation followed by Wittig olefination helped set the
stage for the intramolecular Heck reaction. Following the successful synthesis of the
spirooxindole. hydroboration/oxidation then gave 97, and a mercury-mediated closure of
the final six-membered ring using an approach similar to those discussed above gave the
completed core of gelsedine. The exclusive formation of the six-membered ring (as
opposed to the five-membered ring) was studied in somewhat more detail by this group.
Molecular modeling suggested that the six-membered ring was considerably less
sterically strained (41.85 kcal/mol) than the five-membered system (45.48 kcal/mol)™.
Following the introduction of the final ring system, several protecting group
manipulations were accomplished. after which the N-methoxy group on the spirooxindole

. - ' . . L]
was installed. A final deprotection step gave enr-gelsedine in 27 steps®®?’,

2.5 Related Natural Products
2.5.1 Recent Additions to the Gelsedine Sub-Family

Newly isolated members of this group of the gelsemium alkaloids are of interest
to us in the hopes of identifying related molecules that may also be accessible via our
synthetic routes. Recently, three novel members of the gelsedine sub-family were
isolated by Takayama and co-workers: gelsedilam, 14-acetoxygelsedilam and

gelsefuranidine (Figure 6)°.



gelsedilam 14-acetoxygelsedifam gelsefuraniding

Figure 6: Recently isolated gelsedine-type alkaloids.
Interestingly, this group noted that gelsenicine could be converted to gelsedilam,

- e 3
and 14-hydroxygelsenicine to gelsefuranidine .

These transformations suggest that
perhaps 14-acetoxygelsedilam would also be available from 14-acetoxygelsenicine
following the same route. In addition to our interest in 14-acetoxygelsenicine as a
synthetic target in its own right, the possibility of designing a synthesis wherein we

would be able to access related members of the family was attractive to us. The

transformations shown below in Scheme 16 were therefore of great interest.
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Scheme 16: Formation of gelsedilam and gelsefuranidine.

This varied and ever-growing family of alkaloids presents great opportunities for
synthetic study. The complex molecular architecture of these compounds make them
desirable synthetic targets: indeed, it was the three-dimensional structure of 14-
acetoxygelsenicine which attracted our attention at the time of its isolation in 2006. The

chemistry developed in the syntheses discussed above has broad applications. particularly



in the formation of strained cyclic systems and approaches to spirooxindole synthesis.
Herein, we have discussed a sampling of the creative approaches towards these molecules

and will now turn our attention to the efforts made in our laboratories.
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Chapter 3: Towards the Total Synthesis of 14-Acetoxygelsenicine

3.1 Challenges and Synthetic Strategy
3.1.1 Synthetic Strategy

In designing the original approach. we wanted to achieve an asymmetric synthesis
of 14-acetoxygelsenicine in which we could rely upon some of the methods discussed in
the previous chapter, particularly with respect to the formation of the spirooxindole
system. We foresaw several notable synthetic questions in accessing this molecule -
specifically. the stereochemistry of the quaternary center on the spirooxindole would
need to be addressed. installation of the methoxy group on the indole nitrogen would
need to be explored, and formation of the seven-membered ring with appropriate
functionality was seen as a significant challenge.
3.1.2 Retrosynthetic Analysis

In surveying the available literature on the subject. it appeared that the
stereochemistry of the oxindole could be accessed via a Heck reaction using a chiral
catalyst. The methoxy group on the indole nitrogen could be installed using the same
strategy employed by Sakai and Hiemstra as previously discussed®'*°. Finally, we hoped
to attempt an aldol-type reaction to close the seven-membered ring. The original

retrosynthetic approach encapsulating these ideas is shown below in Scheme 17.
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Following this route. the quaternary center of the spirooxindole would be installed
through a Heck reaction early in the synthesis. The seven-membered ring would arise
from the reaction of an ester enolate with an imine to give 107, and the six membered
ring would be formed by opening epoxide 106.

Aldol epoxide opening
—s [—— ———

105

reduction & seven-membered OF oxidation &
epoxidation ring formation imine formation
—_
1
Heck Q amide formation Q |
[————1 —
N OFMB Obf\/\/‘oma + @:
NH;

10 OTBS 111 112

Scheme 17: First generation retrosynthesis.

The final steps of the synthesis would be fairly straightforward. with a
condensation reaction to close the remaining five-membered ring., followed by the
aforementioned known procedure for oxidization and methylation to give the methoxy
group on the oxindole nitrogenw.

3.1.3 Synthesis of the Spirooxindole

In the forward direction. the synthesis proceeded smoothly. as shown in Scheme
18. Monoprotection of pentane diol as the PMB ether followed by Swern oxidation gives
aldehyde 115 in excellent yield. The subsequent Wittig reaction with easily accessible
ylide 117 gives substituted lactone 118. which is opened with iodoaniline using

Weinreb’s conditions'. It has been shown that substrates that are unsubstituted at the



amide nitrogen do not cyclize in the Heck reaction: therefore. this nitrogen was protected
using benzyl bromide*'. This step. in addition to protection of the free alcohol as the silyl
ether. gives the precursor to the Heck reaction. which itself proceeds in 64 percent yield
to give substituted oxindole 121. For the purposes of these early attempts, the synthesis
was conducted in a racemic fashion. with the thought that a chiral catalyst could be
employed during the Heck reaction at a later date in order to set the stereochemistry at the

quaternary center.
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Scheme 18: Synthesis of the spirooxindole.

The Heck reaction did appear to give the desired product; however. an inseparable
by-product was present. While we felt that optimization of chromatographic conditions
would obviate this concern. more worrisome was the fact that the reaction appeared to
give the frans-olefin, from which it would not be possible to create the proposed seven-
membered ring. These issues caused us to re-evaluate our proposed synthetic route: in
looking forward from this point. it became clear that the retrosynthesis shown in Scheme
17 (above) was perhaps not the most efficient approach towards this molecule.

The inefficiencies of this synthesis are particularly clear with regard to carbons

14, 17 and 20 (shown in Scheme 19, below). The oxygen atom at carbon 17 is introduced



as the protected alcohol. which must be deprotected and oxidized in order to close the

seven membered ring.
OFMB

1. deprotection

2. oxidation reduction

reduction at C-14
et el LD
oxidation at C-20

Scheme 19: Problems with first generation approach.

Following these reactions. the ester present in 107 must be reduced to the alcohol
to close the six membered ring present in 122. Of greater concern are the oxygen atoms
at carbons 14 and 20. The C14 oxygen is introduced via epoxide 122 to give alcohol 123.
which must then be oxidized to ketone 105 in order to facilitate aldol addition of
propanal. Finally, the same C14 oxygen must be reduced back to the alcohol in order to
give 104. Furthermore, the oxygen atom at C20 would be installed from propanal to give
the alcohol. which must be re-oxidized following aldol addition to give the necessary
ketone shown in 104. The repeated oxidation and reduction sequences were deemed

sufficient reason to seek a new, more efficient approach,

3.2 Second Generation Approach
3.2.1 New Synthetic Design

In order to avoid the problems discussed above. a new retrosynthetic approach to
14-acetoxygelsenicine was devised, as shown in Scheme 20. While the final steps of the

synthesis remain the same. it was envisioned that the oxindole would be installed via a



Pinacol rearrangement of 125. The eight-membered ring would be formed by
nucleophilic attack of the indole C2 position onto the epoxide at C3 (gelsedine
numbering, shown below). The substrate for this epoxidation could arise from an
intramolecular hetero-Diels Alder reaction to form the fused rings shown in 127. The
substrate for the Diels-Alder reaction would in turn arise from a peptide coupling
between tryptophan derivative 129 and carboxylic acid 130. In addition to involving
fewer redox operations, this route would be five planned steps shorter (20 steps overall,
with the longest linear sequence being 16). This route would bring a unique approach to
the synthesis of this type of alkaloid in addition to providing access to other natural

products in the family (discussed in more detail below).
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Scheme 20: Revised retrosynthetic approach.
Searching the literature revealed little precedent for the proposed intramolecular

hetero Diels-Alder reaction. although the few existing examples seemed promising. In
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particular. studies by Murray and co-workers on a similar system are shown below in

Scheme 217,
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Scheme 21: Diels-Alder cyclization models.

This work showed that, while the frans ring juncture is accessible, the cis ring
juncture appears to be preferred under thermodynamic conditions. In all cases, only the
exo cyclization product was observed. with the cis-fused product (as determined by NOE
studies) being the sole product of the reaction®. In our specific case, we were unsure
about the stereochemical outcome of the reaction with regard to the position of the indole
moiety (R'). We hoped that the indole would be located frans to the hydrogens at the
ring juncture, as opposed to the c¢is relative stereochemistry observed by Murray.
Modeling experiments (PC model) suggested very little difference between the two
outcomes (0.33 kcal/mol difference. favoring the undesired diastereomer). The
stereochemistry. therefore. remained an open question. although we felt that cyclization

according to the model shown below was possible.

Scheme 22: Model for proposed Diels-Alder.
In our retrosynthetic design, we also hoped to make the synthesis as versatile as

possible so as to allow synthetic access to different members of the gelsedine family in




addition to 14-acetoxygelsenicine. Using the route shown. we should be able to access

14-acetoxygelsedilam and gelsefuranidine through the syntheses discussed in Chapter 1.

3.2.2 Synthesis of the Tryptophan Derivative

Work on this approach began with the synthesis of tryptophan derivative 129,

which was accessed in four steps from N-Boc-L-tryptophan as shown below (Scheme

23).
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Scheme 23: Synthesis of Tryptophan Derivative 129.
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Conversion of 138 to 139 proved to be somewhat problematic (Table 1). Initial

attempts following literature precedent resulted in very low yield".

Eventually.

conditions were found (final line. Table 1) which worked satisfactorily on a small scale™.

Table 1: Wittig olefination.

Wittig salt Base Solvent | Conditions Result
H;CPPh;Br 1.2 equiv n-Bul.i 1.2 equiv THF 15 hrs. R.T. trace
H:CPPh:Br 4 equiv -BuOK 3 equiv THF 15 hrs, R.T. trace
H;CPPh3Br 4 equiv -BuOK 3 equiv THF 3 hrs, R.T. 20%
H;CPPhsl 1.2 equiv (-BuOK 1.2 equiv THF 3 hrs. R.T. trace
H:CPPh;Br 4 equiv -BuOK 3 equiv THF 1 hr. R.T. 35%
H3CPPh;Br 4 equiv ~-BuOK 3 equiv DME | hr, R.T. 33%
H3CPPh;Br 5 equiv -BuOK 4 equiv THF 1 hr. R.T. 33%

H;CPPh;Br 3.5 equiv KHMDS 3.67 equiv THF 13 min, -78" 30-79%
HiCPPh:Br 3.5 equiv LiHMDS 3.67 equiv THF |3 min, -78° trace
H;CPPhsBr 3.5 equiv NaHMDS 3.67 equiv THF 13 min, -78" 92%




Although successful on a ~100 mg scale, when scale-up of this reaction was
attempted, yields dropped precipitously. It may be that the presence of toluene (KHMDS
is available in toluene in 0.5 M concentration) in the reaction causes this problem; if the
starting material were only sparingly soluble in toluene, it stands to reason that with
increased volume of toluene in the reaction mixture. yields would suffer. With this in
mind, bases available in THF were tried. While LiHMDS did not prove fruitful,
NaHMDS in THF gave product in excellent yield.

Deprotection of 139 also presented difficulties (Table 2). Initial attempts using
standard conditions (TFA in dichloromethane or thermal deprotection) failed.
Deprotection was ultimately effected with Ohfune's conditions (TBSOTT followed by
KF), as shown in the last line of Table 2. in a reaction that was successful on gram
scale™.

Table 2: Boc deprotection of 139.

Reagent Conditions Result
TFA 2 equiv CH,Cl,, 2 hrs, R.T. N.R.
TFA 6.5 equiv CH,Cly, 2 hrs, R.T. N.R.
TFA 130 equiv CH»Cls. 2 hrs. R.T. N.R.
TFA neat 2 hrs, R.T. N.R.
------------- MeCN. 10 min. 180" (u-wave) N.R.
------------- MeCN. 30 min, 180" (u-wave) N.R.
TBSOTT 1.1 equiv CH,Cly, 3 hrs, -78" to R.T. 51%
TBSOTf 2.1 equiv CH,Cl,. 3 hrs, -78" to R.T 98%

The route illustrated above provides access to the desired tryptophan derivative in
four steps and 67 percent overall yield. in reactions that are successful on gram scale.
With a route to this tryptophan derivative. attention could then be given to the butenoic

acid component of the molecule to access both of the proposed coupling partners.




3.2.3 Synthesis of the Butenoic Acid Derivative

This synthesis proceeds smoothly, with the desired butenoic acid derivative being
accessed in 5 steps from cis-butenediol. The diol is monoprotected to give 141, which is
oxidized using a Swern oxidation to give aldehyde 142 as a mixture of the cis- and trans-
isomers. This mixture was then isomerized to 143 by stirring for 24 hours with DMAP,
and then oxidized to the acid via a Pinnick oxidation to give 144 (Scheme 24).
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Scheme 24: Synthesis of butenoic acid component.
This route gave access to the desired unsaturated carboxylic acid (144) in 55
percent overall yield.  For reasons discussed below. it was transformed into mixed

anhydride 145 to complete this portion of the synthesis.

3.3 Attempted Formation of the Diels-Alder Substrate
3.3.1 First Generation Approach to Diels-Alder Substrate

To complete the synthesis of the Diels-Alder substrate, fragments 144 and 129
would be coupled: however, attempts using standard peptide coupling conditions were
unsuccessful. Given this result, 144 was further elaborated to the more reactive mixed
anhydride 145 using pivaloyl chloride. Treatment of anhydride 145 and tryptophan
derivative 129 with DMAP and pyridine gave coupled product 146, which was then

deprotected to give the free alcohol (Scheme 25).
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Scheme 25: Synthesis of the Diels-Alder substrate.

Although the deprotection proceeds in fairly modest yield, these conditions were selected
as other attempts to deprotect using different conditions failed. and we chose to test the
remaining synthetic steps prior to extensive optimization.

With alcohol 147 in hand. only one step remained in order to access the desired
Diels-Alder substrate, and we turned our attention to the oxidation of this primary
alcohol. These attempts met only with limited success: Swern conditions led to complex
mixtures of products. TEMPO oxidation using TCC as the stoichiometric oxidant resulted
in an intractable mixture of products of which one may have been the undesired
chlorination of the indole. Dess-Martin periodinane provided material in extremely small
amounts as part of a mixture of numerous. unidentified by-products. Furthermore, we
were concerned about the feasibility of the proposed Diels-Alder reaction on this
particular substrate. As discussed above, the systems tested by Murray and coworkers
involved an amide nitrogen with more substitution: presumably the tertiary amine assists
in forcing the existence of the necessary rotamer for cyclization.

In light of these concerns. attention was turned to the selection of an appropriate
protecting group. Specifically. protection of the amide nitrogen with an alkyl protecting
group was desirable, as this type of substrate has been shown to undergo successful

3

" —— . . ; . .
cyclization™™™. In order to use as few protecting group manipulations as possible in the

course of the synthesis, at this point we decided against protection of the indole nitrogen.
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3.3.2 Efforts Towards Protection of the Primary Amine

In this first approach, protection of the primary amine via reductive amination
was attempted. Treatment with anisaldehyde in conjunction with either sodium
cyanoborohvdride or sodium borohydride to provide the PMB-protected nitrogen did not
provide product. While following the reaction by 'H NMR to investigate whether the
imine was present (an aliquot was removed from the reaction following treatment with
anisaldehyde but prior to introduction of sodium borohydride), results showed that the
imine had not formed. Care was taken during these studies to ensure that water was
excluded from the NMR sample: the fact that the desired product was not formed also
suggests that the imine did not form. The reason for this was unclear: sterically. the
primary amine seems fairly unhindered. and the basic work-up following Boc
deprotection suggests that the nitrogen should not be protonated and its nucleophilicity
should be as expected.

Due to the difficulties experienced with the reductive amination approach, the
next attempts were made to protect this nitrogen as a benzyl amine using benzyl bromide
in conjunction with base. Here. deprotonation of the nitrogen would improve
nucleophilicity at this site. if this were indeed the problem. This presented another issue
in that the high pKa of the primary amine would dictate fairly basic harsh conditions. In
light of this concern, it was decided that protection of carbamate 139 with benzyl
followed by Boc deprotection would be preferable. However, the pKa of the carbamate
(~24 in DMSO) is such that the indole nitrogen would most likely also be deprotonated

(pKa ~21 in DMS0)*** Nonetheless. given the apparent necessity for protection of the

tad
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amine, the strategy was pursued with the understanding that the bis-benzyl protected
compound was the most likely outcome (Scheme 26).
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Scheme 26: Further attempts at protection and coupling.

As shown above. the bis-benzyl protected substrate was accessed. although
subsequent Boc deprotection using Ohfune's conditions resulted in lower yields than
those seen above. However, all attempts at deprotection using TFA or thermal conditions
failed. and we therefore decided 1o continue with this mode of deprotection despite the
low yield in order to test the remaining steps. starting with the addition of 145 to form the
requisite amide bond. Unfortunately. attempts to add the mixed anhydride to the
secondary amine failed. most likely due to steric encumbrance from the benzyl group.
3.3.3 Revised Approach to the Diels-Alder Substrate

At this point, we chose to re-evaluate this portion of the synthesis in order to
address the following issues: 1) the oxidation of the primary alcohol had proven difficult
in earlier attempts, and 2) it appeared that protection of the indole nitrogen might be
unavoidable. We therefore chose to pursue a strategy wherein the indole nitrogen would
be protected with an electron withdrawing group in the hopes of lessening the possibility
of side reactions involving the C3 position of the indole ring. Given the difficulties
discussed above in the formation of the amide bond with the benzyl-protected substrate,
we decided that the amide bond would be formed prior to any attempt at protection. This

strategy would also provide a route towards selective protection of the indole nitrogen



due to the lessened nucleophilic character of the amide nitrogen and its lower (~22 in
DMSO) pKa, should deprotonation prove necessary '

Furthermore. as seen below in Scheme 27, a different strategy was adopted for the
construction of the amide bond and access to the hetero Diels-Alder substrate. In this
approach. a Horner-Wadsworth-Emmons reaction was used to install the double bond™.
The aldehyde for this conversion was generated from racemic bis-protected mannitol
which was treated with sodium periodate®. In addition to the advantages of this
approach discussed above with respect to protecting group manipulations, the use of this

protected diol would obviate the need for the problematic oxidation step discussed above.
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Scheme 27: Revised approach to the Diels-Alder substrate.

Here, following removal of the acetal, treatment with sodium periodate would
provide the requisite aldehyde. Prior to aldehyde formation however, the aforementioned
protection steps were necessary. While treatment of 155 with acetic anhydride gave only
starting material. treatment with Boc anhydride in the presence of DMAP gave 156 in
65% yield. We could then turn our attention to protection of the amide nitrogen:

however. attempts to protect with benzyl failed under all attempted conditions (Table 3).
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Table 3: Attempted benzyl protection.

Electrophile Base Additive Solvent Conditions
BnBr 1 equiv NaH | equiv. = |  ====-meemme THF 0"toRT: 15h
BnBrl.2 equiv NaHMDS | equiv | --=---mmm-- THE 0°toRT: 15 h
BnBr 1.2 equiv NaHMDS 3 equiv | -==-eammm- THF 0°to RT: 48 h
BnBr 1.2 equiv NaHMDS 1 equiv | TBAIL 0.1 equiv | THF 0”to RT: 48 h
BnBr 1.2 equiv KHMDS 1 equiv | -=mmaemeeme THF 0"to RT: 15 h
BnBr 1.2 equiv NaH 3 equiv TBAIL 0.1 equiv | DMF 0°toRT; 15 h

Original attempts with sodium hydride appeared not to effect deprotonation:;
therefore, NaHMDS was used. A strong color change suggested that deprotonation was
occurring, but the desired product was not observed. We therefore attempted to form the
more reactive benzyl iodide in situ by adding tetrabutylammonium iodide. although this
did not change the outcome. The fact that a more reactive electrophile did not lead to
introduction of the benzyl group caused us to think that the problem lay with the nitrogen.
Specifically, perhaps the sodium counterion was forming a tight ion pair with the
deprotonated nitrogen making the lone pair unavailable and thus preventing addition of
the electrophile. To test this hypothesis. attempts were made using KHMDS. although
this approach also proved unsuccessful. Finally. we changed solvents to DMF in the
hopes of improving the nucleophilicity of the nitrogen; however, the outcome remained
the same.

Given these results, we attempted protection with other electrophiles. A survey of
the literature showed that para-methoxybenzyl, SEM and BOM had been used in
somewhat similar systems™"*. In the case of this specific substrate however, it did not
appear to be possible to accomplish these transformations. When these trials proved to
be unsuccessful, we investigated the feasibility of adding methyl iodide. While we did

not wish to use methyl as a protecting group due to the anticipated difficulties with its




ultimate removal, we did wish to see whether it was possible to add a sterically non-
demanding electrophile at this position. although in the event. the desired product was not
observed (Table 4).

Table 4: Further protection attempts.

Electrophile Base Solvent Conditions
PMBBr 1.2 equiv NaH 1 equiv DMF 0°toRT:2 h
PMBBr 1.2 equiv NaHMDS 1 equiv DMF 0"toRT:2h
BOMCI 1.4 equiv NaHMDS 1 equiv DMF 0"to RT: 5 h
SEMCI 1.2 equiv NaHMDS 1 equiv DMF 0"to RT: 15 h

Mel 1.2 equiv NaHMDS 1 equiv DMF 0"to RT: 15 h

These results suggested that protection at this stage of the synthesis would not be
possible. Color changes upon the addition of base and a noticeable exotherm suggested
that deprotonation may have occurring: however, it was not possible to isolate
identifiable products from the complex mixtures generated from these reactions.
Although it was not clear where the problem lay in these reactions. it may be that the
conjugated system in which the anionic nitrogen could participate precludes the addition
of an electrophile.

3.3.4 Attempted Diels-Alder Cyclization

At this point. although we were uncertain of a successful outcome given the
apparent necessity of further substitution at the amide nitrogen. we chose to attempt the
Diels-Alder reaction in the hopes that protection might prove to be unnecessary.
Deprotection of the acetonide proceeded in modest yield to give the desired diol. and the
proposed oxidative cleavage gave the desired aldehyde in nearly quantitative vield in a
very clean reaction. This represented a significant improvement from the previously used

deprotection/oxidation sequence (Scheme 28).
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Scheme 28: Attempted Diels-Alder reaction.

Unfortunately however. as seen above. the attempted cyclization resulted in no
reaction after sixteen hours, and continued stirring resulted in decomposition. This result
supported our original hypothesis regarding the necessity of protection at this nitrogen.
Given the difficulties encountered in the protection of amide 155, this would require
redesigning this portion of the synthesis.

3.3.5 Revised Protecting Group Strategy

In order to avoid protection of amide 1535, protection of this nitrogen would need
to take place at an earlier stage of the synthesis. Although addition of a mixed anhydride
to the protected amine was unsuccessful. we felt that the new Horner-Wadsworth-
Emmons route might prove fruitful on such a substrate. We again chose 139 as the best
point to effect the protection of this nitrogen. but this choice necessitated a change in
protecting group strategy given that the indole nitrogen had also been protected using
Boc. However. we felt that selective protection of the indole nitrogen would be possible
given the aforementioned difference in pKa between the two nitrogens. In order to keep
an electron-withdrawing group on the indole nitrogen. we therefore pursued the route

shown in Scheme 29, using tosyl at this position.
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Scheme 29: Successful protecting group strategy.

Original attempts using somewhat less exotic conditions to install the tosyl group
(sodium hydride in conjunction with either tosyl chloride or tosic anhydride) resulted in
low yields. although the conditions shown resulted in clean reactions with excellent
yields™. Following deprotection of the Boc group. the nitrogen was originally protected
with para-methoxybenzyl: this change from our earlier work using benzyl was prompted
by concerns over the eventual removal of the benzyl group from an amide nitrogen.

3.3.6 Attempted Synthesis of Key Intermediate

Our earlier attempts to add a mixed anhydride to a similar secondary amine had
failed: however. it was hoped that the addition of bromoacetyl bromide. being less
sterically demanding. might be successful. This particular electrophile was chosen for its
possible use in two different strategies: the Horner-Wadsworth-Emmons route shown in
Scheme 30, wherein following introduction of bromoacetyl bromide, treatment with

triethylphosphite would give the desired Horner-Wadsworth-Emmons substrate.

Scheme 30: Proposed synthesis of HWE substrate.
Given our earlier success with a similar substrate following this route. we were
hopeful that this would yield the desired product. although the attraction to this method

was its possible application to a different strategy as well. Specifically, the Reformatsky-
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type reaction shown in Scheme 31 would also involve treatment of 164 with bromoacetyl
bromide, following which exposure to chromium chloride could give the amide enolate to

: . . - 54
allow introduction of the desired masked aldehyde”
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Scheme 31: Proposed Reformatsky reaction.

Several attempts to introduce bromoacetyl bromide to 164 were unsuccessful,
resulting in recovery of the starting material. It may be that the added steric bulk of the
secondary amine is sufficient to prevent the reaction from occurring: recovery of the
starting material shows that the conditions do not cause decomposition pathways to arise.
It also seemed possible to us that the electronics of the system might have changed with
the introduction of the electron-rich protecting group. although an alky!l group was still
preferable at this position. We were reluctant to introduce an electron withdrawing group
at this position for fear that. due to the conjugated nature of the substrate. this would
result in a less reactive diene for the Diels-Alder reaction which was already planned with
a somewhat unreactive dienophile. However. we did want to change the electronics of
the system to see whether a different group on the nitrogen would help. In an attempt to
satisfy both of these requirements. as well as the expected ease of removal later in the
synthesis, we selected para-nitrobenzyl. Unfortunately. this substrate gave the same
result. In light of this outcome, we chose to again re-evaluate our strategy as discussed

below.
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3.3.7 Attempted Amide Enolate Strategy

The Reformatsky-type reaction appeared to be a promising idea, although we had
encountered difficulties in the introduction of an acid bromide. However, we thought
that the addition of acetyl chloride. a less sterically demanding electrophile. might be
successful. Should that prove to be the case. we hoped to follow this with the formation

of the amide enolate in order to join the two halves (Scheme 32).
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Scheme 32: Proposed amide enolate route.
We were pleased to find that the addition of acetyl chloride was successful.
providing the desired acylated product in 70 percent yield. Unfortunately. however.
attempts at deprotonation with either butyllithium or LHMDS were unsuccessful

(Scheme 33).
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Scheme 33: Attempted enolate formation.
3.3.8 Attempted Acid Chloride Addition
Although we had been unable to access the desired aldol product, the successful

addition of an acid chloride to 164 seemed promising. As a result, we again revised our
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strategy to capitalize on this success, as shown in Scheme 34.
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Scheme 34: Attempted acid chloride addition.

Following olefination of aldehyde 154, saponification gave 174, which was
treated with oxalyl chloride and dimethylformamide to give the corresponding acid
chloride. Addition of this acid to para-nitrobenzy| protected amine 163 led to a complex
mixture of products. Wondering whether the acidic conditions used to form the acid
chloride might have resulted in deprotection of the isopropylidine acetal and contributed
to this issue. we also synthesized the acid chloride from a more robust cyclohexyl
protected diol. although the addition was again unsuccessful. While we had hoped that
the additional steric demands of this particular substrate in comparison to acetyl chloride
or bromoacetyl bromide would not be too great for the reaction to proceed, it appears that

this was not the case.

3.4 New Ideas and Concluding Remarks
3.4.1 Possible Future Directions

At this point, we decided to cease our efforts towards 14-acetoxygelsenicine and
turn our attention to a different project (discussed in the following chapters). although
there are clearly possibilities for future attempts on this molecule. The proposed Diels-
Alder based approach remains an attractive one. as this would constitute a unique

approach to the gelsemium alkaloids as well as being one of a handful of examples in the
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literature of this type of Diels-Alder reaction. However, it is clear that our current
method would need further revision.
[n this light. one possibility may be the type of retro-cycloaddition/cycloaddition

reactions used to great effect by Funk and coworkers.
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Scheme 35: Retro-cycloaddition/cycloaddition sequence.

As seen above, a 1.3 dioxin can be deprotonated to create the allylic anion, which
in turn can be trapped by an electrophile™. This substituted dioxin. when exposed to
heat. unmasks an a.f-unsaturated aldehyde with concomitant loss of formaldehyde. This
sequence. along with a relevant example from the literature, are shown in Scheme 36°°.

In the context of 14-acetoxygelsenicine. this proposed route would follow the sequence

shown below (Scheme 36).
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Scheme 36: Proposed retro-cycloaddition/cveloaddition route.
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It seems that a simple peptide coupling reaction would be sufficient to join the
two halves. If not, we felt that there was also reason to believe that the deprotonation of
the amide followed by introduction of an appropriate electrophile would work in this
particular case. We thought that we might achieve success here due to the fact that the
amide is not in conjugation with the olefin contained in the masked diene; perhaps this
change from our earlier efforts would lead to success. Preliminary work along this route

is shown below in Scheme 34, ending with the attempted formation of acid 184.
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Scheme 37: Preliminary work towards proposed new route.

In this attempt. we followed a literature precedent for the elimination of the
tosvlate. However, yields were extremely low. hovering closer to ten percent than the
reported 40 percent’ . We did attempt the carbonylation reaction as well, although this
proved unsuccessful. A survey of the literature shows that deprotonation with sec-
butyllithium is somewhat uncommon. with fert-butyllithium being the reagent of choice
in most reports. It therefore seems reasonable that this change could lead to a successful
outcome. Following installation of the acid. peptide coupling could join the two halves,
and the route proposed in Scheme 36 could be attempted.

3.4.2 Summary of Progress

Despite our efforts, access to 14-acetoxygelsenicine has remained elusive. Our
original synthetic design was replaced early on due to several severe flaws, notably
repeated manipulations of oxidation states. Following the development of a second. more

efficient approach. we found considerable difficulty in accessing an appropriately
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substituted substrate for the proposed intramolecular hetero Diels-Alder reaction which
we had hoped to use as the centerpiece of our synthetic approach. We have, however,
been able to access a variety of compounds in the pursuit of this substrate. These
molecules. along with the difficulties encountered in their further manipulation. are
summarized below in Table 5.

Table 5: Summary of Diels-Alder precursors.

Substrate Problem Substrate Problem
R O
NN OH Unable to oxidize HN a © Unable to cyclize
= N H
|
= @‘g 1
N
H
N N
NH Unable to add NH Unable to add
N\ Bp electrophile Yy PnB electrophile
.B!"I 149 Nlrs 163
b 9] N a .
N~ NSO Unable to protect A Unable to form
ey W <K \, Pne ;
| o enolate
A N
Boc 156 Ts 168

It would seem that the difficulty in further manipulations of these substrates does
not lie with one single factor. In the case of secondary amide 159, it is possible that the
desired rotamer population was not accessed so as to allow cyclization to occur. In
accessing substrates with further substitution however, we have met with numerous
roadblocks. In the cases of 149 and 163, it seems probable that the bulky protecting
groups chosen interfered with the addition of an electrophile. We have attempted to
change the reactivity and sterics of the electrophiles in question by using free acids,
mixed anhydrides and acid halides. However. when we have met with success in these
efforts (as in 147, 156 or 168). we have been unable to effect further substitution on the

amide nitrogen. We believe that this may be an electronic problem in that this nitrogen
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lone pair appears to be particularly unavailable. Specifically, it may be that the
conjugated nature of this system is causing the problem. This. then. is why we feel that
the ideas proposed in the previous section may have a better chance of success.
3.4.3 Concluding Remarks

Herein, we have described our studies towards the total synthesis of 14-
acetoxygelsenicine. Although we elected not to pursue this synthesis further, the idea
remains an attractive one as it would open avenues towards other members of the family,
notably, I4-acetoxygelsedilam and gelsefuranidine in addition to 14-acetoxygelsenicine.
We have developed a more efficient retrosynthesis towards this goal. and have
experimented with a variety of approaches. Although these efforts have not been
successful. perhaps the work presented here may provide a starting point for further

efforts towards this molecule.
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Chapter 4: Histone Deacetylase Inhibitors

4.1 Introduction
4.1.1 Overview of Histone Deacetylase Enzymes

Our group has also been interested in the synthesis of small molecules that act as
histone deacetylase (HDAC) inhibitors. Here, an overview of synthetic efforts towards
selected HDAC inhibitors is presented, including some of the previous work from our
laboratories (excerpted from our review on this topic)’. Prior to a discussion of synthetic
work, a brief overview of the role of HDAC enzymes in normal and diseased cells is
presented below.

HDAC enzymes play an important role in chromatin remodeling and therefore in

9

the regulation of gene expression™ . Dysfunction of HDAC enzymes has been linked

with a variety of human diseases. including cancer, sickle cell anemia, rheumatoid

®018  With the discovery of molecules that act as

arthritis and cardiac hypertrophy
HDAC inhibitors (HDACI), a substantial amount of insight into the function of these
enzymes has been gained. Furthermore, particularly with respect to cancer. HDACi are
extremely promising drug targets. Through the study of naturally occurring HDACi and
their synthetically derived analogs. much progress has been made towards this goal.

In mammalian cells, DNA is packaged into chromatin, a highly condensed
structure which limits access to the DNA by transcription factors™. In the first step of

this packaging, DNA is wound around a histone octamer™®. This interaction is made



favorable by virtue of positively charged lysine residues on the histone proteins, which
attract the negatively charged DNA backbones™. This strong electrostatic interaction
renders the DNA inactive with respect to transcription, as cellular machinery responsible
for transcription cannot access the DNA in this condensed, or closed, state®’. When
transcription is required, the interaction must be lessened to permit access to the DNA.
Histone acetyl transferase (HAT) installs an acetyl group onto the e-nitrogen of lysine
residues, neutralizing their positive charge and attenuating the interaction between the
DNA and the histone™"". Once replication has been completed. HDAC enzymes remove
the N-acetyl group from the lysine residue, restoring positive charge to the histone and
returning the DNA to its inactive state® "

There are currently eighteen known HDAC enzymes which are divided into four

L7071

classes on the basis of their structural homology with yeast proteins™"'. Class | enzymes

(HDACs 123 and 8) are Zn* dependent, as are class I (HDACs 45,6.7,9 and 10) and
class IV (HDAC 1) 1In contrast, class 11l enzymes (SirT1-7, also known as
Sirtuins) are NAD" dependent. and appear to be resistant to molecules capable of
inhibiting class 1 and Il enzymes; the class 111 enzymes will therefore not be mentioned

636574

further here Class I and II isoforms differ with respect to both their size and

catalytic domains, as well as their localization within the cell. Class | HDACs tend to be
smaller (49-55 kDa) than the multidomain class Il enzymes (80-131 kDa)*™. Class |
isoforms share sequence homology in the catalytic domain located at the N-terminus,
while the class [T enzymes have a catalytic domain on the C-terminus, with an N-terminal

SR.TS5

adapter domain not seen in the class I HDACs™". The two classes share a 390 amino

]

acid region of homology within the deacetylase core ®. These differences suggest that the

h
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classes possess distinct functions: notably, while class I HDACs are ubiquitously
expressed and confined to the nucleus, class 11 enzymes display tissue-selective
expression and shuttle between the nucleus and cytoplasm™7™7.

A further complication arises from the classification of each of these enzymes as
histone deacetylases, which would tend to suggest that histone proteins are the only
substrate for these enzymes. However. emerging research has shown that HDACs can act
to deacetylate many non-histone proteins, including hormone receptors, chaperone
proteins, transcription factors and cytoskeletal proteins®™”’. While the specific function
of individual isoforms remains unclear, it has been noted that aberrant HDAC activity is

associated with cancerous cells®” ™% HDAC 1. for example, appears to be upregulated

in both prostate and gastric cancers. while HDAC 3 is overexpressed in lung cancers®’.
In general. the class I enzymes appear to play a role in survival and proliferation of
cancer cells, while class II, notably HDAC 8, may be responsible for
tumorigenesis®””"*#2 This link between HDAC enzymes and cancer has led to a search
for molecules that can function as HDAC inhibitors in the pursuit of possible cancer
therapeutics.
4.2 Acyclic Histone Deacetylase Inhibitors
4.2.1 Background

Much of what is currently known with respect to the structure and function of
HDAC enzymes has arisen from the study of molecules which act as HDAC inhibitors
(HDACI): in fact, the first HDACs were originally isolated by affinity chromatography

using a naturally occurring HDACI, trapoxin™. HDACI have been shown to inhibit

tumor progression, and are generally responsible for an antiproliferative effect™.
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Treatment with HDACI results in death of transformed cells through several different
mechanisms: apoptosis via extrinsic or intrinsic pathways, mitotic catastrophe/cell death,
autophagic cell death, senescence, and reactive oxygen species (ROS) facilitated cell
death™. Interestingly, normal cells appear to be resistant to the effects of HDACi, unlike
their transformed counterparts.”****  Many different naturally occurring HDACi are
known: here, these molecules have been divided into two classes: acyclic small
molecules and cyclic or bicyclic depsipeptides or peptides.
4.2.2 Acyclic Histone Deacetylase Inhibitors

The earliest known HDACi fall into the first category: acyclic small molecules.
Of the naturally occurring HDAC: in this class, perhaps the best known is trichostatin A
(TSA, Figure 7). Furthermore, the sole FDA-approved HDACi, SAHA (marketed as
Zolinza by Merck Pharmaceuticals) belongs to this class. SAHA is not a naturally
occurring molecule, but rather was found through extensive surveys of small polar

molecules capable of inhibiting HDAC enzymes’".

m %\N/\/S S"““’N}HLO \)\d\/\‘)\l’ QHMHUH

HO

Trchastati (TSA) Psammapiin Depudecin SAMA (Zolinza)
Figure 7: Selected acyclic HDAC.

TSA was isolated in 1976 from Streptomyces hygroscopicus, and identified as an
HDAC inhibitor by Yoshida and colleagues in 1995%*", Research on this natural product
has divulged many details with respect to the structure and function of HDAC enzymes.
Notably, the crystal structure of HDLP (HDAC-like protein) was solved in 1999 by

Finnin and coworkers™. HDLP shares 35% sequence homology with human HDACI:



importantly, identity is seen within the active site™. These crystallographic studies
showed a narrow channel ~11A in depth, narrowing to a diameter of ~7.5A at its
narrowest point; at the bottom of this channel, a Zn* cation is coordinated to two aspartic

7 In addition to providing

acid residues, one histidine residue and a water molecule
information about the general structure of the enzyme, the crystal structure was also

solved with bound TSA. giving rise to a model explaining the function of the enzyme

(Figure 8)™™,
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Figure 8: Proposed mechanism of action of Zn*'-dependent HDACs.

It has been proposed that an acetylated lysine residue (shown in red) coordinates
with the zinc cation in the active site. Formation of a tetrahedral intermediate by
nucleophilic attack of the water molecule follows, after which the intermediate collapses
to release a molecule of acetic acid and the free, deacetylated lysine residue.

The crystal structure containing a bound TSA molecule suggests that this HDACi
acts as a substrate mimic, blocking access to the enzyme by the acetylated lysine residues
on the histone tails™. The cap region (Figure 9. blue) interacts with amino acid residues
surrounding the rim of the channel to the active site, the linker region (Figure 9, black)
lowers a zinc-binding arm through the hydrophobic channel, and the zinc-binding moiety

(Figure 9, red) displaces the water molecule and coordinates to the cation.
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Figure 9: HDACI pharmacophore: cap region in blue: linker in black; zinc-binding
moiety in red.

As is shown in Figure 9. this pharmacophore model of HDACi three regions is a
general and useful classification in order to understand structure-activity relationships®™.
Some of the earliest research in this area focused on derivatives of TSA, namely creating
analogs with variance in both the zinc-binding and linker regions. Initial studies (prior to
crystallographic data) focused on variance in linker length in an effort to determine the
optimal distance between the cap and zinc binding regions (Table 6)™.

These studies and others point to a 5-6 methylene unit as being the most effective

with respect to HDAC inhibition®* ¥,

These data also suggest that bulkier cap regions
may give rise to increased biological activity. With respect to the zinc-binding
functionality. the hydroxamate moiety is quite common in naturally occurring HDAC::
however. this functional group is considered unattractive for druggable compounds due to
difficulties associated with its synthesis, as well as possible toxicity and low stability® ",
For these reasons. other possibilities have been sought: in the studies mentioned above,

numerous carboxylic acid compounds were tested, but all showed significantly attenuated

biological activity (Table 6)%.



Table 6: Biological data for TSA analogs and SAHA.

o o
/@)\'/NN—OH
M. Me Me H
Me TSA
Cap region Linker an*—hindiug arm 1Csy nM Maize ICsy nM HDAC1
HD-2

TSA | =meeeeeee- NHOH 3 NT?
(4-MesN)PhC(OINH | <(CH.),- NHOH 2000 NT
(4-MesN)PhC(OINH | -(CH,):- NHOH 100 NT
(4-MesN)PhC(O)NH | ~«(CH,)e- NHOH 100 NT
(4-MesN)PhC(O)NH | «(CH5)4- NHOH 300 NT
(4-MexN)PhC(ONH | -(CH,)4- OH > 40,000 NT
C,HsC(O) -(CH5)y- NHOH NT' 1500

CoHsC(O)CHaz), -(CH> )s- NHOH NT 65

CyH-C(O)CH-) -(CH>)- NHOH NT 5
SAHA | —eeseeeee NHOH 1000 120

"™NT: not tested
Considerable research has been done on analogs of TSA and other.
synthetically derived. linear molecules, notably in testing variations on the linker
region”. The conclusions of these studies point to a linker of approximately the same
length as the natural substrate being the most effective, with hydrophobic linkers (to
better interact with the hydrophobic channel of the enzyme) being the most promising.
The aforementioned acyclic HDACi have proven promising as cancer
therapeutics. However, one disadvantage to this class of HDACI is their lack of
specificity. These molecules tend to inhibit all isoforms in class I, and in some cases,
show inhibitory effects on both class I and class I enzymes”. Given that the function of
individual isoforms remains poorly understood. this type of pan-HDAC inhibition may be
less desirable in the clinic. Of the nine HDACi currently in clinical trials, all are pan-
HDAC inhibitors. and it is proposed that cardiac complications (ranging from mild to

severe) which have arisen in testing may be due to this lack of specificity™ .




4.3 Macrocyclic Peptide Histone Deacetylase Inhibitors
4.3.1 Background

For the reasons cited above, much of the current research in this area has focused
on the isolation and synthesis of HDACI that display higher selectivity. A group of
molecules displaying this desirable characteristic are the macrocyclic HDACI, although
even these show varying degrees of selectivity across class and isoform. Furthermore,
many macrocyclic HDACi possess more potent biological activity than what is seen in

the acyclic molecules.
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Figure 10: Selected macrocyclic peptide HDAC.

These differences between the two classes of HDACi most likely arise from both
the greater variety in zinc-binding moieties and the greater functional complexity of the
cap region, as seen above in Figure 10, and comparative biological data are shown below.

Table 7: Activity and selectivity of acyclic and macrocyclic HDAC.

Compound IC;,nM 1C;, nM IC,,nM HDAC6/HDAC1
HDAC1 HDAC4 HDAC6
TSA 6.0 nM 38 nM 8.6 nM |4
TPX A 0.82 nM NT 524 nM 640
TPX B 0.11 nM 0.30 nM 360 nM 3,300
Chlamydocin 0.15 nM NT 1.100 7.300
Cyl-2 0.70 NT 40.000 nM 57,000

While acyclic HDACi have smaller cap regions and therefore make contact only with

highly conserved regions around the rim of the HDAC channels, the larger cap regions of
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macrocyclic HDACI are able to interact with areas of higher variability which lie farther
away . These more extensive contacts may explain the higher degree of specificity seen
with some macrocyclic HDACi (Table 7).
4.3.2 HC Toxin

One of the first cyclic tetrapeptide HDACI to be isolated was HC-toxin, found in
Helminthosporium carbonum, which contains an a-epoxy ketone as its zinc-binding
functionality (Figure 7). The side chain present in HC-toxin is a common motif among
cyclic tetrapeptide HDAC!, appearing in the chlamydocins, Cyl-1 and 2. WF-3161 and
trapoxins A and B* 7% " This (S)-2-amino-8-0x0-9,10-epoxydecanoic acid (Aoe) side
chain is essentially isosteric with an acetylated lysine residue, suggesting that these
molecules also inhibit HDAC enymes by acting as substrate mimics™™. HC-toxin
displays modest biological activity in comparison with TSA (I1Cy, = 30 nM against
HDACs from E. renella vs. TSA's 3.8 nM)'™. However, a related natural product also
containing the Aoe side chain, Cyl-2 (Figure 10), is a potent HDACi with an ICy, of 0.75
nM (HDAC 1)"""'®, Perhaps more impressive is the selectivity displayed by Cyl-2: a
57.000 fold preference for HDAC 1 (class 1) over HDAC 6 (class II) was noted in studies
by Yoshida et al.*”’
4.3.3 Trapoxin

Trapoxin (TPX) is arguably the best-known member of the group of macrocyclic
HDAC containing the Aoe side chain. As mentioned above, isolation of HDACI by
Schreiber and coworkers was made possible by affinity chromatography using an analog
of trapoxin A™. Part of the reason for this success lies in the particular manner in which

trapoxin (and other a-epoxy ketone containing HDACI) inhibit HDAC enzymes. In



contrast to the hydroxamate zinc-binding functionalities discussed above, a-epoxy
ketones bind to HDACs irreversibly, presumably through alkylation of the HDAC
enzyme® '™, The epoxide appears to be necessary for irreversible binding, as analogs
containing the corresponding diol or methylene groups are biologically inactive®

Schreiber and coworkers published the total synthesis of trapoxin B in 1996, and

the route is depicted in Scheme 38'™,
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Scheme 38: Schreiber's synthesis of Trapoxin B.

Macrocyclizations of this type (199 to 200) have proven difficult; in fact,
calculational studies have been undertaken in an attempt to predict the appropriate acyclic
precursors'™.  As this technology has yet to be perfected. Schreiber and coworkers
instead looked to prior syntheses of chlamydocin, which had shown that successful
cyclization appeared to dictate that macrocyclization occur between the pipecolate C-
terminus and the N-terminus of the Aoe residue'™"'*""",

Acid 198 was accessed in six steps form mono-protected (+)-2.3-O-isopropylidene-L-
threitol, and coupled to free amine 197. Following removal of the N-Cbz protecting

group and saponification of the methyl ester, cyclization was effected by stirring for three

days in DMF with BOP and DMAP. Following deprotection of the primary alcohol and



the acetonide, the requisite epoxide was installed by treatment with DBU in methanol.
Oxidation under mild conditions furnished trapoxin B in fifteen linear steps.

Numerous analogs of trapoxins A and B have been explored. with variations in

the stereochemistry of the amino acid residues and the zinc-binding region (Table 8)"".
Table 8: Biological data for TPX A, B and analogs.
Compound | Configuration Sequence B16/BL6
HDACs, IC,,
TPX B-type
CHAPI' LLLD L-Asu(NHOH)-L-Phe-L-Phe-D-Pro* 6.03 nM
CHAP27 LDLD L-Asu(NHOH)-D-Phe-L-Phe-D-Pro 3.44 nM
CHAP38 LDLL L-Asu(NHOH)-D-Phe-L-Phe-L-Pro 532 M
CHAP39 LLDL L-Asu(NHOH)-L-Phe-D-Phe-L-Pro 226 nM
TPX A-type
CHAP57 LDLD L-Asu(NHOH)-D-Phe-L-Phe-D-Pro 291 ntM
CHAP56 LLLD L-Asu(NHOH)-L-Phe-L-Phe-D-Pro 4.78 nM
CHAPSS8 LDLL L-Asu(NHOH)-D-Phe-L-Phe-L-Pro 4.18 nM

'CHAP = cyclic hydroxamic-acid-containing peptide; *Asu = a-aminosuberic acid

In compounds containing the hydroxamate prevalent in linear peptides, the

1", Interestingly, of the four

biological activity was reduced by ~17 fold against HDAC
stereochemical combinations tried (LDLD, LLLD. LDLL, LLDL: side chain-Phe-Phe-
Pro), three showed no significant difference in HDAC inhibition. with only the LLDL
isomer showing a large (2 orders of magnitude) decrease, standing somewhat in contrast
to the proposal that unnatural amino acids are necessary in the cap region for tighter

68,101

interaction with amino acid residues in the enzyme™ ", This finding also highlights the
differences between cyclic and linear HDAC. as the enantiomer of TSA has been shown
to be biologically inactive'™.
4.3.4 Apicidin

A similar HDACI, apicidin, was isolated in 1996, and was shown to have

109,110

promising inhibitory activity . This is particularly noteworthy due to the side chain
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present in the apicidins. Given that studies of des-epoxy trapoxin had shown it to be
inactive, the Aoda (S)-2-amino-8-oxodecanoic acid) side chain present in the apicidins
would be predicted to have insignificant biological activity”. However, this natural
product displays nanomolar potency (ICy, 1-2 nM) against apicomplexan HDACs'”.

The structure of apicidin was determined by detailed 'H and “C NMR studies
(COSY,TOCSY and HMQC), with the stereochemistry of the amino acids determined by
degradation followed by derivatization and treatment with an amino-oxidase'™""".

Following the isolation, two total syntheses were completed in 2001. and an

interesting study using a metathesis reaction for macrocyclization was published in 2007,

oo T H2113.014
although this did not furnish the natural product .
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Scheme 39: Singh's synthesis of apicidin A.

Of particular note is Singh and coworkers' approach to this molecule, shown
below in Scheme 39. The major challenge in this synthesis was the formation of the
Aoda side chain. Attempts to follow literature procedures for amino acid homologation
gave solely the dehydroamino acids. A radical reaction utilizing iodide 205 and ethyl
vinyl ketone in the presence of tri-n-butyltin hydride gave the appropriately protected

amino acid (206) in 46 percent yield.
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Having synthesized the Aoda side chain, a series of peptide couplings were
carried out, using DCC/HOBt to give the acyclic precursor (207). Numerous peptide
coupling reagents were used in attempts to access the macrocycle: ultimately. cyclization
was effected using conditions developed by Schmidt, wherein the acid is activated as its

pentafluorophenyl ester'*'"*'"

. A number of apicidin analogs were synthesized to test
different zinc-binding motifs. Two such analogs showed activity which was increased

with respect to the natural product (Table 9)'".

Table 9: Biological activity of apicidin A and analogs.

”'\_{‘i{o R' R? IC,,, HeLa cell HDACs
il ) C(0)CH,CH, OMe I nM
L e C(O)CH,CH, H | nM
¢ CH,SAc OMe 3 M
C}{'ﬁ ")ﬁlf- CH,CO,Me OMe 0.40 nM
CH,C(O)NHOH OMe 0.24 nM

4.3.5 Microsporins

Microsporin A contains the same Aoda side chain as the apicidins. Microsporin
A and the closely related Microsporin B are cyclic tetrapeptides isolated from a marine
fungus, Microsporum cf. gypseum''®. Detailed NMR studies in conjunction with
degradation and derivitization with Marfey's reagent led to the structure shown in Figure
7. containing L-Ala, D-Pip and L-Phe'"". In biological testing, Microsporin A displayed
activity and selectivity greater than SAHA . inhibiting class I HDACs (1Cy, 140 nM vs
300 nM for SAHA) four fold over HDACS, a class 11 enzyme (550 nM vs 780 nM for
SAHA)"'®. These observations led Silverman et al. to pursue a solid-phase synthesis of

this natural product (Scheme 40).



Following the synthesis of the Aoda side chain used by Singh, a series of peptide
couplings using resin-bound D-Pip gave the acyclic tetrapeptide, which was removed

from the resin and cyclized, completing one of the few solid-phase syntheses of this class
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Scheme 40: Silverman'’s synthesis of microsporin A,
4.3.6 Azumamides

Another group of naturally occurring HDACi with unusual structures are the
azumamides, which are cyclic tetrapeptides isolated from the marine sponge Mycale
izuensis, although some have proposed that the actual source may be a sponge-associated

7130 The azumamides display an unusual stereochemical arrangement in
=

fungus
comparison to chlamydocin, trapoxin. and apicidin. being composed exclusively of D-
amino acids (D-Phe/D-Tyr, D-Ala, and D-Val)'*. The side chain of the azumamides,
(Z .28 3R)-3-amino-2-methyl-5-nonenedioic acid (Amnda) or (Z2S3K)-3-amino-2-
methyl-5-nonenedioic acid 9-amide (Amnaa) possesses the opposite absolute
configuration as those seen in the aforementioned compounds'*'*'.

Furthermore, the azumamides display a high degree of potency as HDACi when
tested against HDACs from human leukemia cells, with ICy, values ranging from 45 nM
(azumamide A) to 1.3 uM (azumamide D)'*. This potency is notable for the fact that the

azumamides present relatively weak zinc chelation motifs: azumamides A, B and D have

carboxamides in this region, while C and E carry carboxylic acids.



Synthetic studies of the azumamides have provided some insight into this activity,
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Routes to the key nonenediodic acid are shown in Schemes 41 and 42'%'*,
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Scheme 41: De Riccardis' synthesis of Amnaa.
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Scheme 42: Ganesan's synthesis of Amnaa and completion of azumamide A.

De Riccardis obtained asymmetric induction through the use of the Brown
crotylboration methodology'”.  Ganesan instead employed Ellman's auxiliary
Mannich type reaction, as shown below in Scheme 42. In both cases, similar acyclic
precursors were synthesized. with cyclization occurring between the N-terminus of the

Ammna side chain and the C-Phe terminus in De Riccardis' case, and between the N-Phe
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terminus and C-Ala terminus in Ganesan's work'>'*.  De Riccardis reported
conformational analyses based on NMR ROESY correlations and calculational docking
studies''. The solution NMR studies showed no defined secondary structure, and were
used as a starting point for their docking calculations. These calculations show that the
macrolactam sits within a shallow groove in the enzyme wherein it establishes Van der
Waals interactions and hydrogen bonds with conserved amino acid residues. The
phenylalanine side chain lies within a hydrophobic pocket; also a highly conserved
region. Further calculations suggested that the enantiomer of azumamide E ((-)-
azumamide E) would be capable of maintaining these interactions; indeed, the synthesis
of (-)-azumamide E showed it to be biologically active, though with a significant loss in

potency with respect to the natural (+)-azumamide E (Table 10).

Table 10: Biological data for the azumamides and analogs.

Compound Zn*'-binding | HeLa HDAC | K562 HDAC | HDAC1 | HDAC4 | HDAC6
arm ]Cm MM lC_&u 1 M 1C5 p.M quup.M len}l]“
Azumamide A CONH, 5.8 0.045 =50 50 >50
Azumamide B CONH; NT* 0.11 1.83 3.66 =50
Azumamide C CO-H NT 0.11 1.17 3.16 =50
Azumamide D CONH, NT 1.3 >350 =30 =50
(+)-Azumamide E CO>H 0.033 0.064 1.22 2.28 >30
(-)-Azumamide E COsH 26 NT NT NT NT
Azumamide CONHOH 0.007 NT NT NT NT
hvdroxamate
TSA CONHOH NT NT 0.037 0.063 0.083

"NT: not tested

Another diastereomer, (2R3S)-azumamide E, showed a complete loss of
biological activity. presumably due to a loss of conformational rigidity'. Ganesan also
examined possible improvements to the azumamides' biological activity. choosing to
focus on the zinc-binding arm rather than the cap region. Conversion of the carboxamide

side chain of azumamide A to a hydroxamate resulted in an analog with significantly



improved inhibitory potency in conjunction with the installation of this much stronger
zinc-binding residue (Table 10)',
4.3.7 FR235222

Another naturally occurring HDACi in this class is FR235222, a fungal

metabolite isolated in 2003 from the fermentation broth of Acremonium sp.”*

A potent
(IC5, 60 nM against HeLa HDACs) inhibitor of HDAC, this compound displays a
variation on the o-keto epoxides seen in the trapoxins. Here, a (25,9R)-2-amino-9-
hydroxy-8-oxodecanoic acid (Ahoda) side chain is present (Figure 10)., wherein the
epoxide present in trapoxin A is replaced by a hydroxy group. This is notable in part as
the di-hydroxy analog of trapoxin A is biologically inactive™. As with other cyclic
tetrapeptide HDACi, an unnatural amino acid is included in the macrocycle (D-4-

MePro)'*’. The first published synthesis of FR235222 was completed by Taddei and

Gomez-Paloma in 2006, and is shown in Scheme 43'%".

1. MeOCH;PPh,C), KHMDS

B , 2 HCIEtOAC o . i vo POHs. Hy pirihos it
e —— S Me
BnO;vCJ\/\[r 3. (A-(MeO),P(O)CH,COCH(OTES) Bno?c)\/\./\)‘[Y — HOZC/I\/\/\/K],
o LiGH, I-Pr,NE oTBS 8 OTBS
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Me, 1. BHyMe,S Me,
NBn, KHMDS, Mel BN Me Pd(OH),, My b 2 LiOH, THFH,O 3 ‘.
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oy Me 1
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Scheme 43: Synthesis of FR235222.
Aldehyde 226 was prepared through a known procedure and converted to acid

228 in four steps'™. Following the construction of D-4-MePro (231), this substance was
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attached to a polystyrene/2-chlorotrityl resin. Once synthesis of the acyclic precursor
was completed, the tetrapeptide was removed from the resin and cyclized in 68% yield.

Analogs of the natural product were synthesized by this group and others, as shown in

Table 11",

Table 11: Inhibitory data for FR235222 and analogs.

NH 0
AL A e
R 5 AR
Entry R' R’ R’ R* R® Hel.a HDACs
1C,, nM
1 (FR235222) Et Me OH H Me 60

2 Et Me OH H H 50
3 Me Me OH H H 30
4 Ph H OH H H 280
5 Indole H OH H H 20
6 Me Me H OH H 330
7 Et H H OH H 1000

Bifulco and coworkers extended these studies by performing molecular modeling
studies in order to identify further targets for synthesis''. Similar interactions to those
mentioned above in De Riccardis' studies of the azumamides were noted between the
macrocyclic cap and the HDAC enzyme. The proline ring was accommodated by a small
hydrophobic cavity containing Tyr 91, Glu 92, and Gly 140. The Ahoda side chain made
similar contacts with the pocket leading to the active site as those found by De
Riccardis''. The stereochemistry at C9 was shown to be an important contributor to
binding of the zinc cation, with the natural (R) configuration appearing to be more
favorable; this is further supported by the inhibitory data shown below (Table 11)"%""

The analog containing an indole ring, shown by HDAC inhibition assays to be more
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potent than the natural product (Table 11), was shown to interact particularly well with
the enzyme in docking studies. Hydrophobic pockets at the rim of the channel leading to
the active sites made favorable contacts with the ring, suggesting that hydrophobic, bulky
groups at this position are preferable'”. Calculational trends corresponding closely to
experimental data suggest that this method of identifying target compounds is a valuable
tool for predicting biological activity.
4.4 Sulfur-Containing Histone Deacetylase Inhibitors
4.4.1 Background

Recently. naturally occurring HDACI with a novel zinc-binding motif have been
isolated. This group. which bears an unusual (35 4E£)-3-hydroxy-7-mercapto-4-heptenoic
acid side chain, includes FK228, the spiruchostatins, FR901375 and largazole. The
reduced form of spiruchostatin A has been shown to act as a potent and selective HDACi
(IC5, 0.62 nM against HDACI: 360 nM against HDAC6)”". While the total synthesis of
FR9O01375 (an isolate from Pseudomonas chloroaphis No. 2522) has been completed, no

inhibitory data has yet been reported for this molecule'*.

Me.__Me 539__(/“ 3\‘
i H Me = N
N N
N7 Ny I
H 5 o N1 O
0 HN Me .-'\rro
H "
| N h
o |O ® Me O =
HO / sp
5—S§
o]
spiruchostatin A FRI01375 largazole

Figure 11: Sulfur-containing HDACI.
These compounds all contain the f-hydroxymercaptoheptenoic acid residue
connected to a cysteine residue as the unsymmetrical disulfide. There are however.

significant differences within the cap regions: in FK228. five sp® hybridized carbon
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atoms are present within the macrocycle while the spiruchostatins and FR901375 contain
only four. While FK228 features sixteen-membered and seventeen-membered rings
about the cap group ring and disulfide ring respectively, the spiruchostatins contain a
smaller. fifteen-membered ring in the cap group and a sixteen-membered ring about the
depsipeptide linkage. FR901375 has a sixteen-membered ring depsipeptide ring,
analogous to that of FK228. but the cysteine is shifted relative to the B-hydroxy acid,
contracting the outer ring to fourteen atoms about the depsipeptide linkage.
4.4.2 Spiruchostatins

The spiruchostatins were isolated from a culture broth of a Pseudomonas sp. in
2001, There have been two total syntheses of spiruchostatin A and one of
spiruchostatin B (the difference being either a C-4' valine or isoleucine)'**"*>!%,

Ganesan's synthesis of spiruchostatin A (below) is particularly of note'**

(o) HMG
-
sTr 0 o Trg—u ] N =
L\/\\\)L STr OH O OMAP . OTIPS
H  TiCls-PrNEL W\)LNJLS HN o
235 = e (o] TeeQ

DCM
B4%, 9.5:1 dr Me

!
oS
|
Me’kn’d\s Me H?N’YNﬁﬁWOTm ICE(_._J_\SH
Me‘“(_/ - i ST rips OH 239
Me

Me 0 Me
H H
1. Zn, NH,OAc _,‘L’ = >_:“ ,.-‘L'h:)e
2. 2.4.6-CliCgH,COCI | 1y, 10% MeOH, DCM i
EtsN Tr HN  S.g

Il HCI, E10Ac 0
3. DMAP O STr 65%, 2 steps
Me
38%, 3 steps N H NH\
0
Io) s}

spirdchostatm A
Scheme 44: Ganesan's synthesis of spiruchostatin A.
The B-hydroxy acid stereochemistry was introduced using the Nagao auxiliary in

137, lvx

conjunction with Vilarrasa's TiCl, conditions Acid derivative 237 was then coupled

to an appropriately protected peptide (238) which was accessed in five steps from
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commercially  available  materials. Following  deprotection,  Yamaguchi
macrolactonization proceeded in good yield"*'*. Finally, deprotection of the thiols and
concomitant formation of the disulfide bond, followed by TIPS deprotection gave
spiruchostatin A. A small amount of epi-spiruchostatin A, with the R-stereochemistry at
the B-hydroxy acid fragment was also synthesized, and shown to be biologically inactive
at 10 uM, suggesting that stereochemistry at this position is important for interactions
with surface amino acid residues on the HDAC enzyme'®

4.4.3 FR901375

FR901375 is a metabolite of Pseudomonas chloroaphis (No. 2522) and was

reported by Fujisawa Pharmaceutical Company in 19917, Synthesis of FR901375 has

been completed by Janda and co-workers (Scheme 45)"*

o TS
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MeO Ny — Meoir j‘ln'u\/’“ NH,
HO™ ~Me TBSO” “Me’ Me’“‘Me
241 242
1. BOP, |-Pr.NE1
Tr 2
N/”\/c (n-Bu)BOT!, I-PraNEL JL J\I)\/\) 1. Al-Hg o OH STn 46
] 5 2 LrOH H;.Oz Ho/u\/l\f\-/' 2 LIOH
J\/\/\ 78%
STr
243 69%. >90% ae 044 245
OME\-'"M&H
TS Me PPh,. DIAD :
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MeOJ\r NJ\(N N Z THF b QU
O H 58% l H
TBSO™ “Me e OJINWH"'
246 HO” MeC /
TS 5-—5
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Scheme 45: Janda's synthesis of FR901375.

Original attempts to access the requisite f-hydroxy acid following Simon's
protocol (see below, Scheme 45) were reported to result in poor yields and low
diastereoselectivity.  Therefore, a different approach was taken. utilizing Evans'

140

auxiliary This technique permitted access to the B-hydroxy acid (48) in greater than
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95:5 diastereomeric ratio and 69 percent yield. Coupling to the tetrapeptide (46) and a
Mitsunobu reaction furnished the cyclized product (51), and formation of the disulfide
bond followed by alcohol deprotection gave FR901375.

4.4.4 FK228 (Romidepsin)

The first of the sulfur-containing HDACi to be discovered was FK228 (also
referred to in the literature as FR901228 or depsipeptide, and registered as both NSC
630176 and Romidepsin)'*'. FK228 is currently in human clinical trials for peripheral
and cutaneous T-cell lymphoma. and as such, has been extensively studied™'*. Unlike
other HDAC:. studies have been conducted to identify the specific protein targets of
FK228. showing that at least 27 proteins involved in a wide variety of cellular processes

P Much of the current understanding of this class of

are affected by this inhibitor
HDACI has come from research on FK228.

The natural product was first isolated from the fermentation broth of
Chromobacterium violaceum No. 968 in conjunction with a screening program for agents
that reverse the malignant phenotypes' ™. Structurally, FK228 is a bicyclic
depsipeptide that features a 16-membered ring about the macrolactone and peptide
backbone and a 17-membered ring about the ester and disulfide linkages'"'. In addition
to the B-hydroxymercaptoheptenoic acid, the smaller ring contains the dehydrothreonine
derivative, 2 3-dehydro-2-aminobutanoic acid (Dhb). The structure was determined by
spectroscopic and X-ray analysis and confirmed by multiple total syntheses, the first of

which, as completed by Simon et al., is shown below """,
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Scheme 46: Simon's synthesis of FK228.

Here. Simon made use of a titanium-mediated aldol reaction in conjunction with a
ligand derived from (S§)-(-)-binaphthyl amino alcohol (249) using conditions developed
by Carreira to access the chiral -hydroxy acid in 99:1 er'™'*. This acid was synthesized
as the enantiomer of the natural stereoisomer such that macrocyclization could be
effected under Mitsunobu conditions mandating inversion of stereochemistry. Following
a nine-step sequence to access the acyclic precursor of FK228 (253), the Mitsunobu
reaction gave the cyclized product (254) in a reported 62 percent yield with only trityl
deprotection and disulfide bond formation remaining to give FK228 (Scheme 46)".
Following publication of Simon's route to FK228, our group investigated a different
synthesis which had its basis in Simon's work'™.

As mentioned above, FK228 was in clinical trials; however, severe cardiac events

were noted, resulting in a suspension of the trials (since then, clinical trials have begun
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92.150

anew)

. At the time, access to larger quantities of FK228 were needed for study such

that a better understanding of the biochemistry of the natural product could be achieved

prior to reintroduction to the clinic. As the natural product was not widely available,

this demand necessitated a new. more scalable synthesis of FK228 as completed by

Williams et al. is shown below in Scheme 47'%.
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Scheme 47: Greshock and Williams' improved synthesis of FK228.

The synthesis of p-hydroxy acid 245 proved both reproducible and scalable.

permitting access to this challenging portion of the molecule on a multigram scale'™,

Further changes were made in the formation of tetrapeptide 264. The originally published



conditions required N-Fmoc-D-cysteine(STrt), which proved difficult to synthesize in
good yield from D-cysteine: however, the synthesis of N-Alloc-D-cysteine(STrt) could be
obtained in high yield following Kruse's method"'. Finally, dehydration of the threonine
residue early on in the synthesis improved the yield of the tripeptide (263) to 53 percent
overall.

To conclude the synthesis, the final coupling of 252 with 245, macrolactonization
and disulfide formation from Simon's pioneering work was followed to give FK228. In

the final macrocyclization step, both our group and Ganesan's have noted difficulties with

152153

respect to the reproducibility and yield of the Mitsunobu reaction To obviate the

need for this capricious reaction, an alternative macrolactamization route has recently
been reported by Ganesan using both solution-phase and solid-phase chemistry. This

approach appears to be more robust (despite the modest yield) than the Mitsunobu-based

macrolactonization strategy (Scheme 48)'™'*,
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Scheme 48: Ganesan's macrolactamization strategy to FK228.

Analogs of FK228 (Figure 12) have been prepared. with perhaps the most notable
with respect to insight into structure-activity relationships being the reduced form of
FK228 (redFK) and an FK228 amide isostere'™"**'*  RedFK was prepared by reducing
the natural product with dithiothreitol in order to test the idea that FK228 may act as a
produrg, with the disulfide bond allowing the molecule to be more readily incorporated

through the cell wall'®. n vivo reduction by glutathione within the cell would then
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reveal a free thiol, which strongly coordinates to the active-site Zn™ cation'™'”.

Biochemical testing indeed supports this hypothesis, where a 75-fold increase in

inhibitory activity against HDAC1 for redFK228 vs FK228 was observed (Table 12).
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Figure 12: Analogs of FK228.

Some preliminary biochemical profiling of these analogs has been reported and
comparative data are collected in Table 12. FK228 is a potent inhibitor of the Class |
HDACs 1, 2 and 3. but is inactive against the Class 1B HDAC6'*.

Table 12: Biological data for FK228 and selected analogs.

Compound Hel.a HDACs nM HDAC1 nM HDAC6 nM
FK228 NT? 30 14,000
redFK (268) 15 0.397 787
269 15 1.6 881
270 ik 1.6 897
271 7 17.5 4900
272 242 >100 >10,000

*NT: not tested

The biochemical activity of the simplified analogs 269 and 270 display a similar
pattern of class selectivity with potency being maintained against HDACI. The
surprising drop in potency for the FK228 analogs 271 and 272 reveals that alteration of
the conformation of the cap group. which is presumably a manifestation of the D-valine
for dehydrothreonine residue substitution, is critical for high-affinity binding to the

protein.
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In order to investigate the importance of the depsipeptide linkage. Dr. Tom
Greshock completed the synthesis of an FK228 peptide isostere (267), which showed that
the more rigid amide isostere of FK228 demonstrates a 50-fold loss in potency against
HDAC]I (Table 13)'™. This finding also allowed for insight into the possible mechanism
of action of FK228. as shown below. Specifically, the size of the FK228 macrocycle is
somewhat larger. and its 5-atom tether is shorter than those in other known cyclic
HDACI. It was therefore proposed that a transannular ring closure (as shown in Scheme
49) could occur. giving rise to a seven atom tether such as those known in other
molecules and a 12-membered ring in the cap group. again coinciding with other known
inhibitors. The loss of biological activity (Table 13) of the amide isostere could serve as

support for this proposal as this sequence of events would presumably not occur in that

system.
Me Me
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SH (o] | o o] N Q
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Scheme 49: Possible transannular ring closure.
The synthesis of the FK228 amide isostere is shown below in Scheme 50,

beginning with the synthesis of f-amino acid 273 (discussed in more detail in Chapter 4).

76



0 /’ NHFmoc
/1[_"' o 7 sleps ;(
o e

NH
0 o}
NHBoc S
TS OBy
273 274
NI Me.Me Me Me
] o}
o Me” N )
Me"\»])\rq Me™ ™S
OTNH H L N O NH OMe T i i
0 NHBag
N BOP. |-Pr,NE ',"“A\IIIH Y\l LUOH 75 INHO NH, e
—_—Ts NH ] ’ ——-x-—-'- macroc,
TS NH; a S 2 TFA
O{»L\,E, MeCN 94 0*\/,: R AL A O}YNH S
~ Ma” “Mea :
e Ve e
275 15, MeOH. n 275 276 STr

ne Y Ol HATU, FPrNEL O

Me
0 0
j o
Ifo ME/%(LNI(O Me/\\])kN];{
k 1. LIOH, THF H
- -
0

’ e |
.NHBoc H.0 89% TNH NH; MeCN 53% 4 NHO
2 TFA, CH,Cl, 95% 4 Yj
V NH
\ OAVNH 0)\-/ Zz
277 s Me 278 s Me"Me) 267
5 S

Scheme 50: Williams' synthesis of the FK228 amide isostere (267).

Acyclic precursor 276 was accessed following Simon's strategy with the intent to
accomplish the macrolactamization prior to disulfide formation. However, unlike the
syntheses of FK228 discussed above, all attempts at macrocycle formation failed. For
this particular substrate, it was found that formation of the disulfide bond (277) prior to
macrocyclization was necessary, giving the amide isostere of FK228 in 13 steps'™.

Table 13: Biological data for FK228, its amide isostere and a SAHA control.

Compound HDAC1 HDAC2 IC,, HDAC3 HDAC6
1C,, nM nM I1C,, nM I1C,, nM
FK228* 0.2 | 3 200
FK228 amide isostere™ 267 10 80 70 >3000
SAHA 10 40 30 30

*assay performed in the presence of TCEP

3.4.5 Biosynthesis of FK228

Unlike other HDACI in this class. the biosynthesis of FK228 has recently been

explored.
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Scheme 51: Proposed biosynthesis of FK228.

Chang and co-workers have identified and partially characterized a gene cluster
responsible for the biosynthesis of FK228. The gene cluster is predicted to encompass a
fourteen-gene region of DNA, including six genes constituting a hybrid non-ribosomal
synthetase-polykedtide synthase (NRPS-PKS) assembly line. Their proposed

biosynthetic model is shown in Scheme 51"

. Activation of cysteine by the A domain in
module | effects the formation of a cysteinyl-S-PCP intermediate. Following the
formation of 4-mercaptobutanyl-§-PCP, PKS modules 2 and 3 extend the growing chain
using C, units from malonyl CoA. Modules 4. 5 and 6 add activated D-Val, D-Cys and
Dhb.  Module 7 incorporates the final residue. as the A domain in module 4
aminoacylates the PCP domain. Finally, the terminal thioesterase domain on DepE
catalyzes the macrolactonization, and an FAD-dependent pyridine nucleotide disulfide
oxidoreductase closes the disulfide linkage. To date, Chang's work represents the only
published proposal regarding the biosynthesis of the bicyclic disulfide-containing HDAC

inhibitors.
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4.5 Largazole
4.5.1 Background and Isolation

One of the most recent HDACI to be isolated is the marine natural product
largazole, which was isolated by Luesch and co-workers from the Floridian marine
cyanobacterium Symploca sp. and reported in early 2008">. Largazole also demonstrates
some structural similarity to FK228. in that largazole contains the same 3-hydroxy-7-
mercaptohept-4-enoic acid moiety common to FK228, FR901375 and spiruchostatin'®.
However, in the case of largazole, the thiol is capped as an octanoyl thiol ester as
opposed to a disulfide linkage. This led to the proposal that largazole may in fact be a
pro-drug. The more hydrophobic natural product would be capable of entering the cell:
once inside, enzymatic removal of the octanoyl residue would reveal the zinc-binding

portion of the molecule to give the hydrophilic, active form (Figure 13).
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Figure 13: Enzymatic activation of pro-drug largazole.

As with the reduced form of both FK228 and spiruchostatin, biological testing
supports this theory with largazole itself being nearly inactive and the largazole thiol
displaying unprecedented biological activity. The macrocycle itself is somewhat more
rigid than that of FK228 by virtue of a thiazoline-thiazole moiety®. This rigidity leads
to a lowest energy solution conformation that matches the lowest energy bound
conformation. as shown by calculations performed by our collaborator Olaf Wiest

(discussed in further detail in the next chapter)'™®. This may account for the increase in
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biological activity of largazole with respect to FK228 (0.07 nM vs. 1.6 nM).
Furthermore. the reduced form of largazole (largazole thiol) displays a pronounced
(nearly 360-fold) preference for HDAC1 over HDACG6'",
4.5.2 Previous Syntheses

[n light of both its biological activity and promising selectivity, largazole has
attracted a great deal of synthetic attention. with seven total syntheses being published in

59,160 2
PIBIOLIS  The most common approach, taken

less than one year following its isolation
by Luesch. Phillips and Cramer, is shown below (Scheme 52). Here, following the
synthesis of the depsipetide-containing core of the molecule. a cross-metathesis reaction
was used to install the side chain present in the natural product. Other groups (including

our own) chose a different approach using a somewhat more complete version of the side

chain.

ol =5 (3
o O e TN S [
Me o 0 I -
YN =D oo O =D Me—y N)\ R . g
Me O :
=

= NH, :
MQW‘\q’O 07 oH 2 MQAMe
Me O 2

0 S A 283 284 285
T/\/\, Me 279 A=H (Luesch, Phillips, Cramer)

280 R=(CH),STr (Wilhams, Da1)
largazol 281 R=(CH,)»SCO(CHs)> (Ghosh)
282 R=(CH,),OTBS (Ye)

Scheme 52: Strategies employed towards largazole.

The major challenges in these syntheses, as in those discussed with regard to other
members of the class, are the formation of the B-hydroxy acid unit and the final
macrocyclization step. With respect to the side chain, two different strategies were
employed: asymmetric Crimmins-type acetate aldol reactions and enzymatic resolution of

achiral starting materials'™'*"'** (Scheme 53).
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Scheme 53: Approaches to the B-hydroxy acid moiety.
The opposite stereochemistry in the auxiliaries used by Luesch and Ye is

explained by existing models. which suggest that the stereochemical outcome of these

reactions are dependent upon the amount of base present'**'**,

Following synthesis of the P-hydroxy acid. each group's route proceeded in a

similar manner, using a modular synthesis to combine the aforementioned B-hydroxy

acid, L-valine and a thiazoline-thiazole moiety'*'* %2,

2.4 snchiorobenzoyl chionde

HOiHaN._COH Ny BN S) {3 ATEA j?\ ,\(\ Et,N, DMAP. Boc-L-valine
j( \[ >__,” BOC o ME—TW NN Gomowar DCM
51% OM& NHBoc 94%, 2 steps 99%

294 208 NH
MeO,C -’{1;“~ oM,
Me > 1. LIOH, THFH,0 )Me ﬁ;ﬁf—\ /

A, 2 TFA b CNH
e “aNHBoE N S e THig J:
Ny § 3 HATU, HOAI N. .5

= 64%, 3 steps =
296 279 \ Grubbs’ #2 30 mol %
largazole
i NaH, 4-bromo-1-butene o] / ?:Efna
8H

CoHyg THF C,H,5}LSA“/\"‘“~L~
81%
297 298

Scheme 54: Synthesis of largazole by Luesch and co-workers.
The first published synthesis of largazole was accomplished by Luesch and co-

Hda

workers, and is of particular note due to the site of ring closure Of the seven

published syntheses of the natural product, only Luesch chose to effect macrocyclization
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between the valine amino group and the thiazoline carboxyl residue, while the remaining
efforts use the less sterically hindered bond between the B-hydroxy acid and thiazole
fragments.

The requisite nitrile (293) was accessed by Cramer in a four-step procedure in
40% overall yield. in a sequence that has proven to be quite scaleable'*'>, The a-
methylcysteine piece (292) is accessible through a known four step procedure. and the

d]ﬁzﬂ,l-"\(l

condensation of the two proceeds in good yiel . Luesch and colleagues used this

metathesis strategy to create both chain-shortened and lengthened analogs of the natural

"7 The attenuated biological activity of these analogs suggests that the chain

product
length seen in the natural product is. in fact. the optimal length (Table 14). Furthermore.
two variations in the cap group were explored - a valine to alanine substitution and an
epimer (17R) of larg,azolem

Table 14: Biological and biochemical activity of selected largazole analogs.

I%f o A\] Mem »\ MEI%% a

NH AN
Ms\[_‘.Kn,O \| &( Mew. l\( - Me\
Me Me O 2 _Me Me O Me Me
HS -
\k/\n,s
o o}
largazole largazole thiol ; z :1', gg 302 303
n=4301
Compound Hel.a HDACs HDACI1 IC;, HDACSG IC,,
IC, nM nM nM
Largazole 32 7.6 1800
|argazole thiol NT' 0.77 570
Largazole n-/ side chain 299 >20000 NT NT
Largazole n+/ side chain 300 7600 690 >10000
Largazole n+2 side chain 301 4100 1900 >10000
Alanine substitution 302 72 44 3300
(17R) Largazole 303 3900 NT NT

*NT: not tested



Philips and Cramer converged on the same metathesis substrate (279) as that used

by Luesch, and fashioned the acyclic precursor by nearly identical routes (Scheme 55).

Phillips:
1. Fmoc-L-valine, M
EDCI, DMAP e - >_[
2 EtNH Ve NH2 d A _NHBoc
OH 629%, 2 steps g 4[ E T
s A coqeau — o7 o "DCC, PFP 52%
1. Fmoc-L-valine *\\/'\,Cozr-eu Phillps Maﬁ '&ro
DIC. DMAP ! PCC. DMAP 97% Me 'O
: >
(S)-289 2. piperiding 304 Sty 305
93%. 2 steps
Phillips
20% Grubbs #2 ,S g S

Philllips: OMe 34%:; 63% brsm ’

1, TFA, CHCly Wi W\s i
2 PYAOP, MeCN J i = '/i*z)b NH
DMAP 50%, 2 steps ~ Me l = 07 g "
e

Ny S
Cramer. o 0O Cramer:
1 TFA, E13SiH = Me(CHy), Me ME
CH,C1, 88%
2 HATU. I -PrNEL 279 OJ\SM largazole
THF 77-89% MEN’,?N
: o]
Cl-.;T/ Mg
C :u‘
p— NO,
“Pr

75% (6:1 trans:cis)
Scheme 55: Synthesis of largazole by Philips and Cramer.

The synthesis of largazole accomplished by Ghosh and Kulkarni is shown below

(Scheme 56).
oH “Pone Dhme e
0 (5)-289 -PrNET, Db o NH;
Grubbs #2 catalyst ~N\AACOBU  BocLuaine  Me
C?H|5 s A DCM S'-/<o gﬂr‘ O Q
67% ¢ /'\./\/J\/
Cythys 3 = €O, Bu
298 306 PGy 37
- s
N)——{)\,Nﬂam :’ S /
1. TEA Z Oy, OtBu 1. TFA, CH;Cl
2. 283, HATU, Me : o) 2 HATU, HOAL
HOAL I-Pr,NEL 3 i-PraNEL, CH,Cly
66%, 2 steps Me O 2 40% 2sieps _Me Ma
508 S\H,C';Hvs rargaaofs
0

Scheme 56: Synthesis of largazole by Ghosh,
Here, a strategy was chosen wherein the zinc-binding arm would be installed in its

entirety. A cross-metathesis reaction between 298 and 289 gave 306 in a reaction which
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is still somewhat low yielding: however, starting material can be recovered and this
choice regarding the sequence of events prevents the loss of more advanced material.
Following the metathesis, esterification using N-Boc-L-valine provided 307.
Condensation with acid 283 gave the acyclic precursor (308). which was converted to
largazole by deprotection of both the N-Boc group and t-butyl ester, followed by
macrolactamization to provide largazole.

The synthesis reported by Doi and co-workers (Scheme 57) effected
macrolactamization using the same bond disconnection used by Luesch. Here, the S-
trityl protected side chain was installed early in the synthesis, and a late-stage

deprotection and acylation sequence provided both the largazole thiol and the natural

product.
L
Me 4 >—é\s 4 >’_</‘S
MeO;,C‘—’--- M N/ Nl'k’ 2.4,6-trichlorobenzoyl chiloride Me-—f—»_N/ N’)ﬁ MeSnOH
o \S 1. NHE, E 5 EtyN, DMAP. Frmoc-L-valine pe0,c O 4
- %,
Y 2200 O ome NH NHFmoc 2
1-PrNEL HO 5 2
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N5 - Me © =
Ei
mocHN STr STr
309 310 311
Me—ierf NZ 10 EtNH, MeCN MEINI N/)ﬁ e Mﬁj\“‘ﬂz NJ)\]
0O, NH
HopCNHFmoc OgNH 2, HATU, ~PrsNE? 07 "NH 2: oclanoy| chleride 07 "NH R
o CH,Cl, Me._ &0 PPNEL OBl e A0
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Scheme 57: Synthesis of largazole by Doi.

Finally, the approach to largazole taken by Ye and co-workers is shown in
Scheme 58. This group made use of the unusual asymmetric 7-butyl disulfide species
(315) to mask the side chain thiol group. This substrate was converted to the largazole

thiol by phosphine reduction. followed by acylation to provide largazole.
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Scheme 58: Synthesis of largazole by Ye.
4.6 Summary of HDACi

While highly isoform-specific inhibitors have not yet been discovered. the
selectivities observed for some families of inhibitors between classes, such as the class I-
specific inhibitors FK228 and largazole, indicate that attaining such selectivity may be
possible. This field of study has developed considerably since the isolation of TSA in the
1970's. and has exploded with the discovery and functional expression of the various
isoforms of HDACs initiated by Schreiber and co-workers in 1996*°. The discovery of
naturally occurring macrocyclic HDACi’s have provided extremely potent mechanism-
based inhibitors of the deacetylase enzymes whose myriad functions are still emerging
from the work of numerous laboratories. Synthesis of these compounds as well as their
analogs. along with computational studies. has begun to provide invaluable insight into
the structure-activity relationships present in these molecules. As this field continues to
evolve, these molecules present further opportunities for understanding the function of

HDAC enzymes and the treatment of human disease.
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Chapter 5: Syntheses of Largazole Analogs

5.1 Synthetic Goals and Collaborations
5.1.1 Synthetic Goals

As described earlier. the driving force behind our synthetic interest in largazole is
its biological activity and selectivity for HDAC1. Although selectivity for any specific
isoform is desirable in that a compound displaying such activity would contribute to the
understanding of the function of the isoform. HDAC] is a particularly desirable target.
Knock-out experiments in mice have shown that the deletion of both HDAC! alleles
results in an embryonic lethal phenotype. illustrating its overall importance'®®,
Furthermore. knock-down experiments using siRNA have suggest that HDACI is
essential for the proliferation and survival of cancerous cells®’. Given that most currently
known HDACI lack specificity. we were interested in pursuing not only the synthesis of
the natural product, but analogs as well. In so doing, we hoped to identify new
compounds that would display improved activity and selectivity, with an eye towards the
eventual goal of synthesizing an inhibitor with class- and eventually. isoform-specificity.
To this end, we wuse a combination of synthetic work. biological assays and
computational models in order to identify these molecules. In order to accomplish these
goals. our group has joined others in a collaboration to study these newly created HDAC:.

The work of our collaborators is discussed below,
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5.1.2 Biological Assays

Clearly, as we are guided in our synthetic work by biological data, we are greatly
indebted to our collaborators in both Dr. Douglas Thamm's and Dr. James Bradner's
groups. Dr. Thamm's work will focus on studies of the natural product and its analogs in
mouse models. These studies are still underway, and will therefore not be discussed in
further detail in this work. Dr. Bradner has developed an enzymatic assay to measure the
activity of these compounds, as discussed below.

A coupled fluorogenic homogeneous assay was developed by this group, wherein
purified HDACs are incubated with trypsin, serum albumin and a fluorogenic substrate
(317, Scheme 59). Upon deacetylation of the lysine residue, 7AMC (7-amino-4-
methylcoumarin. 320) is rapidly released by trypsin cleavage and detected by a
fluorimeter. The presence of albumin buffers the reaction mixture such that HDAC
degradation is not observed. The assay is reproducible and sensitive, requiring limited
amounts of enzyme (3 - 100 ng per well). To improve compatibility with studies of
disulfide-containing compounds such as FK228, assay performance has been optimized

under the reducing conditions required to observe potent inhibitory activity of these

molecules.
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P N L L N o o0 *
Me N Me’ Ll'
A HN_ o~ 0 OH !
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Scheme 59: Coupled fluorogenic assay for HDAC inhibitors.
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Interestingly, work in the Bradner group showed that the most commonly used
reducing agents (dithiothreitol and f-mercaptoethanol) for this type of assay gave an
unusual result: substantial enzyme inhibition was observed at concentrations of these
agents required to reduce the FK228 disulfide bond. In contrast, tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP) demonstrated weak enzyme inhibition at concentrations
markedly higher than that required to activate FK228. This suggests that both
dithiothreitol and f-mercaptothanol may, in their own right. attenuate the activity of the
histone deacetylase enzyme. However. under reducing conditions with TCEP (200 mM),
biochemical studies of individual isoforms reported accurately on the true inhibitory
potency of this class of disulfide prodrug HDAC inhibitors. Thus. HDAC inhibitory
activities previously reported for the disulfide-containing HDACi should be viewed with
caution, as the presence of other thiols in the assay system may have interfered with the
activity of the agent under analysis.

5.1.3 Computational Modeling

As mentioned in the previous chapter, much of the information with regard to the
structure of the HDAC enzymes arose from the crystal structure of the HDAC-like
protein (HDLP), a yeast homolog. To date. the crystal structure for human HDAC]1 has
not been solved. although a structure of HDACS was recently disclosed'®”. The
importance of these studies cannot be underestimated: however, given the lack of such
direct information with regard to human HDACI1 specifically, other means of
determining structure-activity relationships must be employed. To this end, we are
indebted to our collaborators in the laboratories of Dr. Olaf Wiest for performing

molecular modeling studies.
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This group has developed models for HDACs 1.2,3 and 8. which can then be used
to predict docking interactions between these enzymes and potential inhibitors'®”'7*!7",
In fact. their model for HDAC8 was shown to be extremely accurate following the
publication of the crystal structure. This powerful tool can be used. not only to
rationalize interactions between the enzyme and substrate. but also to make predictions
regarding promising synthetic targets. These computational models have aided us greatly
in analyzing biological data and identifying new targets for synthesis (discussed in more
detail below).

5.2 Previous Work in the Williams Group
5.2.1 Retrosynthetic Analysis

In keeping with the goal of developing analogs of the natural product, a modular
svnthesis was desirable so as to permit access to libraries of compounds as quickly as
possible. As discussed in the previous chapter, the HDACi pharmacophore can be
divided into the cap region (macrocycle), the zinc-binding region, and the tether
connecting the two. The retrosynthetic approach shown below relies upon disconnections

of those three regions to ease introduction of variation (Scheme 60).
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Scheme 60: Retrosynthetic approach.
As seen in the approaches taken by other groups. the molecule would arise from

three separate pieces: a thiazoline-thiazole moiety. L-valine, and the B-hydroxy acid-
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containing portion of the molecule. all of which could be replaced by differently modified
pieces at a later date.
5.2.2 Synthesis of (+)-Largazole

The first important step in this project was the synthesis of largazole itself, which
was completed by Dr. Albert Bowers as shown in Scheme 61. As discussed in the
context of the syntheses of other macrocycles, the challenges in this route were the

formation of the B-hydroxy acid piece and the macrocyclization.
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Scheme 61: Synthesis of largazole.

[n early attempts, we hoped to use a strategy similar to that used by Janda in the
synthesis of FR901375: namely. the use of the Evans chiral auxiliary to access the -
hydroxy acid as shown in Scheme 62",

(n-Buj;BOTY, i-PraNE1 o OH
oi”k/ 'C':_ s JL W

Bn H’l{\/.'\/\s'n

233 244

Scheme 62: Original efforts towards the B-hydroxy acid.
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The stereochemistry of the alcohol would be the opposite of that seen in the
natural product. as the original attempts focused on the use of a Mitsunobu reaction to
close the macrocycle at the depsipeptide bond in the interest of installing this somewhat
labile functionality late in the synthesis.

However, in the event. these reactions provided complex mixtures of products.
We were certain that this reaction could be optimized in order to reflect the reported yield
and diastereoselectivity (69 percent and >90 percent. respectively): however, as we had a
good supply of the requisite phenylalinol in hand. we chose to pursue a different strategy
using the Nagao auxiliary (synthetic details supplied below and in the Experimental
Section).

With access to the p-hydroxy acid. attention was turned to the completion of the
synthesis: notably. the macrocyclization step. Unfortunately, the proposed Mitsunobu
reaction proved to be unsuccessful. and a direct macrocyclization approach was then
pursued, necessitating the synthesis of the opposite enantiomer of the alcohol, with the S-
configuration seen in the natural product. Cyclization attempts utilizing Yamaguchi,
Muykaiyama. Keck and Shiina protocols were also unsuccessful; other groups as well
later reported difficulties with this particular bond formation. Therefore. in order to
complete the synthesis. a different bond disconnection was chosen; namely. the least
sterically hindered amide bond as shown above in Scheme 61",

5.2 Synthesis of (-)-Largazole
5.2.1 Synthetic Goals
Following the completion of the total synthesis of (+)-largazole by Dr. Albert

Bowers, we decided to attempt the total synthesis of its enantiomer. We chose to pursue
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this somewhat unusual synthetic target in order to determine whether such variability in
the cap region of the molecule would be allowed. As noted earlier, variation in
stereochemistry appears to be tolerated in some cyclic HDACH, although this had never.

to the best of our knowledge. been tested in the sulfur-containing HDAC!I.
OH O

v L3
f gt w45 Ay \:\gw PRGN i

)j/ OJ\OH
E N 326 327 328
"

Scheme 63: Retrosynthetic approach.
Following the retrosynthetic approach to used for the synthesis of the natural product, a
convergent strategy was employed using a thiazole-thiazoline moiety (326), D-valine
(327) and the p-hydroxy acid (328).
5.2.2 Synthesis of the Thiazoline-Thiazole

We selected the same condensation approach to the thiazoline-thiazole portion of
(-)-largazole as had been successfully used in the natural product. A known procedure
was employed to access the requisite a-methyleysteine piece in a synthesis which
proceeded smoothly, giving this piece of the molecule in five steps and 48 percent overall

yield (Scheme 64)'°.

0 o
| H:80, 1" acetc anhydrde A P = co
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HO i pivaldenyde pwaldehyde a/f\ Iorn;z: acid % (_) T % { S raiiux ]'-
X % 60% HS
SH
329 amn 332 333

Scheme 64: Synthesis of a-methyl-D-cysteine.
Early attempts using thionyl chloride in methanol to form the methyl ester led to

the formation of an unidentifiable, inseparable byproduct. Although using sulfuric acid
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in methanol resulted in considerably longer reaction times (2 hours for thionyl chloride vs
2 days for sulfuric acid in methanol), the reaction was much cleaner, and this procedure
was therefore chosen. Following formation of the methyl ester, treatment with
pivaldehyde and triethylamine in refluxing pentane with removal of water gave 330.
which was formylated and methylated to give 332. Opening of the five-membered ring
in refluxing SN hydrochloric acid furnished the desired a-methylcysteine. This sequence
proved to be both reliable and scalable up to at least 20 grams.

With access to the a-methyleysteine portion. we then turned our attention to the
thiazole nitrile which was required to finish the construction of this section of the
molecule. Originally. we followed the sequence shown below to synthesize the necessary

nitrile (Scheme 65).
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Scheme 65: Synthesis of thiazole nitrile.

Although this route did provide ample amounts of material. we decided to adopt a
procedure published by Cramer instead'®". Essentially. we were concerned about the
highly variable yields in the formation of ethyl ester 337. On a smaller scale. the reaction
worked quite well: however, when scale-up for the synthesis was attempted, yields
dropped rapidly. It seemed that the problem lay not in the reaction itself, but rather was
associated with difficulties in purification. The product is highly crystalline, but attempts

to recrystallize directly from the crude mixture gave unsatisfactory results.



Unfortunately. the product tends to crystallize on the column. leading to the lower yields
observed. To avoid this problem. we then adopted Cramer's aforementioned route, as

shown below (Scheme 66).
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Scheme 66: Improved route to thiazole nitrile and completion of thiazoline-thiazole.
Although the number of steps remains the same. this route requires no
chromatography step after formation of the ester, thereby avoiding the purification
problems mentioned in the original route. With the nitrile in hand. it was then condensed
with the a-methyl cysteine described above. as shown in Scheme 66.
5.2.3 Synthesis of B-Hydroxy Acid
We chose to use a strategy published by Ganesan to access aldehyde 235,

followed by an aldol reaction wherein a chiral auxiliary would control the stereochemical

135
outcome .
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Scheme 67: Synthesis of p-hydroxy acid piece.
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We selected the Nagao auxiliary (343) shown in Scheme 67. which gave the appropriate
stereochemistry for the alcohol in ~9:1 ratio of easily separable diastereomers. Removal
of the chiral auxiliary followed by EDCIl-mediated depsipeptide bond formation and
Fmoc deprotection gave 346. which was ready for coupling to thiazole-thiazoline portion
of the molecule.

One lingering difficulty in this synthesis is the formation of the depsipeptide
bond. This particular reaction is somewhat low yielding and rather inefficient. requiring
five equivalents of valine and six equivalents of EDCI in conjunction with DMAP. Our
originally published conditions called for the omission of an aqueous work-up in favor of
immediate purification by column chromatography: however, the presence of such a large
amount of sparingly soluble and insoluble material led to difficulties with this approach

160
on a larger scale™.

An aqueous work-up improved the yield somewhat (from ~50-65%
to ~70-80%). However, due to the presence of catalytic DMAP, Fmoc deprotection was
also seen, which also presumably contributed to the low yield. In an attempt to improve
this reaction. a small screening of different conditions was performed as shown in Table

15.

Table 15: Conditions for depsipeptide bond formation.

Fmoc-valine Conditions Yield
S equiv EDCI. 6 equiv: DMAP 0.1 equiv: DIPEA. 6 equiv: 15 h 50-80%
1.2 equiv PyBop. 2 equiv: DIPEA: 3 equiv: 15 h 50%
1.2 equiv HATU. 2 equiv: DIPEA. 3 equiv: 2 h < 10%
1.2 equiv HOBt, 2 equiv: HATU, 2 equiv: DIPEA, 3 equiv: 15 h 45%
3.4 equiv DIAD. 2.98 equiv: PPhs. 3.3 equiv: 2.5 h 15%
5 equiv EDCI. 6 equiv: DMAP. 0.1 equiv: DIPEA. 6 equiv: 3 h 85%

It was hoped that more reactive peptide coupling reagents would permit less

valine to be used in the course of the reaction. and perhaps limit the amount of Fmoc
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deprotection. Unfortunately. we found extensive Fmoc deprotection in almost every
case, and vields were not improved over the original conditions. In the case of the
attempted Mitsunobu reaction, no Fmoc deprotection was seen: however, substantial
elimination of the alcohol occurred. DCC-mediated coupling was also attempted by Dr.
Kenneth Miller, but this reaction resulted in a complex mixture of products. Ultimately.
we chose to return to a variation on the original conditions. Thinking that perhaps the
longer reaction time was the major contributing factor to Fmoc deprotection (due to a
longer exposure to DMAP), we attempted to run the reaction under somewhat more
concentrated conditions for a shorter period of time. The yield is moderately improved
under these circumstances. although this problem remains something of a bottleneck in
the current synthesis.
5.2.4 Completion of (-)-Largazole

Although we continue to work towards more satisfactory conditions for the
depsipeptide bond formation, we were able to use the route discussed above to synthesize
the desired piece (345) in gram quantities. We therefore chose to move forward with the

completion of the synthesis, as shown in Scheme 68.
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Scheme 68: Completion of ent-largazole.
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Following a PyBop-mediated coupling of acid 328 and amine 346, deprotection of
both the N-Boc group and trimethysilylethyl ester was effected with TFA.
Macrocyclization proceeded smoothly with HATU and HOBt to give the S-trityl
protected macrocycle. Deprotection of the trityl group gave the enantiomer of the
biologically active species. and acylation provided (-)-largazole in 90% yield. NMR
spectra matched the published spectrum of the natural product, and the optical rotation
was measured to be -20.3" (¢=1 in methanol. literature value for the natural product =
+22%):.

5.3 Amide Isostere Analogs
5.3.1 Synthetic Goals

In addition to our desire to better understand the effect of stereochemistry on
biological activity. we wished to explore variations on the depsipeptide bond. We
therefore decided to target the amide isostere of largazole for three reasons: 1) as
aforementioned. the depsipeptide bond is somewhat problematic to access synthetically;
2) we hoped that the more rigid amide bond might contribute to greater activity or
specificity: and 3) with an eye towards possible druggable compounds, we wished to
replace the labile depsipeptide bond with a more robust amide linkage.

With respect to the biological activity, we were hopeful that this change would
not result in any loss of biological activity, as computational modeling studies performed
by our collaborator Dr. Olaf Wiest suggested that the interactions between the cap region
and the HDAC enzyme would remain the same. Specifically, in preliminary studies. it
appeared that the thiol would extend towards the zinc ion at the bottom of the entrance

channel with a Zn-S distance of ~2.5 A, while the macrocycle would sit at the mouth of
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the pocket in both cases. The hydrocarbon chain filled the hydrophobic channel lined by
Phe 150 and Phe 205'". Importantly, the orientation of the macrocycle was similar in the
ester and the amide isostere, maximizing hydrophobic interactions between the cap
region and the HDAC enzyme.

With the aforementioned goals in mind. we therefore began pursuing two
synthetic projects in parallel. Dr. Albert Bowers synthesized the amide isostere of
largazole itself. Concurrently, the amide isostere core was prepared with an eye towards
further variation in the side chain via metathesis as had been successfully performed in
prior syntheses of largazole using the depsipeptide core of the molecule.

In order to complete this synthesis. we again opted for the modular strategy
discussed above, using the thiazoline-thiazole, L-valine, and an amino acid derivative to

replace the B-hydroxy acid portion of the molecule.
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Scheme 69: Retrosynthetic analysis of amide isostere.
5.3.2 B-Amino Acid Synthesis

To begin our synthesis of the metathesis substrate of the amide isostere, we
focused on the B-amino acid, using the route delineated below in Scheme 70. In a
sequence similar to one used by Dr. Thomas Greshock in his synthesis of the FK228
amide isostere. reduction of N-Boc-Asp-/-butyl ester 273 to the corresponding alcohol,

followed by Swern oxidation to the aldehyde gave 355. This aldehyde had been shown to
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be particularly prone to racemization: however. in his work. Dr. Greshock found a work-
up procedure described by Zappia et al. which prevents this from occurring'™. Still, we

found that the aldehyde should be used immediately in the Wittig reaction that follows.
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o
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Scheme 70: First generation [3-amino acid synthesis.

Once the terminal olefin was installed. Boc deprotection was effected, followed
by introduction of Fmoc-L-valine.  Unfortunately, this reaction proceeded in a
disappointing eight percent yield. Furthermore. although we were originally pleased to
see that the 7err-butyl ester had survived the Boc deprotection conditions, looking ahead,
we were somewhat concerned that we might need to employ harsher conditions in its

eventual removal. For these reasons, we elected to instead pursue the route shown below.
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Scheme 71: Improved p-amino acid synthesis.

The rert-butyl ester was removed in order to be replaced with the methyl ester in a
two-step procedure (Scheme 71). Deprotection of the N-Boc group. followed by
coupling to N-Boc-L-valine was then attempted. In our original attempts, PyBop-

mediated coupling seemed preferable due to overall shorter reaction times.
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Unfortunately. these attempts furnished complex mixtures of products; however, EDCI-
mediated coupling gave the desired product in 70 percent yield.
5.3.3 Completion of the Amide Isostere Core

With a route secured to the P-amino acid, we were ready to complete the
synthesis of the metathesis substrate.  This required the synthesis of the opposite
antipode of the thiazoline-thiazole subunit than previously shown, so as to possess the

stereochemistry observed in the natural product (Scheme 72).
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Scheme 72: Synthesis of thiazoline-thiazole.

Having accessed this portion of the molecule, we continued with the construction
of the metathesis substrate as shown in Scheme 63. Following Boc deprotection, the free
amine was coupled to 294, albeit in poor yield. The reason for this presumably lies with
problems during purification. in that an unidentified byproduct proved extremely difficult
to remove under all conditions tried. However, with access to some quantity of the
acyclic precursor, we continued the synthesis with deprotection of both the methyl ester
and N-Boc groups. Cyclization was accomplished using a variation on the conditions
reported in the synthesis of both largazole and its enantiomer. In the syntheses of those
molecules. no significant amount of dimerization was seen: however, this proved not to

be the case with the amide isostere analogs. regardless of the low (0.001 M)
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concentration used. We therefore chose a slow addition of the acyclic precursor over ~12

hours: under these conditions. no noticeable dimerization occurred.
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Scheme 73: Completion of the amide isostere core.

Although we were able to access the metathesis substrate (364), yields were poor.
The most logical reason for this is. again. difficulties with purification. It did not prove
possible to separate the macrocycle by column chromatography or preparatory thin layer
chromatography under all conditions tried;

specifically. regardless of eluent, the

macrocycle appeared to co-elute with an unidentified by-product. However. separation
by chromatotron proved possible, although this does somewhat limit the scale of the
reaction.

At this point, as we prepared to begin the synthesis of analogs containing different
side chains via metathesis reactions, biological data was received from our collaborators

in Dr. James Bradner's research group. This showed that the amide isostere of largazole

itself was significantly attenuated in its activity in comparison to largazole (Table 16).

Table 16: Biological data for largazole and its amide isostere.

Compound HDAC1 ICs, | HDAC21IC;, | HDAC3ICy | HDACSG IC;,
nM nM nM nM
largazole thiol 0.1 0.8 I 40
largazole isostere thiol 162 0.9 -4 4 1500
largazole isostere 163 >3000 >3000 >3000 >3000
SAHA 10 40 30 30

The reason for this loss of biological activity was elucidated by computational

studies performed by Dr. Olaf Wiest, as shown below in Figure 14.
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Figure 14: Top and side views of largazole and amide isostere conformations.

In orange. the lowest energy binding conformation of largazole is shown.
superimposed by the average lowest energy conformation in blue. In yellow is shown the
structure of the lowest energy binding conformation of the amide isostere. superimposed
by its average lowest energy conformation in green. This shows the significant distortion
that the amide isostere would need to undergo so as to bind the HDAC enzyme, and
explains the decrease in biological activity. Given that our interest in this project is
driven by the biological activity of the synthesized compounds. we did not further pursue
analogs of the amide isostere.

5.4 Analogs of the Side Chain and Zinc-Binding Motif
5.4.1 Synthetic Goals

When studies of the amide isostere did not lead to compounds with improved
biological activity, we decided to extend our work by examining the effects of variations
in both the zinc binding moiety and the tether region. To this end. we elected to pursue a
synthesis using the same depsipeptide core used to great effect by both Phillips and

Luesch. In designing these analogs. we chose zinc binding motifs which were known in
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other HDACI, as well as functional groups suggested by calculations®. Using these
criteria. we chose to use metathesis reactions to install the side chains shown below onto

the depsipeptide core.

BocHN 1 o

(0]
366 j'.le 0 _=z 369
STrt H 279 H STt
K“’ N~z P N m)
o} o

Figure 15: Proposed metathesis substrates.

Of these side chains. the benzamides were proposed so as to utilize the side chain
contained in the known HDAC inhibitor MS-275. The remainder were suggested by
calculations to be strong chelators of the zinc 2° cation®. Although, as mentioned in the
previous chapter. much research has been done on the appropriate length of the tether
regions, we decided to synthesize each of these side chains in two different lengths. We
made this decision on the basis of the fact that the macrocycle in largazole (a 16-
membered ring) is somewhat larger than that seen in other cyclic HDACI (usually 12-13
membered rings), and we were therefore somewhat uncertain as to how side chains from
other inhibitors would map onto largazole. Furthermore, although Cramer has shown that
a distance of four atoms between the sulfur atom and the zinc-binding region is optimal,
other work suggests a either a four or five methylene spacer'®*".

5.4.2 Accessing the Depsipeptide Core
To synthesize the depsipeptide core, we followed much the same route as we had

in our earlier syntheses discussed above. Specifically. the major difference lies in the f3-

hydroxy acid portion of the molecule. Here. as opposed to the longer chain aldehyde
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used in the synthesis of both largazole and its enantiomer, we used acrolein to provide the

requisite pendant olefin (Scheme 74).
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Scheme 74: Synthesis of the depsipeptide core.

The diastereoselectivity of the aldol reaction suffers somewhat. presumably due to
the less sterically demanding nature of the aldehyde used in these reactions. The
remainder of the synthesis however. proceeds with the use of similar conditions and gives
similar yields to those previously discussed in the synthesis of the enantiomer.

5.4.3 Completion of Analogs

Once the depsipeptide core was synthesized. we turned our attention to the

synthesis of the side chains shown above. These were generally easily accessible through

the routes shown in Schemes 75-77.
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Scheme 75: Thioamide syntheses.
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In each case, we relied upon S-trityl protected mercaptoacetic acid as the source
of the thiol. The requisite amine for the coupling reaction was either commercially
available (allylamine) or easily accessed from commercially available material (381).
Although the yields in both coupling reactions are less than optimal, we were able to use

these syntheses to access the ~1 g quantity needed for the metathesis reactions.
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Scheme 76: Synthesis of a-thioketone.

Next, we began the syntheses of the a-thioketone and benzamide series. In the
first case, formation of the Weinreb amide followed by treatment with methyllithium and
chloroiodomethane gave a-chloroketone 384. The chloride was then displaced with trityl
thiolate to give the desired metathesis substrate (368). For the benzamide series,
monoprotection of the diamine shown in Scheme 77 (385). followed by peptide coupling
with pentenoic acid gave the desired compound (365) in good yield. The remaining two
metathesis substrates were synthesized using the same approach by Dr. Albert Bowers,

who also performed the metathesis reactions.
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Scheme 77: Synthesis of benzamide.

Following cross-metathesis, the library of compounds shown below in Figure 16
was accessed, and each was sent for biological testing in the Bradner laboratories. The
thiol-containing compounds were tested as the free thiol. and the benzamides as the free

amine. The results for this testing are shown below in Table 17'7%.
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Figure 16: Side chain and zinc-binding region analogs.

Compound 393, a largazole-azumamide hybrid, was not accessed through the
metathesis route due to the necessity of the cis olefin. Rather, this compound was
synthesized by Ms. Annie Troutman-Youngman using a route similar to that taken to the
enantiomer of largazole wherein the aldehyde of the side chain as a whole was used as
the substrate for the aldol reaction. Biological data for these compounds. as well as (-)-
largazole. are tabulated below in Table 17.

Table 17: Biological data for largazole analogs.

Compound HDACI1 HDAC2 | HDAC3 | HDAC6
IC,, nM IC,, oM | IC;, nM | IC,, nM
(+)-largazole thiol 1.2 35 34 49
(-)-largazole thiol 1200 3100 1900 2200
largazole-azumamide hybrid 393 >30000 >30000 | >30000 | >30000
benzamide 391 270 4100 4100 >30000
benzamide 392 23000 29000 14000 >30000
thioamide 387 670 1600 960 700
thioamide 388 1000 1900 1500 240
SAHA 10 26 17 13
MS-275 45 130 170 >30000

106



[nterestingly, although clearly much less active than largazole itself. the activity
of the enantiomer displays nearly the same pattern as the natural product. However, as
can be seen above, none of the analogs of the zinc-binding region displays activity which
was on par with largazole.

5.5 Further Linker Region Analogs
5.5.1 Synthetic Goals

Prior to receiving the rather disappointing results shown in Table 17, we had
begun another set of studies on this region of the molecule. Although variation in linker
length and the zinc-binding region had then been explored by our group and others, one
possibility that remained largely unexamined was the position of the double bond. While
the largazole-azumamide hybrid contains an olefin which is transposed by one carbon in
its position in the side chain. we did not feel that this constituted a complete exploration
into the effect of olefin migration on biological activity. In that particular compound
(393). there were many other changes made to the molecule at the same time (cis olefin
instead of srans, and a different zinc-binding moiety). In order to undertake a more
detailed study of the possible effect of this variation, we decided to pursue a synthesis
wherein we would change only the position of the double bond while testing similar
lengths of the tether and the same zinc-binding regions as those discussed above. As
such. we decided to pursue syntheses of the library of analogs shown below, wherein the
double bond is transposed one carbon down on the side chain in relation to its location in
the natural product (Figure 17).

It was hoped that these compounds could be accessed through the same type of

metathesis reactions used in the creation of the library shown earlier in Figure 16;
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however. the position of the double bond meant that the synthesis would need to be
modified in two ways. First, in order to keep the length of the tether region consistent
with the earlier library, each of the side chains would need to be truncated by one carbon.
Additionally. a different depsipeptide core would need to be constructed containing a

pendant allyl group as opposed to the pendant vinyl used in the first analogs.
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Figure 17: Proposed library of analogs.
5.5.2 First Generation Attempts

When designing the synthesis. we were somewhat concerned about possible
migration of a B,y unsaturated olefin in the presence of the aldehyde required for the aldol
reaction. We therefore chose to pursue a route wherein the olefin would be installed
somewhat later in the synthesis (Scheme 78). In order to avoid the 3.y unsaturated olefin.
we hoped to carry protected alcohol 403 through the synthesis until after the introduction
of L-valine. Al this point, we could then deprotect and oxidize the alcohol. followed by

introduction of a one-carbon unit though a Wittig reaction.
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Scheme 78: Attempted synthesis of B-hydroxy acid.

This proposed sequence of events required the introduction of a different
protecting group for the carboxylic acid. The trimethylsilyl ethyl ester which we had
successfully used in prior syntheses is labile to a large variety of conditions: specifically,
conditions for removal of the TBS group and conditions for the Wittig reaction.
Although the use of TBS was certainly not our only choice (while we were slightly
limited due to the presence of the Fmoc). the incompatibility of the TSE ester with
olefination conditions was worrisome, We therefore selected the trichloroethyl ester
instead. as it would be stable to these conditions and could be deprotected at the end of
the synthesis under conditions that should not interfere with the remainder of the
molecule as had been shown in syntheses of the azumamides'*".

Unfortunately however, in the event, we were unable to displace the chiral
auxiliary under conditions similar to those we had used before. At this point. we chose to
re-evaluate this route. Searching the literature revealed that our original concerns
regarding the P.y unsaturated aldehyde may have been unfounded. Examples of such
compounds are known (although few in number), though these reports do show that
isomerization is difficult to avoid. However, having found at least some precedent. we
therefore chose to synthesize the B.y unsaturated aldehyde. knowing that we would need

to handle the compound carefully to prevent isomerization,
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5.5.3 Second Generation Approach

Having made the decision to attempt a direct oxidation of the appropriate alcohol.
we tried several sets of conditions. The lingering difficulty with this particular route is
the volatility of the desired aldehyde. Knowing that we would therefore most likely be
unable to isolate the aldehyde (as proved to be the case). we sought conditions wherein
purification would be as minimal as possible. We hoped to then add the aldehyde as a
solution directly into the aldol reaction mixture. This requirement meant that, for
example. Swern oxidation might be unrealistic. Although the alcohol we wished to
oxidize was homoallylic instead of allyvlic, our first attempts focused on manganese
dioxide-mediated oxidation. with the thought that a simple filtration of the reaction
mixture would be the only purification necessary. Unfortunately. the homoallylic nature
of the alcohol precluded success with this approach.

We then turned our attention to a promising report in the literature wherein the
desired aldehyde was accessed through oxidation with Dess-Martin periodinane'™. This
approach seemed quite promising: we found that starting material was completely
consumed within two hours in a very clean reaction. However, the rather lengthy work-
up procedure associated with this method meant that most of the aldehyde had
evaporated. giving yields for the aldol reaction in only a trace amount. Furthermore. the
use of a super-stoichiometric amount of Dess-Martin periodinane seemed to us rather
inefficient.

This procedure being unsatisfactory, we then attempted oxidation with TEMPO
using iodobenzene diacetate as the stoichiometric oxidant'’*. This method also showed

complete conversion of the alcohol to the aldehyde in two hours, and the somewhat
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shorter work-up procedure allowed us to access somewhat more of the desired product.
However, early attempts using only one equivalent of the alcohol (with respect to the
chiral auxiliary and titanium tetrachloride in the aldol reaction) again were extremely
low-yielding. giving less than 10 percent of the aldol product.

Finally, we chose to prepare the aldehyde in an apparent three-fold excess in the
hopes that we would be able to carry on a full equivalent into the aldol reaction. This
approach improves the yield greatly (to >30 percent), although the reaction clearly could

be improved.
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Scheme 79: Completion of allyl depsipeptide core.

The problem in the aldol reaction essentially lies in avoiding the introduction of
water. While a greater excess of the aldehyde does improve the vield. the aqueous work-
up following the reaction appears to be necessary in order to neutralize acetic acid. The
idea of using the aldehyde as a solution also seems necessary. given that attempts to
concentrate the product fail even at low temperatures. As a larger scale reaction to
synthesize a larger excess of the aldehyde would clearly require more solvent. there is
more opportunity to introduce water into the aldol reaction. leading to loss of the titanium
tetrachloride. Furthermore. using more titanium tetrachloride in the reaction seems a

poor idea as it is known that changing the ratio of titanium tetrachloride to Hiinig's base
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can affect the ultimate stereochemical outcome of the reaction'”. We therefore elected to
pursue the route as shown in Scheme 79, as it does permit access to the desired product
although yields remain low.

As with the previous depsipeptide core synthesis, the diastereoselectivity of the
aldol reaction is somewhat lower than that seen using the more complete side chain.
Furthermore, while the products of the aldol reactions in the other syntheses were known,
this particular product was not. Luckily however, the corresponding acid is known in the

; 176,177
literature

. Removal of the chiral auxiliary with excess imidazole in the presence of
water allowed us to access the acid. Optical rotation values were in agreement with the
stereochemistry shown above (ap +25.5° ¢ = 1.0 in CHCls: literature value for
enantiomer: ap -27.3"¢= 1.0 in CHCl;)m.

Having prepared the metathesis substrate. we completed the analog of the

largazole thiol (Scheme 80).
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Scheme 80: Completion of olefin-migration analog.

We were prepared to continue with the proposed library shown in Figure 17 using the
same approach; however, at this point we received biological data from Dr. James
Bradner's group from the previous library of side chain analogs (Table 17, above).
Disappointingly, as shown earlier, all of these analogs showed significantly attenuated
biological activity in comparison to largazole itself. These findings caused us to re-

evaluate this portion of the project. given that none of the previously synthesized zinc-
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binding regions improved the activity of the natural product to bring us closer to our
goals. We therefore chose to turn our attention to different. hopefully more productive
analogs, rather than continuing with the synthesis of this proposed library.
5.6 Cap Region Analogs
5.6.1 Synthetic Goals

Given the loss of biological activity observed in the side chain analogs. we chose
to focus our attention on variation in the cap region instead. We had already explored the
effects of stereochemistry through our synthesis of (-)-largazole, and Luesch had
examined the effect of stereochemistry at the depsipeptide linkage (Table 14. Chapter 3).
Our group and others had also examined the effects of substitution of the L-valine residue
in favor of D-valine, L-alanine, and L- or D-proline. However, variations in the thiazoline-
thiazole region of the molecule had not been attempted. This, therefore, was where we
chose to engage our efforts.  We began by performing some preliminary modeling
studies in order to identify possible substitutions that would still map well onto the
general structure of largazole itself (Figure 18).
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Figure 18: Possible analogs of the cap region.
Modeling studies using ChemDraw 3D. PC Model and physical models suggested

that replacement of sulfur with oxygen would yield macrocycles which. although
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somewhat smaller than largazole itself. would maintain the same general structure.
Furthermore, it seemed that replacing the thiazole unit with a six-membered ring also
maintained the desired scaffold. We also considered using completely saturated analogs
of both ring systems, replacing the thiazoline with a hydrocarbon chain, or replacing the
entire unit with an unsaturated all-carbon system as all of these were options wherein the

general structure of the cap region was maintained.

Figure 19: Thiazole to pyridine substitution (left) and largazole (right).

Ultimately. we chose to disqualify the fully saturated systems as targets for
synthesis as we felt that the loss of rigidity in these systems would lead to a decrease in
biological activity (as seen in the lesser biological activity displayed by the less rigid
macrocycle of FK228 vs that of largazole). We also decided not to pursue the
hydrocarbon replacements and benzene-type substitutions as we were concerned about

the possible loss of hydrogen bonding interactions. However, the six-membered ring
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system still appeared attractive as a target. Specifically, pyridine replacements for the

thiazole appeared to be particularly promising (Figure 19). This analog, as well as
several others shown below in Table 18 were later synthesized by Dr. Albert
Bowers.Upon receipt of the biological data associated with these compounds, we were
delighted by the results associated with three analogs (414. 416, 417). Compound 415
was a by-product from the synthesis of the a-methyl cysteine to cysteine substituted
compound (414): air oxidation of such thiazolines is. unfortunately, a known problem”s
However. with access to an amount of 414 suitable for testing, we were interested to see
that this compound displayed biological activity nearly equal to that of largazole itself.
From a synthetic point of view. this finding might then permit us to cut the four steps and

five days required for the synthesis of ct-methyl cysteine from our route.

Table 18: Biological data for cap region analogs.

2 ad
M'a‘.N N# H NN_ j
o NH
H

)
N

) 0\[,(_\0

o

Me—;N
NH O NH

(o]
Me),...N oj M"")‘..lﬁro o Meﬁ l\[r
Me C’% Me [a) 2 Me Z
SH SH SH s.d
fargazole thiol 414 415 416
Compound HDAC1IC,, | HDAC2 HDAC3 | HDACG6
nM 1C,, nM IC;,nM | IC,, nM
(+)-Largazole thiol 1.2 35 34 49
cysteine substitution 415 1.9 4.8 3.8 130
thiazole-thiazole 416 77 120 85 >30000
thiazoline-pyridine 417 0.32 0.86 1.1 29
oxazoline-oxazole 418 0.69 1.7 1.5 45
SAHA 10 26 17 13

More exciting still to us were the results pertaining to the oxazole-oxazoline (418)

and thiazoline-pyridine (417).
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product. Additionally. both showed a higher degree of selectivity for HDAC1 vs HDAC6
(~65-fold preference compared to largazole's 40-fold preference). Furthermore, we felt
that these results gave us new possible targets to pursue in our synthetic efforts.
Specifically. we wished to investigate the des-methyl thiazoline-pyridine analog, as the
pyridine substitution has proven to have unprecedented biological activity.
5.6.2 Towards the Des-Methyl Thiazoline-Pyridine Analog

We first turned our attention to the synthesis of an appropriately substituted
pyridine ring system (Scheme 81). Starting from 2.6-pyridinedicarboxylic acid, the
diester was formed by treatment with excess para-toluenesulfonic acid in refluxing
ethanol, after which reduction with sodium borohydride gave 421. Formation of amide
422 by stirring overnight in ammonium hydroxide and ethanol. followed by dehydration
and chlorination with phosphorous oxychloride gave nitrile 423 in a sequence of events
similar to what we had used earlier to access the thiazole nitrile. From this point,
installation of a nitrogen atom was required. This was accomplished by displacing the
chloride with potassium phthalimide, followed by removal of the phthalimide and Boc
protection to give 425.

” i . " *SA NaBH., NH_‘OH POC[
N EiDH refiux E{OH TEon cma
95% 90%

(8] (8] quant
| = _KPhthaimide /j\J T n“rma‘m MeQH i S
) B was 2 Boc: D NaHCO; = NHBoc
N? h g;"f Oie 2 steps w# N
423 425
Scheme 81: Synthesis of pyridine nitrile.

From this point. we continued the synthesis in a manner similar to the syntheses
discussed before. Our sole concern was possible oxidation of the thiazoline to the

thiazole. as this had proven to be a problem in the synthesis of des-methyl analog 416.
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While yields in the coupling reaction between 425 and 427 were somewhat lower than
what we had hoped for, we were able to isolate 428 in usable quantities. With access to
the coupled substrate (428). we were able to complete the synthesis as shown below in

Scheme 82.

a
L-cystena H
| % NaHCO5 HO/”\LN
Z g 1
= N phosphate buffer N = 5 = =
N NHBac MaOH S () 3 (/ S =
60% N . R S I Herepl N
NHBoc !
45 428 PyBop, ) NH L 0% “NH O NH
) DIPEA L BocHN 2 HATU, HOBt ma_ .k o
) NHFmac ., MH DCM o 00 PrNEY hE
0 2 B0% :
L e A Ao Mo 0
a o0 >0 0 STn
)j‘\/\/\/\ L y¥> 1se
o §Tn o = ST §Tnt
TSE 'ITSE 428 428
411 427

Scheme 82: Des-methyl pyridine analog.

'H NMR of the crude mixture appeared to show formation of the macrocycle. In
each macrocycle. the presence of two well-defined doublets at ~0.4 and ~0.7 ppm
representing the valine protons is characteristic of a successful macrocyclization, and
these signals were seen in the crude mixture. However, upon purification, the isolated
(still somewhat impure) material displayed these doublets further downfield (1.44 and
1.52 ppm. respectively). Additionally, the appearance of a signal at 8.06 ppm was
suggestive of a thiazole. Overall, this would seem to suggest that the sole isolated
product was, in fact, a thiazole-pyridine containing macrocycle. As aforementioned, air
oxidation of this type of compound is not unknown. The des-methyl analog (415) of
largazole was isolable in ~30 percent yield: however. in this case, with a slightly less
strained macrocycle. it may be that oxidation is unavoidable. We continue to search for
appropriate purification conditions so as to avoid this issue. although at this time, the des-

methyl pyridine analog remains a work in progress.
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5.6.3 Towards a New Thiazoline-Pyridine Analog

As we began work on the substrate described above., we received information
from our collaborator, Olaf Wiest. His calculations suggested that the pyridine analog
series could be improved by moving the nitrogen contained in the pyridine ring to a
different location. This suggestion was made on the basis of a hydrogen bonding
interaction that would become available by virtue of changing the nitrogen atom to a
position para to the thiazoline linkage. We decided to pursue this substrate, keeping the
a-methyleysteine portion so as to avoid making too many changes to the molecule at
once.

Our first step was again to focus on the synthesis of the pyridine nitrile, starting
from 2.4-pyridinedicarboxylic acid. and following a sequence similar to the one shown in

Scheme 80 for the previously discussed analog.

O OEt
- N Os_NH;,
pTSA NaBH‘ | NH.,OH POCI,
"‘\ —
EIOH, reflux TBOH OH TEon [ E DMF
quant. 30% N 86% N? oH 80%
432 433
N
ill i
K- pnlnahm.ne 1 hydrazma MeOH
i (j\/ 2 Boc,0, NaHCO; [ o
e
N i
434 436

Scheme 83: Synthesis of nitrile 436.

Of note is the low yielding nature of the reduction to form 432. Originally. we
had hoped that only the ester alpha to the nitrogen atom would be prone to reduction with
sodium borohydride. However. some amount (~ten percent) of the undesired alcohol is
seen. It is thought that the major issue with the yield in this reaction lies in difficulties

with purification: we are currently seeking new conditions in order to improve upon this
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step. Furthermore. the synthesis of 434 does not proceed as cleanly as that of the
previously discussed pyridine analog. While we improve upon this synthesis, these
reactions have been attempted only on very small scale, and yields are therefore not
reported.

Once the desired nitrile can be accessed. we intend to pursue a route similar to
that shown above for the des-methyl pyridine analog in order to complete the synthesis,
whereupon this substrate can also be tested for its biological activity.

5.7 Summary and Concluding Remarks
5.7.1 Summary of Progress

Using the natural product (+)-largazole as a starting point. we have created
numerous analogs in the pursuit of a highly active. highly specific histone deacetylase
inhibitor. We have investigated the effects of changes in all three regions of the HDACi

pharmacophore model - the cap. zinc binder, and tether (Figure 20).
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Figure 20: Summary of progress

119



Thus far. we have found that changes in the macrocycle - the cap region of the
molecule - have been the most effective, although changes in stereochemistry (as shown
by our synthesis of (-)-largazole, 350) do not appear to be well tolerated. Furthermore.
replacing the depsipeptide bond with an amide (as in 364) resulted in the attenuation of
biological activity. Likewise. changes in the length of the tether region and manipulation
of the zinc-binding region (387, 388. 390. 391 - synthesized in a joint effort with Dr.,
Albert Bowers) result in a significant loss of biological activity: these findings led us to
abandon our efforts towards metathesis reactions of the allyl-containing depsipeptide core
(413). although the analog of the largazole thiol (394) was completed. Following the
more promising biological data. we are currently pursuing the synthesis of two pyridine-
containing analogs. In the first. we are working a des-methyl thiazole to pyridine
substitution, with the farthest point reached thus far being 428. In the second. the
nitrogen in the pyridine ring is moved so as to take advantage of a possible favorable
hydrogen bonding interaction. Work has begun on this project. and. as air oxidation is
avoidable in this case, we anticipate success in this synthesis. It is hoped that results
garnered from these molecules currently in progress will further guide us in our search
for new histone deacetylase inhibitors.

5.7.2 Concluding Remarks

In the syntheses discussed above, we are guided in large part by both biological
and calculational data from our collaborators, in addition to our own synthetic design.
This has allowed us to create libraries of analogs in the hopes of improving on the
biological activity and specificity of the natural product. Thanks to the rapid feedback

that we receive. we are able to maintain a flexible approach to the targets selected for



total synthesis. focusing on those molecules that have the greatest probability for success
in biological systems. In taking this approach. we have identified promising new
candidates. and hope that our group's work will continue to contribute to this exciting

field of research.
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Chapter 6: Experimental Section
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6.1 General Considerations

Unless otherwise noted. all reactions were run under an argon atmosphere in
flame or oven dried glassware. Reactions were monitored by thin layer silica gel
chromatography (TLC) using 0.25 mm silica gel 60F plates with fluorescent indicator
(Merck). Plates were visualized by treatment with phosphomolybdic acid stain with
gentle heating. Products were purified via column chromatography using the solvent
system(s) indicated. Silica gel 60. 230-400 mesh. was purchased from Sorbent
Technologies. Tetrahydrofuran (THF). dichloromethane (DCM), acetonitrile (CH3;CN).
tricthylamine (Et;N). toluene. diethyl ether (Et;O). and N.N-dimethylformamide (DMF)
were passed through an alumina drying column (Se/v-Tek Inc.) using argon pressure. All
other reagents were purchased from Aldrich and used as received without additional
purification. 'H NMR and “C NMR spectra were recorded on Varian 300, 400. or 500
MHz NMR spectrometers. Chemical shifts are reported in ppm relative to CHCl; at § =
7.27 (‘H’ NMR and 6 = 77.23 (PC NMR) or tetramethylsilane (TMS) & = 0.00, unless
otherwise described. Mass spectra were obtained on Fisions VG Autospec. Optical
rotations were collected at 589 nm on a Rudolph Research Automatic Polarimeter

Autopol II1.
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6.2 Experimental Procedures
5-(4-Methoxybenzyloxy)pentan-1-ol (114)

HO A~ ~_-OH

PMBO.__~_~_-OH

To a stirred solution of NaH (3.54 g of 60% NaH, 88.5 mmol) in THF (50 mL) at 0°C
was slowly added 1.5-pentanediol (9.22 ¢, 88.5 mmol). The mixture was brought to
room temperature and stirred for 15 minutes, at which point a solution of
tetrabutylammonium iodide (1.0 g. 2.7 mmol) in 10 mL THF was added, followed by 4-
methoxybenzyl chloride (5.78 g, 27.5 mmol). This mixture was stirred for 12 hours at
room temperature. A saturated aqueous solution of NH4CI (20 mL) was added. and the
resultant biphasic mixture stirred for 10 minutes and concentrated to roughly 20% of the
original volume. The phases were separated. the aqueous layer extracted into EtOAc (3 x
25 mL) and the combined organic layers washed with brine (25 mL). dried over MgSO,
and concentrated. The residue was purified by flash silica gel column chromatography
(2:3 EtOAc/hexanes) to afford 114 (5.48 g. 89%) as a yellow oil. '"H NMR (300 MHz)
(CDCl3) 8 TMS: 1.40-1.49 (2H. m); 1.53-1.68 (4H. m): 3.45 (211, t.J = 6.6); 3.65 (2H, q.
J = 6.6): 3.80 (3H. s): 4.43 (2H, s): 6.89 (2H. d, J = 8.4); 7.27 (2H. d. J = 8.4). (TLNI-

157 24-36)
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5-(4-Methoxybenzyloxy)pentan-1-al (115)

PMBO_~_~_OH ——= PMBO_~_~_0

To a stirred solution of oxalyl chloride (4.65 g. 36.6 mmol) in 37 mL. DCM at -78°C was
slowly added DMSO (5.73 g. 73.3 mmol). and the resultant mixture stirred at this
temperature for 30 minutes. A solution of alcohol 114 (5.48 g, 24.4 mmol) in 20 mL
DCM was slowly added and stirred for 90 minutes, at which point the temperature was
raised to -60°C. and diisopropylethylamine (12.6 g. 97.6 mmol) was added. The mixture
was allowed to come to room temperature and stirred for 45 minutes. Water (50 mL) was
added, and the resultant layers separated. The aqueous layer was extracted three times
with DCM (3 x 50 mL), the combined organic layers washed with brine. dried over
Na,SOy4 and concentrated to afford 115 (5.25 g, 97%) as a yellow oil which did not
require further purification. 'H NMR (300 MHz) (CDCls) 8 TMS: 1.58-1.78 (4H, m):
247 (2H. td. J=1.5,6.9); 345 3H, t,./=6.3): 3.79 (3H. s); 4.42 (2H. s): 6.89 (2H, dt, .J

=2.7,9.3): 7.23-7.26 (2H. m): 9.76 (1H, t, J=1.8). (TLNI-158)
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a-(Triphenylphosphoranylidene)-y-butyrolactone (117)

o 0
0§Br _— 0§PPh3

To a solution of triphenyvlphosphine (18.3 g. 70 mmol) in THF (35 mL) at room
temperature was added o—bromo-y-butyrolactone (11.5 g, 70 mmol). The mixture was
brought to reflux and stirred for 22 hours. after which it was cooled to room temperature.
The resulting light brown solid was washed with THF (500 mL). taken up in water (100
mL). and 300 mL of a 10% solution of NaOH was added dropwise over 20 minutes. The
white solid was filtered and dried under high vacuum giving 117 in 97% yield without
need of further purification. '"H NMR (300 MHz) (CDCls) 8 TMS: 2.64 (2H. t.J =7 .5):

430 (2H. 1,/ =17.5); 7.45-7.51 (6 H. m): 7.55-7.66 (9H. m). (TLNI-101)




3-(5-(4-Methoxybenyloxy)pentylidene)dihydrofuran-2-one (118)

0
DJ%PPh;, O/P‘“\x/\/\,OPMB
o

0
A solution of aldehyde 115 (0.93 g, 4.18 mmol) and ylide 117 (1.55 g. 4.48 mmol) in

toluene (35 mL) was refluxed under Ar for 16 hours. The mixture was cooled to room
temperature and the volatile organics removed under vacuum. The resultant black solid
was taken up in EtOAc and purified via flash silica gel column chromatography (1:1
EtOAc/hexanes) to give 118 as a dark yellow oil (1.05 g, 81%). "H NMR (300 MHz)
(CDCly) 8 TMS: 1.74-1.83 (2H. m); 2.52-2.33 (2H, m): 2.79-2.85 (2H. m); 3.46 (2H. t..J
=6.3): 3.80 (3H. s): 4.34 (2H. t. J=7.2); 442 (2H. s): 6.69-6.76 (1H, m); 6.89 (2H, d. ./

=8.7):7.26 (2H, d, /= 8.7) (TLNI-113pp)
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2-(2-Hydroxyethyl)-N-(2-iodophenyl)-7-(4-methoxybenzyloxy)hept-2-enamide (119)

A 2-necked round bottom flask was flame dried. equipped with a condenser and flushed
with Ar. Benzene (5 mL) was added. followed by trimethylalumminum (1 mL, 2.0 M in
hexane, 2 mmol). and the mixture cooled to 0°C. A solution of iodoaniline 112 (0.44 g, 2
mmol) in benzene (2.5 mL) was added, followed by lactone 118 (0.53 g, 1.8 mmol) in
benzene (2.5 mlL). This mixture was stirred at 0°C for one hour. after which it was
warmed to room temperature. then to reflux for 15 hours. The solution was then cooled
to 0°C. and 5 mL 1 N HCI added slowly. After further stirring (30 minutes), the layers
were separated. The aqueous layer was extracted three times with EtOAc (15 mL): the
combined organics were washed with brine, dried over MgSOy and concentrated to give
119 as a yellow oil. Note: this compound appears to degrade over time. and should be
taken on to the next step immediately. 'H NMR (300 MHz) (CDCl3) & TMS: 1.57-1.70
(4H, m); 2.89 (2H,q./J=7.5): 2.64 2H.t.J=5.7); 3.47 (2H.t.J =6.3); 3.76 2H, t. J =
5.7):3.80 (3H. s): 4.34 (2H. 5): 6.52 (1H. t.J=7.5): 6.89 (2H. d. J = 8.4): 7.27 (2H. d, J
= 8.4): 7.33-7.38 (1H. m); 7.78 (1H. d, J = 8.4): 8.06 (1H, s); 8.24 (1H. d. J = 8.4).

(TLNI-169)
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(E)-2-(2-(tert-butyldimethylsilyloxy)ethyl)-N-(2-iodophenyl)-7-(4

methoxybenzyloxy)hept-2-enamide (119a)

|
Nk?/\/‘oms Njf\/\/\OPMB
H H
OH

OTBS
To a solution of 119 (0.59 g. 1.16 mmol) in DMF (7 mL) was added imidazole (0.18 g.
2.6 mmol). then TBSCI (0.21 g. 1.34 mmol); this mixture was stirred at room temperature
under Ar for one hour. after which water (5 mL) was added. The layers were separated,
and the aqueous layer was extracted three times with ether (15 mL). The combined
organic layers were washed with brine. dried over Na,SOy. and concentrated. The
residue was purified via flash silica gel column chromatography (1:1 EtOAc/hexanes).
giving 119a as a dark red oil (0.61 g, 79% over two steps). 'H NMR (300 MHz) (CDCls)
O TMS: 0.01 (5H.s) (major rotamer); 0.1 (1H, s) (minor rotamer); 0.84 (7H. s) (major
rotamer). 0.91 (2H. s. minor rotamer): 1.59-1.70 (2H. m); 2.28 (2H. q,.J= 7.2); 2.69 (2H.
t.J=6.0).3.47 (2H.t./=6.3): 3.77 (2H. t, J = 6.3); 3.80 (3H, s): 4.34 (2H, s); 6.61 (1H,
t.J=17.5). 6.81-6.89 (3H, m): 7.31-7.37 (2H, m); 7.79 (1H, dd. J = 1.5, 7.8): 8.23 (2H.

dd, /= 1.8, 8.4). (TLNI-186)
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N-benzyl-2-(2-(tertbutyldimethylsilyloxy)ethyl)-N-(2-iodophenyl)-7-(4-
methoxybenzyloxy)hept-2-enamide (120)

| o ©:I o
[ IN/L?NOPMB Nki\MOPMB
i
Bn

H

OTBS oT8S
To a stirred solution of NaH (60% in mineral oil, 0.03 g, 0.77 mmol) in THF (2.5 mL) at
0"C under Ar was slowly added enamide 119a (0.48 g. 0.77 mmol) in THF (5 mL). The
mixture was warmed to room temperature and stirred for 15 minutes. after which
benzylbromide (0.13 g. 0.77 mmol) was added. The mixture was stirred at room
temperature for 15 hours. followed by addition of saturated aqueous ammonium chloride
solution (1 mL). Most of the organic layer was evaporated under vacuum, followed by
extraction of the aqueous layer with EtOAc (3 x 15 mL). The combined organics were
washed with brine, dried over Na;SO,. and concentrated. giving 120 as a light brown oil
without need of further purification. 'H NMR (300 MHz) (CDCls) & TMS: 0.05 (SH. s,
minor rotamer) 0.10 (SH. s, major rotamer); 0.88 (7H, s) (major rotamer) 0.91 (2H. s)
(minor rotamer); 2.25-2.59 (2H, m): 3.25 (2H. t.J=5.7): 3.72 (2H. t. J = 7.2): 3.81 (3H.
s): 4.37 (2H. s): 4.50 (2H. s): 5.55-5.72 (2H. m): 6.47 (1H. t. J = 7.2); 6.60-6.77 (1H. m):
6.82-6.89 (3H. m): 7.05-7.25 (SH, m); 7.29-7.42 (3H, m): 7.62 (1H. dd, J = 1.5, 8.1):

7.84 (1H. dd, /= 1.5, 7.8). (TLNI-166)
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1-Benzyl-3-(2-(tertbutyldimethylsilyloxy)ethyl)-3-(5-(4-methoxybenzyloxy)pent-1-

enyl)indolin-2-one (121)

i 0OTBS OPMB
CL 8
N = OPMB /
Bn o
N
OTBS Bn

A solution of 120 (0.57 g. 0.8 mmol), Pd(OAc); (0.009 g. 0.04 mmol), P(o-tol); (0.04 g.
0.12 mmol), tetrabutylammonium iodide (0.30 g, 0.8 mmol) and triethylamine (0.32 g.
3.2 mmol) in toluene (11 mL) was heated to 75" and stirred under Argon for 15 hours.
The mixture was cooled to room temperature, and a saturated aqueous solution of sodium
bicarbonate (9.75 mL) was added. The aqueous layer was extracted with EtOAc¢ (3 x 20
mL) and the combined organic layers were washed with brine. dried over MgSQy and
concentrated. The residue was purified by silica gel chromatography (1:1
EtOAc/hexanes) to afford 121 (0.38 g, 64%). *C NMR (CDCly) & -5.0. 14.5, 18.5, 21,
25.5, 26, 26.2, 27.5. 30.92, 33, 55.4, 59.6, 60.6, 62.4, 62.8. 66.6, 70, 72.6, 77.2. 77.8.

113.8, 127.4,127.6, 128.6. 128.8, 129, 129.2. 129.4, 129.6, 130.8. 132, 137.2. 1404
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(S)-tert-butyl 3-(1H-indol-3-yl)-1-(methoxy(methyl)amino)-1-oxopropan-2-

vicarbamate (137)
0,
0] OMe
OH N:
— Me
NHBoc NHBoc

Iz
IZ .=

To a mixture of L-N-Boe-tryptophan (0.5g. 1.64 mmol) in DCM (34 mL) and DMF (6
mL) at 0° C was added EDCI (0.44 g, 2.3 mmol). The mixture was allowed to come to
room temperature and stirred for a further ten minutes after which N.O-
dimethylhydroxylamine hydrochloride (0.19 g. 1.97 mmol) was added, followed by
diisopropylethylamine (0.31 mL. 1.8 mmol). The mixture was stirred for 18 hours at
room temperature. after which the solvent was concentrated to roughly 10% of its
original volume. Water (30 mL) and ethyl acetate (30 mL) was added. and the layers
separated. The aqueous layer was extracted with ethyl acetate (3 x 30 mL), and the
combined organics were washed with brine, dried over sodium sulfate and concentrated
to give 137 (0.5 g. 88%) as white, needle-like crystals which were taken on without any
further purification. HRMS (FAB): m/z caled. for CisHysNsNaOy (M + Na)™ 370.17. found
370.07. 'H NMR (300 MHz) (CDCl3) 8 TMS: 1.40 (9 H. $):3.15(3 H.s): 3.20 (1H. d. J
=6.0): 3.26 (1H. d. J = 6.0): 3.65 (3H. s): 4.95-5.07 (1H. m): 5.21-5.27 (1H, m); 7.05-

7.61 (5H, m): 8.03 (1H. s). (TLNI-198 3-12)
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(S)-tert-butyl 1-(1H-indol-3-yl)-3-oxopropan-2-ylcarbamate (138)

0 OMe
Nn
Me
NHBoc A NHBoc

Ple]

TN
“N N

To a stirred solution of amide 137 (0.06g. 0.17 mmol) in dry DCM (3 mL) under argon
atmosphere at -78" C was added DIBAL-H (IM in DCM, 0.68 mL, 0.68 mmol). The
resultant mixture was stirred at -78” C for one hour, after which a saturated aqueous
solution of sodium potassium tatrate (10 mL) was added. The mixture was allowed to
come to room temperature and stirred vigorously for 3 h. The layers were separated and
the aqueous layer extracted into DCM (3 x 10 mL.). The combined organic layers were
washed with brine, dried over sodium sulfate and concentrated. The residue was purified
by flash column chromatography. using 1:1 hexanes/ethyl acetate as the eluant to give
138 as a light brown oil (0.04 g. 86%). HRMS (FAB): m/z caled. for CjsHyN>Osz (M + H)
289.15, found 289.15. '"H NMR (300 MHz) (CDCl3) & TMS: 1.44 (9H. s): 3.21-3.38 (2H,
m): 4.47-4.56 (1H. m): 5.11-5.20 (1H. m): 7.04-7.62 (5H. m); 8.10 (1H, s): 9.64 (1H, s).

(TLNI-201pp)
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(S)-tert-butyl 1-(1 H-indol-3-yl)but-3-e¢n-2-ylcarbamate (139)

N

2O

H
NHBoc Mt

IZ =

i
A stirred solution of methyltriphenylphosphonium bromide (4.85 g, 13.6 mmol) in THF
(40 mL) was cooled to 0", and NaHMDS (1M in THF, 14.3 mL, 14.3 mmol) was added
dropwise. The mixture was stirred at room temperature for 30 min, then cooled to -78°.
Aldehyde 138 (1.12 g. 3.88 mmol) in THF (10 mlL) was added dropwise. The reaction
was stirred for 15 min. then warmed to room temperature over 30 min. The mixture was
poured onto water (50 mL), and the aqueous layer was extracted into EtOAc (3 x 25 mL).
The combined organic layers were washed with brine, dried over sodium sulfate and
concentrated. The residue was purified by column chromatography (5% Et:O/DCM) to
give 139 as a yellow oil (0.70g. 63%). HRMS (FAB): m/z caled. for CsHx:N;O; (M + H)
289.15. found 286.17, found 286.20. ap=+28,¢=1in DCM). 'H NMR (300 MHz) (CDCls)
O TMS: 1.34 (9H, s): 2.99 (2H. d. J=12):; 4.47-4.54 (1H. m); 4.56-4.68 (1H. m): 5.05
(1H. dd. /= 1.2, 18.9): 5.08 (1H. dd. / = 0.9, 25.7): 5.80 (1H. ddd, J =4.5. 21.6, 27.6):

7.02-7.62 (5H, m): 8.25 (1H. s). (TLNI-217pp)
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1-(1H-indol-3-yl)but-3-en-2-amine (129)
\ \

NHBoc =g NH.
\ 2

N N
To a flame dried 50 mL round bottom flask under argon was added Boc-protected amine
139 (0.47g. 1.64 mmol) in DCM (25 mL). 2,6 Lutidine (0.46 mL, 3.93 mmol) was
added, and the mixture cooled to -78" C. after which s-butyldimethylsilyl triflate (0.83
mL. 3.6 mmol) was added. The mixture was warmed to room temperature over 3.5
hours. and dry methanol (5 mL) was added. The reaction mixture was concentrated, then
dissolved in methanol (25 mL) to which KF*2H,0 (0.61g, 6.56 mmol) was added. After
a further one hour of stirring. the mixture was diluted with brine and the layers separated.
The aqueous layer was taken to pH 11 with 1IN NaOH, after which it was extracted into
DCM (3 x 20 mL). The combined organic layers were washed with brine, dried over
sodium sulfate and concentrated to give 129 (0.29 g. 96%). ap = +12 (¢ = 1 in DCM).
'"H NMR (300 MHz) (CDCls) 8 TMS: 1.34-1.49 (2H, s): 2.73-2.81 (1H, dd. J=8.4, 14.1);
2.98-3.05 (1H,dd. /= 5.1, 14.4); 5.04 (1H, dt, J=1.2, 10.2.); 5.17 (IH, dt. /= 1.5, 17.1):

3.91 (1H. ddd. /= 6.3. 10.2. 17.4): 6.94-7.65 (SH. m): 8.40 (1H, s). (TLNI-239a)
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(Z)-4-(tert-butyldimethylsilyloxy)but-2-en-1-o0l (141)

Ho—"" \_oH Ho—"" \—otss

To a flame-dried 50 mL round-bottom flask under argon atmosphere was added sodium
hydride (60% in mineral oil, 0.48g, 12.1 mmol), followed by dry THF (20 mL). The
stirred solution was cooled to O° C, after which cis-butene diol (1.0 mL. 12.1 mmol) was
added slowly via syringe. The mixture was allowed to come to room temperature and
stirred for a further 60 minutes. TBSCI was added (0.60g. 4.0 mmol) and the mixture
allowed to stir for 15 hours, after which a saturated aqueous solution of ammonium
chloride (10 mL) was added. The organic layer was concentrated to roughly 10% of its
original volume. after which the layers were separated. The aqueous layer was extracted
with ethyl acetate (3 x 25 mL) and the combined organic layers were washed with brine
and dried over sodium sulfate. The mixture was concentrated to give a light yellow oil

(0.68g, 84%) and used without further purification. 'H NMR (300 MHz) (CDCl3) &

TMS: 0.08 (6H. s); 0.90 (9H. s): 4.19-4.26 (4H. m); 5.62-5.76 (2H, m). (TLNI-229pp)
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4-(tert-butyldimethylsilyloxy)but-2-enal (142)

Ho—/ \—otes o:(:ﬁLmBs

H
To a flame-dried 50 mL 2-neck round bottom flask under argon atmosphere was added
dry dichloromethane (10 mL) followed by oxalyl chloride (0.56 mL, 5.0 mmol). The
mixture was cooled to -78" C. after which a solution of dry DMSO (0.92 mL. 10 mmol)
in DCM (3 mL) was slowly added via syringe. The mixture was stirred for 15 minutes.
after which a solution of 141 in DCM (3 mL) was added. The mixture was stirred for a
further 30 minutes, then removed from the ice bath, and dry triethylamine (1.86 mL, 13.4
mmol) was added. The mixture was allowed to warm to room temperature after which
water (15 mL) was added. The layers were then separated, the aqueous extracted into
DCM (3 x 20) and the combined organics were washed with brine, dried over sodium

sulfate and concentrated.
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(E)-4-(fert-butyldimethylsilyloxy)but-2-enal (143)

- OTBS
oﬂoms =(=/_
H 0

H
The mixture of E and Z isomers (142) was taken up in DCM (10 mL) and DMAP (0.04 g.
0.3 mmol) was added. The mixture was stirred for two days. after which it was washed
with a saturated aqueous solution of ammonium chloride. The organic layer was dried
over sodium sulfate and concentrated to afford 143 as a dark red oil (71% over 2 steps)
which was carried on without further purification. 'H NMR (300 MHz) (CDCl3) & TMS:

0.09 (6H. s): 0.91 (9H, s): 4.45 (2H. dd. J = 2.1, 3.3): 6.40 (1H. ddt J = 2.1, 7.8. 15.6);

6.89 (1H.dt.J=3.3,15.3); 9.62 (1H. d../=8.1). (TLNI-209pp)
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(E)-4-(tert-butyldimethylsilyloxy)but-2-enoic acid (144)
oTBS oTBS

Gf - o=(=f

H OH
To a stirred mixture of aldehyde 143 (0.63g, 3.14 mmol) in ters-butanol (36 ml) was
added 2-methyl-2-butene (6.7 mL, 62.9 mmol). A solution of sodium chlorite (2.55 g,
28.3 mmol) and monobasic phosphoric acid monohydrate (3.58g. 26.0 mmol) in water
(37 mL) was added in four aliquots over 30 minutes. The mixture was stirred for 30
minutes, after which most of the solvent was evaporated. The remaining aqueous layer
was extracted with DCM (3 x 20 mL), and the combined organics were washed with 1 N
HCI (25 mL) in water (25 mL). dried over sodium sulfate and concentrated, giving 144 as
a light yellow oil (0.48 g. 71%) which was taken on without further purification.
'"H NMR (300 MHz) (CDCl3) & TMS: 0.09 (6H. s): 0.92 (9H, s); 4.37 (2H, dd, J = 2.1,

3.3):6.12 (1H, dt.J=2.4.153): 7.11 (1H. dt. J= 3.3, 15.3). (TLNI-211¢cr)



(E)-4-(tert-butyldimethylsilyloxy)but-2-enoic pivalic anhydride (145)

0o 0
oTBS
= __*>)LO|
0 |

O OTBS
A stirred solution of 144 (0.13 g. 0.60 mmol) in THF (6 mL) was cooled to 0° under
argon atmosphere. Triethylamine (0.12 mL, 0.90 mmol) was added dropwise. following
which pivaloyl chloride (0.11 mL. 0.90 mmol) was also added dropwise. The mixture
was warmed to room temperature and stirred for a further 1.5 hours. The reaction
mixture was washed with brine (2 x 10 mL) and dried over sodium sulfate. The solvent
was evaporated to give 145 as a yellow oil (0.17 g. 94%), which was used without further
puriification. HRMS (FAB): m/z caled. for CsHasNaO,Si (M + Na)' 323.17, found 323.164. 'H
NMR (300 MHz) (CDCl3) & TMS: 0.09 (6H, s): 0.92 (9H, s); 1.27 (9H. s): 4.37 (2H. dd.

J=2.1,3.3);6.12 (1H,dt../J=2.4,15.3); 7.11 (1H. dt. /= 3.3, 15.3).
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(S,E)-N-(1-(1H-indol-3-yl)but-3-en-2-yl)-4-(tert-butyldimethylsilyloxy)but-2-enamide

(146)
A N o
N
NH;, —
N 2 N H |
ﬁ g OTBS

To a stirred solution of amine 129 (0.010 g, 0.054 mmol) in DCM (2 mL) was added
pyridine (5 uL. 0.06 mmol), DMAP (1 mg. 0.01 mmol) and mixed anhydride 145 (0.016
2, 0.054 mmol). The resultant mixture was stirred for 12 h. after which it was washed
with a saturated aqueous solution of ammonium chloride and dried over sodium sulfate.
The solvent was evaporated to give 146 as a light brown oil (0.014g. 69%). HRMS

(FAB): m/z caled, for CaHysN20Si (M+H)™ 385.22, found 385.22. 'H NMR (300 MHz)

4.90 (1H, m): 5.05-5.21 (2H, m): 5.80-6.05 (2H. m): 6.81 (1H, dt, J = 2.4, 15.3): 7.01-

7.25 (3H, m): 7.35 (1H. d. /= 10.5); 7.62 (1H. d. /= 10.5): 8.10 (1H, bs).
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(S.E)-N-(1-(1H-indol-3-yl)but-3-en-2-yl)-4-hydroxybut-2-enamide (147)

Ny g Yy o

N S— N
\Hi \Hi

N
N OTBS N OH

A stirred solution of amide 146 (0.15 g. 0.39 mmol) in THF (5 mL) was cooled to 0°.
TBAF (1M in THF, 0.58 mL) was added dropwise. The reaction mixture was stirred at
0" for 1 h, after which a saturated aqueous solution of ammonium chloride (10 mL) was
added. The aqueous layer was extracted into EtOAc (3 x 10 mL) and the combined
organic layers were wahsed with brine and dried over sodium sulfate. The solvent was
evaporated and the residue was purified by flash chromatography (EtOAc as eluent) to
give 147 as a clear oil (0.07 g, 66%). HRMS (FAB): m/z caled. for CsH1oN20> (M + H)
271.14, found 271.144. "H NMR (300 MHz) (CDCl3) 8 TMS: 3.09-3.12 (2H., m); 4.25-4.35
(2H. m): 4.91-5.02 (1H. m); 5.08-5.17 (2H, m); 5.50-5.56 (1H, m); 5.81-6.05 (2H, m);
6.81 (1H, dt. J = 2.4, 15.3); 7.01-7.25 (3H, m); 7.35 (1H, d, J = 10.5); 7.62 (1H. d, J =

10.5): 8.10 (1H. bs).
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(S)-tert-butyl benzyl(1-(1-benzyl-1H-indol-3-yl)but-3-en-2-yl)carbamate (148)

\ \
\ NHBoc \ Br?l “Boc
N N

ke Bn
A suspension of NaH (0.09 g, 2.17 mmol) in THF (6 mL) was cooled to 0°, and 139 (0.31
g. 1.08 mmol) in THF (6 mL) was added dropwise. The reaction was allowed to come to
room temperature and BnBr (0.26 mL. 2.19 mmol) was added. The mixture was stirred
for 15 h, after which a saturated aqueous solution of ammonium chloride (15 mL) was
added. The aqueous layer was extracted into EtOAc¢ (3 x 20 mL) and the combined
organic layers were washed with brine and dried over sodium sulfate. The solvent was
evaporated and the residue purified by column chromatography (1:3 EtOAc/hexanes) to
give 148 as a light brown solid (0.44 g. 87%). 'H NMR (300 MHz) (CDCl3) 6 TMS: 1.4
(9H, S); 1.66 (1H, m): 3.01 (2H. d, J=5.4); 4.51 (4H. s); 5.11 (2H, dd. J = 5.1, 17.1):
5.90 (1H. ddd J = 5.1. 15.6. 22.2): 6.97 (1H. s): 7.08 - 7.42 (13 H, m): 7.65 (1H. d. J =

6.9). (TLNI-338)
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(S)-N-benzyl-1-(1-benzyl-1H-indol-3-yl)but-3-en-2-amine (149)
\ \

N\ Mgoc {  NHBn
N f N

! 1

Bn Bn
To a stirred solution of carbamate 148 (0.11 g. 0.24 mmol) in DCM (5 mL) was added
2.6-lutidine (0.06 mL, 2.2 mmol). The mixture was cooled to -78°, after which TBSOTf
(0.11 mL. 0.48 mmol) was added dropwise. The mixture was warmed to room
temperature over 3.5 hours, and the solvent was evaporated. The resultant residue was
dissolved in MeOH (5 mL) and KFH,0 (0.09 g, 0.96 mmol) was added. The mixture
was stirred for 1 h. then concentrated remove the residual solvent. The residue was
dissolved in DCM and a saturated aqueous solution of sodium bicarbonate (10 mL) was
added. The aqueous layer was extracted into DCM (3 x 15 mL) and the combined
organic layers were washed with brine and dried over sodium sulfate. The solvent was
evaporated, and the residue was purified by column chromatography (2:5
EtOAc/hexanes) to give 149 (0.018g. 20%). HRMS (FAB): m/z caled. for CssHy7Ny (M + H)
367.21. found 367.215. 'H NMR (300 MHz) (CDCls) 8 TMS: 2.97 (2H. t, J = 5.4); (3.41 -
3.48 (1H, m); 3.60 (1H, d, J=13.5); 3.84 (1H, d, J=13.5); 5.17 (2H, dd, J = 12.3, 22.2);
5.27 (2H. s): 5.80 (1H. ddd, J = 7.8, 17.4, 25.2): 6.92 (1H. s): 7.06-7.25 (13 H. m): 7.61

(1H. d..J=7.2). (TLNI-345a)
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(8)-N-(1-(1H-indol-3-yl)but-3-en-2-yl)-2-bromoacetamide (151)

\ \
o
{ N T { HN’[K, Br
N N
- H

A stirred solution of amine 129 (0.1 g. 0.53 mmol) in THF (5 mL) was cooled to 0,
Triethylamine (0.11T mL, 0.80 mmol) was added dropwise. After ~5 minutes,
bromoacetyl bromide (0.06 mL. 0.64 mmol) was added dropwise. The resultant
suspension was stirred for a further 1.5 h at room temperature. The reaction mixture was
washed with brine (3 x 10 mL). and the organic layer was dried over sodium sulfate. The
solvent was evaporated to give 151 as a light brown oil in quantitative yield (0.16 g). 'H
NMR (300 MHz) (CDCl3) & TMS: 3.07 (2H. d. J =4.8); 3.82 (2H. d, J = 2.1); 4.79-4.88
(1H. m); (2H. dd. J = 6, 12.8. 24.3); 5.89 (1H, ddd. J= 5.7, 16.2, 22.8); 6.56 (1H, d, J =
7.8): 7.06 (1H. s); 7.11-7.23 (2H, m); 7.38 (1H, d. J = 7.8): 7.64 (1H. d. J = 7.8); 8.19

(1H, s). (TLN1-377_8-10)
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(8)-diethyl 2-(1-(1H-indol-3-yl)but-3-en-2-ylamino)-2-oxoethylphosphonate (152)
Y . PR
\ HNA’B' - ) HN,EEﬁOE:
N N
Amide 151 (0.063g, 0.205 mmol) was dissolved in triethylphosphite (0.11 mL. 0.62
mmol). This mixture was heated to 100° for 20 min, and then heated to 65° at reduced
pressure for 45 minutes. The resulting residue was azeotroped with toluene (3 x 2 mL)
and placed under high vacuum for 12 h to remove the remaining unreacted
triethylphosphite, ultimately giving 152 in quantitative yield (0.074 g). 'H NMR (300
MHz) (CDCl3) 6 TMS: 1.21 (3H, t,J=7.2); 1.27 (3H. 1, J = 6.9); 2.82 (2H. dd. J = 3.9,
20.7): 3.04 (2H. d. J=6.3): 3.93-4.15 (4H. m); 4.84-4.92 (1H, m): 5.20 (2H. ddt. J=1.2.
[7.1.19.8): 5.88 (1H. ddd. /= 5.4, 10.2, 17.1); 6.76 (1H, d, J = 6.9); 7.08-7.23 (3H, m):

7.36 (1H,d. J=6.9): 7.64 (1H. d. /= 7.8): 8.16 (1H, s). (TLNI-380)
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2,2-dimethyl-1,3-dioxolane-4-carbaldehyde (154)

OH cr\( o)
O/Yj\\/j\/o = £ HJ\(\O
)‘.o OH O\ﬁ

To a stirred solution of mannitol 153 (0.5 g, 1.9 mmol) in DCM (4.5 mL) was added a

saturated aqueous solution of sodium bicarbonate (0.23 mL). Sodium periodate (0.61 g,
2.86 mmol) was slowly added. The mixture was stirred for 2 h, after which magnesium
sulfate was added. followed by a further 10 minutes of stirring. The resulting suspension
was filtered and the filtrate concentrated to give 154 as a clear oil (0.49 g. 100%). 'H
NMR (300 MHz) (CDCl3) & TMS: 1.49 (6H, d. J = 20.4): 4.15 (2H, ddd. J = 9. 16.2,

23.4):4.39 (1H. ddd, J=1.8.4.8. 6.8). 9.72 (1H. d. J = 1.8). (TLNI-357)
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(E)-N-((S)-1-(1H-indol-3-yl)but-3-en-2-yl)-3-(2,2-dimethyl-1,3-dioxolan-4-
vhaceryvlamide (155)

\

g — gt

To a stirred solution of aldehyde 154 (0.029 g. 0.223 mmol) in MeCN (1.5 mL) was

IZ

added phophonate 154 (0.07g. 0.205 mmol) in MeCN (1.7 mL) followed by anhydrous
lithium chloride (0.02g. 0.53 mmol). The reaction mixture was cooled to 0°, and DBU
(0.03 mL. 0.20 mmol) was added dropwise. The resultant mixture was stirred for 1.5 h at
room temperature, followed by addition of H,O (15 mL) and EtOAc¢ (15 mL). This
biphasic mixture was stirred for 30 minutes. after which the aqueous layer was extracted
into EtOAc¢ (3 x 20 mL). The combined organic layers were washed with brine and dried
over sodium sulfate. After evaporation of the remaining solvent, the residue was purified
by column chromatography (EtOAc) to provide 155 as a light brown oil (0.04g, 55% over
2 steps). 'H NMR (300 MHz) (CDCl3) & TMS: 141 (6H, d.J = 7.2); 3.07 2H, t, J =
4.8): 3.60 (1H. t..J = 7.8): 4.08-4.15 (2H. m): 4.56-4.62 (1H, m); 4.95 (1H, s): 5.09-5.17
(2H. m): 5.67 (1H.d. /= 8.1): 5.89 (1H. ddd, J= 5.7, 10.8, 16.2); 6.01 (1H. dd. J= 1.2,
15.3): 6.75 (1H, dd. /= 5.7, 15.3): 7.02 (1H. s): 7.09-7.22 (2H. m): 7.37 (1H. d. J = 8.4):

7.63 (1H.d, /= 7.8): 8.23 (1H, s). (TLNI-381 6-13)
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tert-butyl  3-((28)-2-((£)-3-(2,2-dimethyl-1,3-dioxolan-4-yl)acrylamido)but-3-enyl)-
1 H-indole-1-carboxylate (156)

A o \
{ HNJ\"}TO * 7
\ —
g o< N k/TOK
Boc o

To a stirred solution of 155 (0.04g. 0.113 mmol) in THF (3 mL) was added Boc,O

(0.027g. 0.124 mmol) followed by DMAP (0.001g. 0.011 mmol). The mixture was
stirred for 2 h prior to the addition of a saturated aqueous solution of ammonium chloride
(5 mL). The aqueous layer was extracted into EtOAc (3 x 10 mL). and the combined
organic layers were washed with brine. dried over sodium sulfate and concentrated. The
residue was purified by column chromatography (1:1 EtOAc/hexanes) to give 156 (0.05g,
61%). 'H NMR (300 MHz) (CDCl;) & TMS: 1.43 (6H, d, J = 8.7): 1.67 (9H, s): 3.00
(2H, 1./ =4.8): 3.64 (1H.,dd. /=75, 8.1); 4.16 (1H, dd. J = 6.6, 8.1): 4.63 (1H, q. J =
6.6); 4.90-4.99 (1H, m): 5.14 2H. ddt. J=1.2,4.5. 11.4): 5.6 (1H. d. /= 8.4): 5.87 (1H.
ddd..J=5.4,10.2.15.9): 6.06 (1H. dd. J= 1.2, 15): 6.81 (IH. dd. J = 5.4, 15); 7.21-7.24
(*IH. m): 7.29-7.34 (1H. m); 7.41 (1H, s); 7.62 (1H, d, J = 7.5); 8.12 (1H. d. J = 7.5).

(TLNI-389pp)
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tert-butyl 3-((25)-2-((E)-4,5-dihydroxypent-2-enamido)but-3-enyl)-1 H-indole-1-

carboxylate (158)

\ . \ .

N X N

Boc B Boc OH
Acetal 155 (0.02g. 0.038 mmol) was dissolved in MeOH (2 mL) and PPTS (~ 1 mg,
0.004 mmol) was added. The mixture was heated to reflux for 15 h, after which the
solvent was evaporated. Column chromatography (5% MeOH in F1OAc) gave diol 158
(0.004 g, 26%). "H NMR (300 MHz) (CDCli) & TMS: 1.67 (9H. s): 3.01 (2H. d. .J = 6.3);
3.56 (1H, m): 3.74, 1H. d. /= 8.1): 4.41 (1H., s): 4.92-4.98 (1H, m); 5.14 (2H, dd, ./ = 3.6,
10.8): 5.63 (1H. d.J=8.1): 5.82-5.92 (1H): 7.42 (1H, s); 7.539 (1H.d. J = 6.9); 8.12 (1H,

d./=6.9). (TLNI-410 11-37)
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(R,E)-tert-butyl 3-(2-(4-oxobut-2-enamido)but-3-enyl)-1H-indole-1-carboxylate (159)

Q
) O HNW
—
OH
r'q OH )
Boc 1'73
Boc

To a stirred solution of diol 158 (5 mg. 0.012 mmol) in DCM (2 mlL) was added a
saturated aqueous solution of sodium bicarbonate (10 uL) followed by slow addition of
sodium periodiate (4 mg. 0.019 mmol). The resultant suspension was stirred for 2 h, afier
which TLC showed complete consumption of starting material. Magnesium sulfate was
added. and the mixture stirred for 10 minutes further, followed by filtration. The filtrate
was concentrated to give 159 (4 mg. 100%). 'H NMR (300 MHz) (CDCl;) & TMS: 1.67
(9H, s); 3.07 (2H, d. J = 6.6); 4.96 (1H, m); %.18-5.23 (2H, m); 5.83-5.95 (2H. m); 6.70
(1H.d,J=15.6): 6.93 (1H. dd. J= 7.5, 15.6): 7.27-7.36 (2H, m); 7.44 (1H, s); 7.60 (1H,

d./=7.8):8.12 (1H. d.J=7.8) (TLNI-414)
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(S)-tert-butyl 1-(1-tosyl-1H-indol-3-yl)but-3-en-2-ylcarbamate (161)

\ \

\ NHBoc \ NHBoc
N

|
Ts

Iz

To a stirred solution of indole 139 (1.47g. 5.13 mmol) in toluene (15 mlL) was added
tosyl chloride (1.47g. 7.73 mmol) and tetrabutylammonium hydrogensulfate ( 0.26g. 0.77
mmol). The mixture was cooled to 0°. followed by the addition of a concentrated
aqueous solution of sodium hydroxide (15 mL). The mixture was warmed to room
temperature and stirred for a further 16 h. The organic layer was washed with 1N HCI (2
x 13 mL), then a saturated solution of sodium bicarbonate (2 x 15 mL). water (1 x 20 mL)
and brine (1 x 20 mL). The organic layer was dried over sodium sulfate and concentrated
to give 161 as a light yellow oil (1.96g, 87%). %). 'H NMR (300 MHz) (CDCI3) o
TMS: 1.42 (9H. s); 2.33 (3H, s); 2.92 (2H, m): 4.42-4.55 (2H, m): 5.09 (2H. dd, J =24,
13.5): 5.75 (1H. ddd. J = 5.7, 10.5, 15.9); 7.18-7.23 (3H, m): 7.28-7.33 (1H. m); 7.37

(1H.s): 7.54 (1H.d. J=7.5): 7.72 (2H. d.J = 8.4): 7.95 (1H. d. J = 7.5) (TLNI-465_3-7)
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(5)-1-(1-tosyl-1 H-indol-3-yl)but-3-en-2-amine (162)

\ \

—_—

y N

)

Ts Ts
To a stirred solution of Boc carbamate 161 (0.045 ¢. 0.10 mmol) in DCM (2 mL) was
added 2.6-lutidine (0.02 mL. 0.2 mmol). The mixture was cooled to -78". and TBSOTf
(0.05 mL. 0.2 mmol) was added dropwise. The reaction was warmed to room
temperature over 3.5 h. followed by removal of the solvent under reduced pressure. The
residue was dissolved in MeOH (2 mL) and KF'H,O (0.04 g. 0.4 mmol) was added.
After 1h of further stirring, the solvent was removed under reduced pressure and the
residue dissolved in water (5 mL) and EtOAc (10 mL). A saturated aqueous solution of
sodium bicarbonate was added until the pH reached ~8. The aqueous layer was then
extracted into EtOAc (3 x 20 mL). The combined organic layers were washed with brine,
dried over sodium sulfate and concentrated to give 162 as a pale yellow oil (0.02¢g, 59%).
with a small amount of residual t-butanol. 'H NMR (300 MHz) (CDCl3) & T™MS: 2.32
(3H, s): 2.73 (1H. dd. J = 7.8. 14.4): 2.87 (1H. dd. J = 5.7. 14.4); 3.67. 1H. q. J = 6.6);
5.08 (2H. ddt. J=1.2.2.7. 10.2. 20.1): 5.85 (1H. ddd, J = 6.3, 10.2, 16.8); 7.18-7.23 (3H.
m): 7.29-7.34 (1H. m): 7.41 (1H. s): 7.75 (2H. d. J = 8.4): 7.98 (1H, d. J = 8.4) (TLNI-

460)
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(5)-N-(4-methoxybenzyl)-1-(1-tosyl-1H-indol-3-yl)but-3-en-2-amine (163)
\ \

\ NHz { HN
N TN

Ts Ts

“PMB

Amine 162 (0.02g. 0.06 mmol) was dissolved in DCM (1 mL) and cooled to 0°. Cesium
carbonate (0.017g. 0.09 mmol) was added. followed by dropwise addition of freshly
prepared PMBBr (0.018g. 0.09 mmol) in DCM (ImL). The resultant suspension was
stirred for 15 h. after which the solvent was evaporated under reduced pressure. The
residue was dissolved in DCM (10 mL) and water (10 mL). The aqueous layer was
extracted into DCM (3 x 5 mL). and the combined organic layers were washed with
brine, dried over sodium sulfate and concentrated. The residue was purified by PTLC
(9:1 hexanes/EtOAc) to give 163 as a light brown oil (0.012 g, 99%). 'H NMR (300
MHz) (CDCl3z) & TMS: 2.30 (3H. s): 2.80 (1H. dd, J = 7.5, 14.1): 3.04 (1H. dd, J = 6.9,
15.3); 3.35 (1H, d, J= 13.5); 3.42 (1H, q, J = 6.9); 3.77 (5H, s): 5.19 (2H, dd, J = 2.8,
17.1): 5.85 (ddd. J= 8.4, 10.2. 17.1); 6.76 (3H. d. J = 8.7); 7.04-7.06 (1H. m); 7.14-7.24

(5H.m): 7.30 (1H. 8): 7.71 (2H. d. J=8.4): 7.92 (1H. d. J= 8.7). (TLNI-462)
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(5)-4-nitro-N-(1-(1-tosyl-1H-indol-3-yl)but-3-en-2-yl)benzamide (164)

A )
/ NH, ——— NH
ALY O bne
5 Ts

A stirred solution of amine 162 (0.04 g. 0.12 mmol) in DCM (2 mL) was cooled to 0.
Cesium carbonate (0.07 g. 0.21 mmol) was added. After ~5 minutes of stirring, PNBBr
(0.03 g. 0.14 mmol) was added. The mixture was slowly warmed to room temperature
and stirred for 15 h. A saturated aqueous solution of ammonium chloride (5 mL) was
then added. and the aqueous layer was extracted into DCM (3 x 10 mL). The combined
organic layers were washed with brine. dried over sodium sulfate and concentrated. The
residue was purified by column chromatography (7:3 hexanes/EtOAc) to give 164 as a
brown oil (0.06 g, 65%). 'H NMR (300 MHz) (CDCl;) & TMS: 2.28 (3H. s); 2.81-2.85
(2H. m); 3.28 (1H. q. /= 7.8): 3.70 (1H. d. J = 14.7): 3.88 (1H. d. J = 14.4); 5.16 (2H,
dd. J = 1.8. 10.5); 5.67 (1H, ddd. J = 8.1, 10.2, 17.1): 7.15-7.18 (5H, m); 7.29-7.4 (3H,

m): 7.72 (2H. d. J = 8.4): 7.96-8.00 (3H. m) (TLNII-33pp)
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(5)-N-acetyl-4-nitro-N-(1-(1-tosyl-1 H-indol-3-yl)but-3-en-2-yl)benzamide (168)

) \
O — o

e ond
To a stirred solution of amine 164 (0.03 g, 0.06 mmol) in THF (2 mL) at 0° was added
triethylamine (17 uL. 0.12 mmol) followed by acetyl chloride (5 pL. 0.072 mmol). The
mixture was stirred for 2h. then washed with brine. dried over sodium sulfate and
concentrated to give 168 as a yellow oil (0.02 g. 63%). 'H NMR (300 MHz) (DMSO.
80°C) 6 TMS: 1.97 (3H. s): 2.34 (3H. s): 3.08 (2H. m): 4.63 (2H. q. /= 17.4): 5.16 (1H.
d. 10.2): 5.95 (1H. ddd. J = 6.3, 10.2, 16.8): 7.21 (1H, t. J = 7.2): 7.292-7.40 (6H, m):

7.53 (1H,s): 7.77 (2H, d. /= 8.4): 7.88-7.93 (3H, m). (TLNII-38.353K)
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(E)-ethyl 3-(2,2-dimethyl-1,3-dioxolan-4-yl)acrylate (173)

0

N — ﬁoj\?\/\o
7~ 05

To a solution of ylide 172 (0.40g. 1.15 mmol) in THF (6 mL) was added aldehyde 154
(0.07g. 0.57 mmol). After 4h. TLC showed complete consumption of starting material.
Water (10 mL) was added. and the aqueous layer was extracted into EtOAc (3 x 10 mL).
The combined organic layers were washed with brine. dried over sodium sulfate and
concentrated. The residue was purified by column chromatography (5% EtOAc in DCM)

to give 173 as a clear oil (0.09 g, 79%).



(4R)-methyl 2-tert-butylthiazolidine-4-carboxylate (330)

HO)?\E/NH2 HO HNj‘C OzMe
Ssh >[/L S

To a solution of D-cysteine (2.05 g. 13.0 mmol) in methanol (100 mL) was added sulfuric
acid (10 drops). The mixture was heated to reflux for 16 h. after which the solvent was
removed under reduced pressure to give the D-cysteine methyl ester.

The methyl ester was then dissolved in pentane (140 mL). Pivaldehyde (1.7 mL, 15.4
mmol) was added. followed by the dropwise addition of triethylamine (2.13 mL, 15.4
mmol). The reaction flask was fitted with a Dean-Stark apparatus and a reflux condenser
and heated to 60° for 24 h. The mixture was then cooled to room temperature and filtered
through Celite. After washing with diethyl ether. the filtrate was concentrated to give 1.2
g (42%) of 330 as a mixture of diastereomers. 'H NMR (300 mHz. CDCl3) & TMS:
(major diastereomer) 1.07 (9H. s); 2.68 (1H, app. t../=9.9): 3.26 (1H, dd, J = 6.6, 10.2);
3.78 (3H. s); 3.82 (1H., dd. ./ = 6.9, 9.9): 447 (1H. s); (minor diasterecomer) 0.98 (9H. s):

3.09 (2H. dq. /= 6.3, 10.5): 3.76 (3H. s): 4.15 (IH. t. /= 6.0): 4.53 (1H. s).
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(2R, 4R)-methyl 2-fert-butyl-3-formylthiazolidine-4-carboxylate (331)

COMe 0
: H—4  coMe

HN
s e
To a stirred solution of amine 330 (1.22 g, 6.00 mmol) in formic acid (9 mL) was added
sodium formate (0.45 g. 6.6 mmol). This mixture was cooled to 0", whereupon acetic
anhydride (1.7 mL. 18 mmol) was added over 1 h via syringe pump. The mixture was
allowed to come to room temperature over 15 h, after which the solvent was evaporated
under reduced pressure. The residue was cooled to 0” and neutralized with a saturated
aqueous solution of sodium bicarbonate. The resultant aqueous mixture was extracted
into EtOA¢ (3 x 30 mL). The combined organic layers were washed with brine, dried
over sodium sulfate and concentrated.  The residue was further purified by
recrystallization (EtOAc/hexanes) to give 331 as light purple crystals (1.09 g. 79%). 'H
NMR (300 mHz. CDCl3) & TMS: (major) 1.03 (9H. s): 3.23-3.36 (2H. m); 3.77 (3H, s);

4.74 (1H, 5): 4.89 (1H. ../ = 8.7): 8.36 (1H. s).
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(2R, 4R)-methyl 2-tert-butyl-3-formyl-4-methylthiazolidine-4-carboxylate (332)

H4i COMe H——/((: ‘_.CSzMe
- = e

3t i

A stirred solution of diisopropylamine (0.99 mL, 7.07 mmol) in THF (20 mL.) was cooled
to -78°. Butyllithium (1.6 M in hexanes. 3.1 mL. 4.95 mmol) was then added dropwise.
DMPU (3.2 mL. 26.4 mmol) was then added. and the resultant mixture was stirred at -78°
for a further 1.5 h. The reaction was then cooled to -90° (liquid nitrogen/hexanes) and
aldehyde 331 (1.09 g. 4.71 mmol) in THF (8 mL) was added dropwise over ~5 min. The
mixture was stirred at -90" for 45 min. after which methyl iodide (0.35 mL. 5.65 mmol)
was added dropwise. After a further 2 h. methanol (5 mL) was added. and the reaction
was warmed to room temperature. Following removal of the solvent under reduced
pressure, the residue was dissolved in a mixture of diethyl ether (30 mL) and brine (30
mL). The aqueous layer was extracted into ether (3 x 20 mL), and the combined organic
layers were washed with brine. dried over sodium sulfate and concentrated. The resulting
residue was further purified by column chromatography (10% EtOAc/hexanes) to give
332 as a light yellow oil (0.5 g. 46%). 'H NMR (300 mHz, CDCl;) & TMS: (major) 1.06
(9H, s): 1.75 (3H. s); 2.70 (1H, d, J = 11.7); 3.30 (1H. d. J = 11.7): 3.77 (3H. s); 4.66
(1H. s): 8.28 (1H. s): (minor) 0.95 (9H. s): 1.78 (3H. s): 2.84 (1H, d. /= 12.3): 3.62 (1H.

d..//=12.6): 3.82 (3H. 5): 5.30 (1H. s): 8.40 (1H. s).
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(R)-2-amino-3-mercapto-2-methylpropanoic acid hydrochloride (333)

0
HJ<N LOzMe __ HOIHN _.-Ch?sH
> ""QSTME Hs]— e
Aldehyde 332 (0.5 g. 2.16 mmol) was dissolved in SN HCI (8 mL) and heated to reflux
for a period of 20 h. The mixture was then cooled to room temperature and washed with
EtOAc (3 x 5 mL). The aqueous laver was concentracted under reduced pressure to give
333 as a light brown, amorphous solid in quantitative yield (0.37 g). ap=+84(c=1in
H,0). 'H NMR (300 mHz. D,0) & TMS: 1.44 (3H. s): 2.72 (1H. d, J=15): 3.00 (1H. d.

J=15).
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tert-butyl 2-amino-2-oxoethylcarbamate (335)

HCI O

0
iAoy —— s L,
2

A stirred solution of glycine (20 g. 0.266 mol) in IN NaOH (300 mL.) was cooled to 0".
A solution of Boc,O (69.8 g. 0.320 mol) in dioxane (200 mL) was added over ~1 h via
addition funnel. The resulting mixture was stirred for a further 3.5 h and concentrated to
~1/2 the original volume. After cooling to 0°. KHSO4 (1M) was added to pH 3. The
aqueous layer was extracted into EtOAc, and the organic layers were dried over sodium
sulffate and concentrated. The resulting N-Boc glycine (16.67 g, 0.222 mol) was then
dissolved in THF (450 ml.) and triethylamine (31 mlL, 0.222 mol) was added. The
mixture was cooled to -10°, and methylchloroformate (22 mL. 0.222 mol) was added
dropwise over 30 min. The reaction was warmed to room temperature, and ammonium
hydroxide (30% solution, 58 mL) was added. The mixture was stirred for | h more, after
which the aqueous layer was extracted into EtOAc¢ (2 x 100 mL). The combined organic
layers were washed with brine. dried over sodium sulfate and concentrated to give 335 as
a clear. viscous oil (34.4 g. 89%). 'H NMR (300 MHz) (CDCls) & TMS: 1.46 (9H. s):

3.81 (2H. d,J=5.7) (TLNII-121a)
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tert-butyl 2-amino-2-thioxoethylcarbamate (336)

0 g
BociN M, ——= Booin I,
2

To a stirred solution of glycinamide 335 (6.67 g. 38.29 mmol) in DME (200 ml.) was
added Lawesson's reagent (7.74 g, 19.14 mmol). The mixture was stirred overnight. after
which the solvent was removed under reduced pressure. The residue was dissolved in a
mixture of 10% sodium bicarbonate (aq) and EtOAc. The aqueous layer was extracted
into EtOAc (3 x 50 mL) and the combined organics were washed with brine. dried over
sodium sulfate and concentrated to give 336 as a yellow. amorphous solid (5.7 g.
78%).%). 'H NMR (300 MHz) (CDCl3) & TMS: 1.46 (9H. s): 4.16 (2H, s); 5.30 (1H. s).

(TLNII-183)
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ethyl 2-((fert-butoxycarbonylamino)methyl)thiazole-4-carboxylate (337)

0

s OEt
BOCHN\)J\NHQ I \)NLS\

BocHN
To a stirred solution of 336 (4.07 g. 21.39 mmol) in EtOH (61 mL) was added calcium
carbonate (1.09 g, 10.91 mmol), followed by ethylbromopyruvate (2.96 mL, 23.53
mmol). The mixture was stirred overnight, then filtered through a pad of Celite. and
concentrated. The resulting residue was dissolved in chloroform and washed first with a
saturated aqueous solution of sodium bicarbonate (50 mL). then water (50 mL). then
brine (50 mL), dried over magnesium sulfate and concentrated to give 337 (5.58 g, 91%).
'"H NMR (300 MHz) (CDCl3)  TMS: 1.40 (3H. 1./ = 6.9): 1.46 (9H. s): 441 (2H. q,J =

6.9):4.66 (2H.d. /= 5.7): 5.29 (1H. s); 8.12 (1H. s). (TLNII-185)
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tert-butyl (4-carbamoylthiazol-2-yl)methylcarbamate (338)

o}
OEt ) NH,
Y N\
BocHN g BocHN\/}\ g
Ester 337 (5.58 g. 19.48 mmol) was stirred overnight in a mixture of 30% ammonium
hydroxide (96 mL) and EtOH (70 mL). The solvent was evaporated to give 338 as a light

brown powder (4.38 g. 87%). 'H NMR (300 MHz) (CDCls) & TMS: 1.47 (9H, s): 4.60

(2H, d,.J=6.6): 5.24 (1H., s); 5.60 (1H. s): 8.09 (1H. s). (TLNII-141pp)
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tert-butyl (4-cyanothiazol-2-yl)methylcarbamate (293)

(0]
NH, s
BocHN N
P Qa— e
\)L S S

To a mixture of amide 338 (0.97 g, 3.77 mmol) in chloroform (30 mL) was added

BocHN

tricthylamine (7.9 mL, 56.6 mmol). The reaction was cooled to -10°. after which
phosphorous oxychloride (0.88 mL. 9.43 mmol) was added dropwise. The reaction was
allowed to come to room temperature and stirred for a further 60 min. The solvent was
removed under reduced pressure. The resulting residue was re-dissolved in DCM (20
mL) and washed with a saturated aqueous solution of sodium bicarbonate (30 mL).
followed by brine (20 mL). The organic layer was dried over sodium sulfate and
concentrated. The resultant black residue was further purified by column
chromatography (2:1 hexanes/EtOAc) to give nitrile 293 as a white solid (0.81 g, 90%).
'H NMR (300 MHz) (CDCls) 8 TMS: 1.47 (9H, s): 4.61 (2H. d, J = 6.0): 5.29 (1H. s);

7.95 (1H. s).
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methyl 2-((fert-butoxycarbonylamino)methyl)-4,5-dihydrothiazole-4-carboxylate

(340)

OMe
CIHSN/\\QN — N

NHBoc
A solution of aminoacetonitrile (5g. 54.04 mmol) and Boc;O (11.79 g. 54.04 mmol) in
DCM (250 mL) was cooled to 0°. Triethylamine (15 mL. 108.1 mmol) was added
dropwise. The mixture was allowed to come to room temperature and stirred for 15 h.
The solvent was then removed under reduced pressure. The resulting residue was re-
dissolved in diethyl ether (50 mL) and washed with water (2 x 50 mL). then brine. The
ether layer was dried over sodium sulfate and concentrated to give 7.17 g of the N-Boc
protected nitrile, 4.3 grams of which (27.53 mmol) was then dissolved in methanol (250
mL). L-Cysteine methyl ester hydrochloride (5.2 g. 30.29 mmol) was then added.
followed by dropwise addition of triethylamine (4.9 mL, 35.79 mmol). The mixture was
heated to 70" for 2.5 h. then cooled to room temperature. The solvent was concentrated
to ~1/2 its original volume, and toluene (100 mL) was added. The organic layer was
washed with water (2 x 100 mL). then brine. then dried over sodium sulfate and
concentrated. The residue was left under high vacuum for 12 h to give 340 as a dark
purple solid (4.03 g. 53%). '"H NMR (300 MHz) (CDCl3) & TMS: 1.47 (9H. s): 3.60 (2H.
app. t..J=19.0): 3.83 (3H. s): 422 (2H. d, J=5.4); 5.12 (1H, t. J = 10.8); 5.23 (1H, s).

(TLNII-450)
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methyl 2-((zerz-butoxycarbonylamino)methyl)thiazole-4-carboxylate (341)

Q OMe e OMe
33
H\S (LS
NHBoc NHBoc

To a stirred solution of 340 (4.03 g, 14.69 mmol) in DCM (23 mL) was added DBU (2.2
mL., 14.69 mmol). The reaction was cooled to 0°. and bromotrichloromethane (1.4 mL.,
14.69 mmol) was added dropwise. The mixture was stirred at (0" for 3 h. then warmed to
room temperature and stirred for a further 15 h. 1N KHSO4 (30 mL) was then added, and
the aqueous layer extracted into EtOAc (3 x 50 mL). The combined organic layers were
washed with brine, dried over sodium sulfate and concentrated to give 341. 'H NMR
(300 MHz) (CDCls) 6 TMS: 1.45 (9H. s): 3.94 (3H. s): 4.65 (2H. d, J=6.3): 8.13 (1H, s).

(TLNII-437)
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(5)-2-(2-((fert-butoxycarbonylamino)methyl)thiazol-4-yl)-4-methyl-4,5-
dihydrothiazole-4-carboxylic acid (328)
s

N\\\Eh{ NHBoc — Mefi}—q)\

S)‘—’ P NHBoc
To a mixutre of methanol (25 mL) and pH 7 phosphate buffer (21 mL) was added sodium
bicarbonate (0.88 g. 10.52 mmol). «a-methyl-D-cysteine hydrochloride (333) (1.05 g,
6.12 mmol) in methanol (3.5 mL) and nitrile 293 (1.26 g. 5.26 mmol) in methanol (3.5
ml.) were added. The reaction was heated to 70° for 24 h, after which it was cooled to
room temperature, and extracted into ether (3 x 30 mL). These organic layers were
discarded. and the aqueous layer was acidified to pH 2 with dropwise addition of 3N
HCI. The aqueous layer was then extracted into EtOAc¢. The combined organic layers
were washed with brine. dried over sodium sulfate and concentrated to give 328 as a light
brown oil (1.3 g. 70%) [a]p =+ 22, ¢ = | in methanol. 'H NMR (300 MHz) (CDCl;) &
TMS: 1.45 (9H. s): 1.68 (3H. s): 3.30 (IH, d. J = 11.07): 3.90 (1H. d. J = 11.4); 4.62

(2H.d. /=6.0);: 4.89 (1H. 5): 8.02 (1H. 5): 991 (1H. s). (TLNII-146a)
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(E)-5-(tritylthio)pent-2-enal (235)

o} 0]

HJ\/ HJJ\NSTI“I

To a stirred solution of triphenylmethane thiol (4.0 g, 14.47 mmol) in DCM (120 mL)

was added triethylamine (2.8 mL. 20.26 mmol) followed by acrolein (1.35 mL, 20.26
mmol). The solution was stirred for 1 h. after which the solvent was evaporated to give a
white  solid. To this solid was added benzene (120 mL) followed by
(triphenylphosphoranylidene) acetaldehyde (5.28 g.17.36 mmol). The mixture was
heated to reflux for 20 h, after which the solvent was evaporated. The residue was
purified by column chromatography (1:3 EtOAc/hexanes) to remove a highly polar
byproduct. The less polar products were then adsorbed onto silica and purified again by
column chromatography (10% Et;O/hexanes) to give 235 as a light brown solid (3.6 g.
70%). 'H NMR (300 MHz) (CDCls) & TMS: 2.29-2.34 (4H., m): 5.99 (1H. dd, J = 8.1.
15.6): 6.64 (1H. dt.J= 6.3, 15.9): 7.20-7.25 (5H, m): 7.27-7.32 (5H, m); 7.42 (SH. d. J =

8.1):9.44 (1H.d. J=8.1). (TLNII-75bpp)
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(.5)-2-amino-3-phenylpropan-1-ol

0
HEN\:)LDH PN ~on

RO &
To a suspension of sodium borohydride (11.18 g, 0.296 mol) in THF (120 mL) was added
L-phenylalanine (20 g. 0.118 mol). The mixture was cooled to 0” and a solution of
concentrated sulfuric acid (7.8 mL) in diethyl ether (23 mL) was added dropwise via
addition funnel over a period of 3 h, maintaining the internal temperature at less than 15°.
Following addition of this solution. the reaction was stirred at room temperature
overnight. Methanol (18 mL) was then slowly added. and the mixture stirred for 30 more
minutes. after which the solvent was concentrated to ~1/2 its original volume. 5M NaOH
(120 mL) was then added. The resultant mixture was heated. and everything which
distilled at < 60" was discarded. after which the reaction was heated to reflux for 3 h.
After cooling to room temperature, the mixture was filtered through a thick pad of Celite.
The filtrate was extracted into EtOAc¢ (3 x 100 mL). The combined organic layers were
washed with brine. dried over sodium sulfate and concentrated to give L-phenylalanol as
a white solid (14.88 g. 83%). 'H NMR (300 MHz) (CDCls) & TMS: 2.87 (2H, dd, J =
3.0, 6.6): 4.04-4.20 (2H. m); 4.23 (1H. t.J = 7.8): 5.88 (2H. s): 7.17 (2H. d. J = 7.8):

7.24-7.36 (3H. m). (TLNII-76).
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(5)-4-benzylthiazolidine-2-thione

\@ — \—(NH
Bn

To a solution of L-phenylalanol (7.2 g, 47.62 mmol) in IM KOH (217 mL) was added
carbon disulfide (14.4 mL. 238.1 mmol). The mixture was stirred for 1 h at room
temperature. after which the flask was fitted with a reflux condenser and the reaction was
heated to 110° for 15 h. After cooling to room temperature, the aqueous mixture was
extracted into DCM (3 x 100 mL). The combined organic layers were washed with brine,
dried over sodium sulfate and concentrated. The residue was purified by column
chromatography (10% EtOAc/hexanes) to give the desired chiral auxilary as a white solid
(6.73g. 68%). '"H NMR (300 MHz) (CDCl3)  TMS: 3.01 (2H. dd, J = 3.9, 10.8); 3.33
(IH. dd, J = 6.9. 11.4); 3.60 (1H. dd. /= 7.8, 11.4); 4.58 (1H. m); 7.19-7.22 (2H, m):
7.29-7.39 (3H, m). (TLNII-461). “C NMR (170 MHz) (CDCl3) & TMS: 38.52. 40.34.

65.30. 127.75. 129.25. 129.44., 136.09. 201.25. (TLNII-461 ¢13)
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(5)-1-(4-benzyl-2-thioxothiazolidin-3-yl)ethanone (343)

X L3
$NH —— SANJ\
\—<

Bn Bn

To a solution of thiazolidinone thione (above) (6.62 g, 31.62 mmol) in DCM (160 mL)
was added pyridine (3.8 mL, 47.43 mmol). The reaction was cooled to 0°, after which
acetyl chloride (2.7 mL, 37.95 mmol) was added dropwise. The mixture was stirred at
room temperature for 2 h. after which it was washed with brine (100 mL). dried over
sodium sulfate, and concentrated under reduced pressure. The residue was purified by
column chromatography (10% EtOAc/hexanes) and recrystallized (EtOAc/hexanes) to
give 343 as bright yellow crystals. (5.9 g, 75%). 'H NMR (300 MHz) (CDCl;)  TMS:
2.79 (3H. s); 2.88 (1H. d, J=11.7): 3.03 (1H, dd. /= 10.5. 12.9): 3.23 (1H. dd. J = 3.9,
13.2): 3.38 (1H. dd. J=7.2.11.7); 5.37 (1H, dddd, /= 3.9, 7.2, 10.8); 7.28-7.37 (5H, m).
(TLNII-462). *C NMR (170 MHz) (CDCly) 8 TMS: 27.36, 32.07. 38.90, 68.46, 127.47,

129.16. 129.71. 136.74, 170.94, 201.80. (TLNII-462 ¢13)
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(R,E)-1-((5)-4-benzyl-2-thioxothiazolidin-3-y1)-3-hydroxy-7-(tritylthio)hept-4-en-1-
one (ent-290a)

S 0 OH
O
k/\/\ —_— S)'L ’u\/k/\/\
H STr N STrt
&

Bn
Thiazolium thione (0.5 g. 1.99 mmol) was dissolved in dichloromethane (15 mL) and
cooled to 0°. Titanium tetrachloride (0.23 mL, 2.16 mmol) was added dropwise. After
stirring for ~5 min, the mixture was cooled to -78°. and diisopropylethylamine (0.38 mL.
2.16 mmol) was added dropwise. After stirring for a further 2 h, (£)-5-(tritylthio)pent-2-
enal' (0.59 g. 1.66 mmol) in dichloromethane (5 mL) was added dropwise, and the
mixture was stirred for 1 h. A saturated aqueous solution of ammonium chloride (15 mL)
was added, and the mixture warmed to room temperature. The biphasic mixture was
extracted into dichloromethane (3 x 20 mL). washed with brine and dried over sodium
sulfate. The solvent was evaporated and the residue purified by column chromatography
(10:1 to 4:1 hexanes/ethyl acetate) to give ent-290a as a yellow oil (0.88 g, 87%). [a]*'n:
+40.4, ¢c=5 CHCl; "H NMR (300 MHz. CDCl3) d TM: 2.20 (4H. m): 2.7 (1H, d. J=4.2):
2.87 (1H.d.J=10.7): 3.03 (1H, t. /= 10.5): 3.22 (1H. m); 3.33 (2H, m); 3.55 1H, dd. J =
3. 17.7): 4.58 (1H, bs); 5.35 (1H., dt. /= 6.2, 15.2): 5.63-5.45 (2H. m); 7.24-7.17 (4H, m);
7.30-7.27 (10 H.am): 7.41-7.40 (6H. dd, J = 1, 8.8). (TLNII-291pp) "*C NMR (75.5 MHz
CDCl3) 8 TMS: -4.1,18.2,21.3.25.9, 31.5. 45.8. 68.6, 69.8, 126.8. 127.5. 128.1. 129.6.
129.8, 130.3. 132.1. 145.0, 172.8.
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(R,E)-2-(trimethylsilyl)ethyl 3-hydroxy-7-(tritylthio)hept-4-enoate (344)

JS'\ O OH
O OH
=
s N)J\/'\/\/\ST” ™S ).K)\/\/\
S "o s
Bn

To a stirred solution of ent-290a (0.88 g. 1.44 mmol) in dichloromethane (14 mL) was
added 2-TMS-ethanol (2 mL. 14.4 mmol) and imidazole (0.15 g, 2.16 mmol). The
mixture was stirred overnight. after which the solvent was evaporated and the residue
purified by column chromatography (10:1 to 4:1 hexanes/ethyl acetate) to give 344 as a
clear oil (0.34 g. 45%). [a]**p: +5. ¢=2 CHCl;. 'H NMR (300 MHz, CDCls) 8 TMS: 0.02
(9H. 5): 0.93-1.01 (2H. m): 1.58 (2H. m): 2.08 (1H. t.J=6.3); 2.20 (1H. t, /= 6.3); 2.44-
247 (IH.m): 2.99 (2H. d.J =7.2); 3.40 (1H, dd. J = 6.9, 11.1); 3.60-3.77 (2H, m); 4.16-
4.21 (1H, m): 445 (1H. q. J = 6.9): 5.30-5.62 (2H. m); 7.18-7.22 (5H, m); 7.27-7.42
(10H. m). (TLNII-325). C NMR (75.5 MHz, CDCls) § TMS: -1.11. 17.53, 22.22, 31.60.
41.96. 60.09. 63.22. 66.80. 68.79. 126.83, 128.10. 129.81. 132.46. 145.11. 172.63.

(TLNII-293 ¢13)
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(R,E)-2-(trimethylsilyl)ethyl 3-((R)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-
methylbutanoyloxy)-7-(tritylthio)hept-4-enoate (345)

O OH ,tNHFmoc
TMS J\/k/‘\/\ -
~"o Z STr

0 O "0

S A~ g I gty
To a solution of alcohol 344 (0.35g. 0.67 mmol) and N-Fmoc-D-valine (1.14 g, 3.37
mmol) in DCM (14 mL) was added EDCI (0.77 g, 4.05 mmol) and DMAP (8 mg, 0.07
mmol). Diisopropylethylamine (0.71 mL. 4.05 mmol) was then added. The mixture was
stirred for 14 h, and the solvent was evaporated. The residue was purified by column
chromatography (1:4 EtOAc/hexanes) to give 345 as a light yellow oil (0.42 g. 75%). 'H
NMR (300 MHz, CDCls) & TMS: 0.03 (9H, s); 0.81 (3H. d, J = 6.6); 0.92-1.00 (5H, m);
2.05-2.22 (4H, m); 2.66 (2H, dq: J = 7.8, 23.7); 4.14-4.57 (7H, m); 5.31-5.42 (2H, m);
5.62-5.75 (ZH. m); 7.19-7.24 (2H. m); 7.27-7.35 (6H. m); 7.40 (5H, d. J = 7.2); 7.61 (2H,
d./=6.9): 7.77 (2H. d. J = 7.5). "C NMR (75.5 MHz, CDCl;) § T™S: -1.28, 17.51,
19.23. 31.31, 31.58, 31.63, 39.89, 47.42, 58.94, 63.39, 67.25, 72.09, 120.21, 125.35,
126.85, 127.31, 127.93, 128.10. 129.79. 134.31, 141.52, 144.01, 144.16, 145.03, 156.37.

169.88, 171.14.
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(R,E)-2-(trimethylsilyl)ethyl 3-((R)-2-((R)-2-(2-((tert-
butoxycarbonylamino)methyl)thiazol-4-yl)-4-methyl-4,5-dihydrothiazole-4-

carboxamido)-3-methylbutanoyloxy)-7-(tritylthio)hept-4-enoate (347)

O
AINHFmoc /&HJHEE
=N
E 9 o0 S%Qkﬂ
/\/\‘\\/\)I\O

Tns’\/‘*\x/\)Lo/‘vTMS s

NHBoc

™S

To a solution of Fmoc-protected amine 345 (0.39 g, 0.46 mmol) in MeCN (23 mL) was
added diethylamine (2.3 mL). The resultant mixture was stirred for 2 h, after which the
solvent was removed under reduced pressure. The residue was dissolved in EtOAc and
concentrated again to give the free amine (346).

A solution of acid 328 (0.2 g, 0.46 mL) in DCM (9 mL) was cooled to 0 and PyBop
(0.48 g. 0.92 mmol) was added. followed by dropwise addition of diisopropylethylamine
(0.24 mL. 1.38 mmol). After ~5 min of stirring, amine 346 in MeCN (5.5 mL) was
added dropwise. The resulting mixture was stirred for 3 h. followed by removal of the
solvent under reduced pressure. The residue was purified by column chromatography
(I:1 EtOAc/hexanes) to give 347 as a clear oil (0.34 g, 77%). [a]p = +20. ¢=0.2 in
CHCls. '"H NMR (300 MHz, CDCl:) 8 TMS: 0.02 (9H. s): 0.73 (3H. d. J = 6.9): 0.78-1.06
(6H. m): 1.47 (9H. s); 2.00-2.18 (4H. m): 2.47-2.72 (2H. m): 3.34 (1H,dd.J=6.9. 11.7);
3.77 (1H. dd. J = 8.7. 11.7); 4.06-4.26 (3H, m); 4.46-4.51 (1H, m); 4.63 (1H, bs); 5.25-
5.40 (2H, m): 5.59-5.73 (1H, m); 7.19-7.26 (5H. m): 7.26-7.29 (5H, m); 7.37-7.39 (5H.

m): 7.90 (1H. d. J = 19.8). (TLNII-469a) *C NMR (75.5 MHz, CDCly) & TMS: -1.28.
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17.48. 17.66. 17.92, 19.27. 24.96, 28.54. 31.27, 41.72, 63.35, 71.99, 85.37. 126.82,

128.08, 129.76. 134.14. 145.02. 174.65. (TLNII-469 ¢13)
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S-trityl protected macrocycle (348)

T™S
A solution of 347 (0.12 g. 0.125 mmol) in dichloromethane (6.7 ml.) was cooled to 0°
and TFA (1.1 mL) was added dropwise. The mixture was stirred overnight at room
temperature. Solvent was then evaporated. The residue was redissolved in toluene and
the solvent again evaporated. The residue was then taken up in dichloromethane (5 mL)
and added dropwise to a solution of diisopropylethylamine (0.13 mL, 0.75 mmol) in
acetonitrile (125 mL). After stirring for ~10 min, a solution of HATU (0.095 g. 0.25
mmol) and HOBt (0.034 g. 0.25 mmol) in acetonitrile (5 mL) was added dropwise. After
a further 16 h. the solvent was evaporated and the residue purified by column
chromatography (10:1 to 1:1 hexanes/ethyl acetate) to give macrocycle 348 as a clear oil
(0.08 g. 87%). [a]p =-6.¢=0.0.1 in methanol. "H NMR (400 MHz, CDCl;) & TMS: 0.49
(3H.d.J=6.8): 0.66 (3H. d. /= 6.8): 1.82 (3H. s): 1.98-2.10 (3H, m); 2.15-2.22 (2H. m):
2,65 (1H,dd, J=3.2.16.0): 2.79 (1H. dd. /= 9.6. 16.4): 3.27 (1H. d../=11.2): 4.02 (1H.
d.J=11.2):4.12 (1H, dd, /= 3.2, 17.6): 4.55 (1H, dd, J = 3.6, 9.2): 5.19 (IH, dd, J =
9.2. 17.6): 5.39 (1H. dd. ./ = 6.8. 15.6): 5.58-5.62 (1H, m): 5.68-5.73 (1H. m): 6.53 (1H.
d. /= 6.8); 7.13-7.20 (3H, m): 7.23-7.29 (7H. m); 7.34-7.36 (5H, m) (TLNII-311 400)
“C NMR (100.6 MHz, CDCl3) & TMS: 16.9. 19.1. 24.4. 29.9. 31.4. 31.6, 34.2. 40.8.
41.2,43.5. 58.0, 66.8. 72.0. 84.5. 126.8, 128.1, 129.8, 133.3, 145.0, 147.0. 147.6, 168.2,

169.0. 169.5, 173.6 (TLNII-311 c¢l13)
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ent-largazole thiol (349)

TS
A solution of 348 (0.025 g. 0.034 mmol) in DCM (4.5 mL) was cooled to 0°. TFA (0.17
mL) was added dropwise. followed by triisopropylsilane (14 ul. 0.068 mmol). The
reaction was warmed to room temperature and stirred for 2 hours, after which the solvent
was evaporated. The residue was purified by column chromatography (EtOAc) to give
349 (0.015 g, 90%) as a clear oil. [a]p = -21. ¢=0.0.1 in chloroform. 'H NMR (300 MHz.
CDCly) & TMS: 0.50 BH d, ./ =6.9): 0.68 (3H. d..J=6.9); 1.87 (3H. s): 1.43 (1H,t,J =
7.8): 2.07-2.13 (1H, m); 2.32-2.40 (2H. m): 2.56 (2H. q. J = 7.2): 2.68 (1H. dd, J = 3.0.
16.2); 2.88 (2H. dd. J=9.9, 16.2): 3.26 (1H, d, /= 8.7); 4.02 (1H.d. /= 11.5): 430 (1H.
dd.J=3.0,17.4): 4.62 (1H.dd. /=3.3,9.3): 529 (1H. dd, J= 9.3, 17.7). 5.46 (1H, dd. J
=6.9, 15.6); 5.65-5.72 (1H. m); 5.82 (IH. dt, J = 7.2, 15.3): 6.49 (1H, d, J = 7.5); 7.19

(1H.d.J=9.9): 7.77 (1H. s) (TLNII-380)
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(-)-largazole (350)

A solution of 349 (0.027 g. 0.054 mmol) in DCM (3 mL) was cooled to 0°.
Triethylamine (15 ul, 0.108 mmol) was added dropwise. followed by dropwise addition
of octanoyl chloride (47 ul, 0.272 mmol). The reaction was warmed to room temperature
and stirred for 2 hours, then cooled to to 0”. Methanol (10 mL) was added, and the
solvent evaporated. The residue was purified by column chromatography (EtOAc) to
give 350 as a clear oil (0.03 g. 90%). [a]p = -20.5, ¢=1 in methanol (lit value for (+)-

largazole =+22).
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(S)-tert-butyl 3-(tert-butoxycarbonylamino)-4-hydroxybutanoate (354)
Hoj‘»H 0\!< - HO""hO\](
I}:B\occr)( NHBog

A solution of amino acid 273 (5 g, 17.28 mmol) was cooled to -30". N-methyl
morpholine (1.9 mL, 17.63 mmol) was added dropwise, followed by dropwise addition of
isobutylchloroformate (2.3 mL. 17.63 mmol). The mixture was warmed to -10” for 20
min. then cooled to -30°. Sodium borohydride (1.96 g, 51.84 mmol) was added. followed
by the dropwise addition of methanol (18 mL). The reaction was stirred for 1 h, then
quenched with a saturated aqueous solution of ammonium chloride, and stirred for a
further 10 min. The aqueous layer was extracted into diethyl ether. and the combined
organic layers were washed with brine. dried over sodium sulfate and concentrated. The
residue was purified by column chromatography (1:4 Et,O/DCM) to give 354 (3.18 g,
67%). "H NMR (300 MHz. CDClz) & TMS: 1.44 (9H, s); 1.45 (9H. s); 2.52 (1H. dd, J =

4.8.6.0); 3.77 (2H. d. J = 4.8): 3.95 (1H. bs): 5.19 (1H. bs). (TLNII-178)
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(S)-tert-butyl 3-(tert-butoxycarbonylamino)pent-4-enoate (356)

H H
i iy O
O O

NHBoc NHBoc

A solution of freshly distilled oxalyl chloride (4.5 mL, 40.5 mmol) in DCM (150 mL)
was cooled to -78°. DMSO (5.75 mL. 81.0 mmol) in DCM (14 mL) was added dropwise,
and the mixture was stirred to 15 min. Alcohol 354 (6.95 g. 27.0 mmol) in DCM (27
mL) was added dropwise. After a further 20 min. triethylamine (15.0 mL. 108.0 mmol)
was added dropwise. The resulting suspension was warmed to -20" and stirred for a
further 60 min. then poured onto diethyl ether (250 mL) and 1IN KHSOy (100 mL). The
aqueous layer was extracted into diethyl ether (3 x 100 mL). The combined organic
layers were washed with brine. dried over sodium sulfate and concentrated. The resultant
residue (355) was taken on immediately to the next reaction.

A solution of methyltriphenylphosphonium bromide (19.29 g. 54.0 mmol) in THF
(240 mL) was cooled to 0°. Sodium HMDS (1M in THF. 50.8 mL. 50.8 mmol) was
added dropwise via addition funnel. The mixture was warmed to room temperature and
stirred for 1 h. after which it was cooled to -78". Aldehyde 355 (27.0 mmol) in THF (30
ml) was added dropwise. The reaction was warmed to room temperature over 1 h. and
stirred for a further 2 h. The mixture was then poured onto a saturated aqueous solution
of ammonium chloride (200 mL), and the aqueous layer was extracted into diethyl ether
(3 x 100 mL). The combined organic layers were washed with brine. dried over sodium
sulfate and concentrated. The residue was further purified by column chromatography
(1:4 EtOAc/hexanes) to give 356 (3.7 g. 50%). 'H NMR (300 MHz. CDCl:) 8 TMS: 1.44
(18H, s); 2.50 (2H, dd. J = 2.7, 5.7): 4.46 (1H, bs); 5.16 (2H. dddd. /= 1.2, 1.8, 2.7,

17.1): 583 (1H. ddd. J = 5.1. 15.6. 17.1) (TLNII-202pp)
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(S)-tert-butyl 3-aminopent-4-enoate (357)

H
H
%,g,'WOK #“'T/\H/OK
]
O NH,

NHBoc

A stirred solution of alkene 356 (0.64 g. 2.36 mmol) in DCM (25 mL) was cooled to 0°,
and TFA (2.5 mL) was added dropwise. The mixture was stirred at room temperature for
2 h. then poured onto an ice-cold saturated aqueous solution of sodium bicarbonate (25
ml.). The organic layer was washed with sodium bicarbonate (25 mL). then brine; dried
over sodium sulfate and concentrated to give free amine 357 as a clear oil (0.17 g, 42%).
'H NMR (300 MHz, CDCls) 8 TMS: 1.45 (9H, s): 2.32-2.50 (4H, m); 3.74 (1H. m): 5.07-
5.30 (2H. m): 5.86 (1H, ddd. J = 6.6, 10.5, 16.8). (TLNII-166) “C NMR (75.5 MHz,

CDCI;) 6 TMS: 28.3,43.2.51.5. 81.1. 114.6, 171.4. (TLNII-182 ¢13)
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(S)-3-(tert-butoxycarbonylamino)pent-4-enoic acid (359)

H H
YK —— Y
O O

NHBoc NHBoc
A solution of 356 (3.52 g, 12.97 mmol) in methanol (119 mL), THF (119 mL) and 1M
LiOH (119 mL) was heated to 50° for 5 h. After cooling to room temperature, the
majority of the solvent was removed under reduced pressure. The mixture was acidified
to ~pH 4 with IN HCI, and the aqueous layer was extracted into EtOAc (3 x 100 mL).
The combined organic layers were washed with brine. dried over sodium sulfate and
concentrated to give 359 as a clear oil in quantitative yield (2.79 g). 'H NMR (300 MHz.
CDCl3)  TMS: 1.34 (9H. s): 4.41 (1H. bs); 5.04 (2H, dd, /= 10.2. 17.1); 5.72 (1H, ddd, J

=3.1.16.5.17.1); 10.06 (1H. bs). (TLNII-2006)
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(S)-methyl 3-(tert-butoxycarbonylamino)pent-4-enoate (360)

H H
%'--T/\H/OH /"-HOMQ
O @]
NHBoc NHBoc

A solution of carboxylic acid 359 (1.40 g. 6.50 mmol) in DCM (65 mL) was cooled to 0°.
EDCI (7.46 g. 38.91 mmol) was added, followed by DMAP (8 mg. 0.07 mmol). The
reaction was warmed to room temperature. and diisopropylamine (6.8 mL, 38.91 mmol)
was added. followed by methanol (3.0 mL. 65.0 mmol). The mixture was stirred for 8.5
h. when a saturated aqueous solution of ammonium chloride (50 mL) was added. The
aqueous layer was extracted into DCM (3 x 20 mL), and the combined organic layers
were washed with brine, dried over sodium sulfate and concentrated. The residue was
purified by column chromatography (1:1 EtOAc/hexanes) to give 360 as a clear oil (1.33
g. 90%). 'H NMR (300 MHz, CDCls) & TMS: 1.44 (9H, s): 2.61 (2H. d. J = 5.7); 3.68
(3H. s): 4.51 (1H, bs): 5.17 (2H, dddd, J = 1.2, 1.8, 2.7. 17.4); 5.84 (1H, ddd. J = 5.4,

10.5.17.4). (TLNII-214 2)
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methyl 3-((S)-2-(tert-butoxycarbonylamino)-3-methylbutanamido)pent-4-enoate

(361)

H ) NHBoc
%l.,_'/\n/OMe
0 07 NH O

NHBoc ‘\"“'\)\om

A solution of 360 (0.05 g, 0.218 mmol) in DCM (7 mL) was cooled to 0". TFA (0.7 mL)
was added dropwise. The mixture was stirred at room temperature for 2 h, after which
the solvent was evaporated. Toluene (10 mL) was added to the residue, and the solvent
again removed under reduced pressure to give the free amine of 360.

N-Boc-L-valine (0.095 g, 0.44 mmol) in DCM (1.5 mL) was cooled to 0°. EDCI
(0.084 g, 0.44 mmol) was added. and the mixture was warmed to room temperature for
10 min. Diisopropylamine (0.11 mL. 0.65 mmol) was added. followed by the free amine
in DCM (1.5 mL). The mixture was stirred for 14 h, then washed with a saturated
aqueous solution of ammonium chloride (10 mL), then brine. The organic layer was
dried over sodium sulfate and concentrated. The residue was purified by column
chromatography (10:1 to 1:1 hexanes/EtOAc) to give 361 as a light yellow oil (0.05 g.
70%). HRMS (ESI): m/z caled. for CisHigN>NaOs (M + Na)" 351.189, found 351.189. 'H NMR
(300 MHz, CDCls) 8 TMS: 0.88 (3H, d,J = 6.6): 0.95 (3H. d. /= 6.9); 1.44 (9H, s); 2.10-
2.12 (1H, m); 2.63 (2H, d. J = 5.4); 3.68 (3H. s): 3.90-3.94 (1H. m): 4.82-4.86 (1H. m):
5.06 (1H. bs); 5.16 (2H. dddd. J = 0.9. 1.5, 10.5. 17.1); 5.84 (1H. ddd. J = 5.4. 10.5,

17.4): 6.68 (1H,d,J=8.4). (TLNII-217 4)
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(45)-methyl 2-tert-butylthiazolidine-4-carboxylate (363)
0 CO,Me
Meo)k[NHzHol . HN~S
SH >//<S

To a solution of L-cysteine methyl ester hydrochloride (10.8 g, 62.0 mmol) in pentane
(120 mL) was added pivaldehyde (7.5 mL. 68.2 mmol). followed by dropwise addition of
triethylamine (9.5 mL. 68.2 mmol). The flask was fitted with a Dean-Stark apparatus and
a reflux condenser and the mixture was heated to 60° for 48 h. After cooling to room
temperature. the mixture was filtered through Celite and the solid washed with diethyl
ether. The filtrate was concentrated under reduced pressure to give 363 as a clear oil
(12.54 g. 99%). 'H NMR (300 mHz, CDCl3) & TMS: (major diastereomer) 1.07 (9H. s):
2.68 (1H, app. t.J=9.9): 3.26 (1H, dd, J = 6.6, 10.2); 3.78 (3H., s): 3.82 (1H, dd, J = 6.9,
9.9): 4.47 (1H. s): (minor diastereomer) 0.98 (9H. s): 3.09 (2H. dq. J = 6.3. 10.5); 3.76

(3H.s): 4.15 (IH. t, /= 6.0): 4.53 (1H. s).
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(25,45)-methyl 2-fert-butyl-3-formylthiazolidine-4-carboxylate (364)

CO:Me CO,Me

0

HN—S — - H‘{{N_S
> >
A mixture of 363 (5.5 g. 27.0 mmol) in formic acid (40 mL) was cooled to 0°. Sodium
formate (2.0 g. 30.0 mmol) was added. Acetic anhydride (7.7 mL, 81.4 mmol) was added
via syringe pump over 1 h. and the reaction was allowed to come to room temperature
slowly and stirred for 15 h. Following evaporation of the solvent under reduced pressure.
the residue was neutralized by addition of a saturated aqueous solution of sodium
bicarbonate. The aqueous layer was extracted into EtOAc (3 x 50 mL), and the combined
organic layers were washed with brine. dried over sodium sulfate and concentrated. The
resulting solid was recrystallized (EtOAc/hexanes) to give 364 as off-white crystals (3.5

. 56%). "H NMR (300 mHz, CDCl3) 8 TMS: (major) 1.03 (9H. s): 3.23-3.36 (2H. m):

el

(el

77 (3H.s): 4.74 (1H, 5): 4.89 (1H. t, J = 8.7); 8.36 (1H. s).
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(25,45)-methyl 2-tert-butyl-3-formyl-4-methylthiazolidine-4-carboxylate (365)

H-QO CO,Me HJ<O CO,Me
N - . N—{Me

S 0y

A solution of diispropylamine (3.12 mL. 22.19 mmol) in THF (70 mL) was cooled to -
78°.  n-Butyllithium (1.6M in hexanes. 9.7 mL. 15.52 mmol) was added dropwise,
followed by addition of DMPU (10.14 mL. 83.86 mmol). The mixture was stirred for 1
h. then cooled to -90". 364 (3.42 g. 14.79 mmol) in THF (5 mL) was added dropwise.
and the reaction was stirred at -90" for 45 min prior to the dropwise addition of
iodomethane (1.1 mL, 17.75 mmol). After a further 2 h of stirring, methanol (10 mL)
was added. The mixture was allowed to come to room temperature. and the solvent was
removed under reduced pressure. The residue was dissolved in diethyl ether (50 mL) and
brine (50 mL.). The aqueous layer was extracted into diethyl ether (3 x 40 mL). and the
combined organic layers were washed with brine, dried over sodium sulfate and
concentrated. The residue was purified by column chromatography (10%
EtOAc/hexanes) to give 365 as a light yellow oil (2.45 g, 68%). %,). 'H NMR (300
mHz. CDCl3) & TMS: (major) 1.06 (9H. s): 1.75 (3H. s): 2.70 (1H. d. J=11.7): 3.30 (1H.

d, /= 11.7): 3.77 (3H, s): 4.66 (1H. s): 8.28 (1H. s): (minor) 0.95 (9H, s): 1.78 (3H, s):
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(S)-2-amino-3-mercapto-2-methylpropanoic acid hydrochloride (292)

0
H’4N .(.:nge . HCl-HQNji%eH
% s HS
365 (2.45 g. 9.99 mmol) was dissolved in SN HCI (38 mL) and heated to reflux for 36 h.
The mixture was cooled to room temperature and washed with EtOAc (3 x 10 mL). The
aqueous layer was concentrated under reduced pressure to give 292 as a light brown.

amorphous solid (0.96 g. 56%). ap =-8.2 (¢ = | in H,0). 'H NMR (300 mHz, D,0O) &

TMS: 1.44 3H. s); 2.72 (1H, d, /= 15); 3.00 (1H, d, J = 15).
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(R)-2-(2-((tert-butoxycarbonylamino)methyl)thiazol-4-yl)-4-methyl-4,5-

dihydrothiazole-4-carboxylic acid (294)

S
HGHHN ., COH T SM =
HS NHBoc

0" "OH
To a solution of nitrile 293 (0.81 g. 3.39 mmol) and a-methy! cysteine 292 (0.70 g. 4.06
mmol) in methanol (34 mL) was added triethylamine (0.46 mL, 3.39 mmol). The
mixture was heated to 66" for 24 h, then cooled to room temperature and the solvent was
removed under reduced pressure. The reside was dissolved in diethyl ether (20 mL) and
a saturated aqueous solution of sodium bicarbonate (20 mL). The aqueous layer was
extracted into diethyl ether (3 x 15 mL): these organic layers were then discarded. The
aqueous layer was acidified to pH 2 by dropwise addition of 3N HCI, then extracted into
EtOAc (3 x 20 mL). The combined organic layers were washed with brine, dried over
sodium sulfate and concentrated to give 294 as a light brown foam (0.61 g, 51%).
(TLNII-169) [cet]p = - 21. ¢ = 1 in methanol. 'H NMR (300 MHz) (CDCl3)  TMS: 1.45
(9H, s): 1.68 (3H, s): 3.30 (1H.d, J=11.07); 3.90 (1H, d,J=11.4); 4.62 (2H, d. /= 6.0):

4.89 (1H. 5): 8.02 (1H. s5): 9.91 (1H, bs).
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(8)-methyl 3-((S)-2-((R)-2-(2-((tert-butoxycarbonylamino)methyl)thiazol-4-yl)-4-
methyl-4,5-dihydrothiazole-4-carboxamido)-3-methylbutanamido)pent-4-enoate

(362)

Me ‘,S}[S
e ),INHBoc Mo P NHBoo
OZNH Q. _OMe

O%.»MOME Mej~“'K(HJj/

Me O -
A solution of N-Boc amine 361 (0.18 g, 0.548 mmol) in DCM (18 mL) was cooled to 0°.
TFA (1.8 mL) was added dropwise. The mixture was stirred at room temperature for 2 h.
followed by evaporation of the solvent under reduced pressure. The residue was re-
dissolved in toluene and re-concentrated.
To a solution of acid 294 (0.196 g, 0.548 mmol) in DCM (3 mL) was added EDCI (0.13
g, 0.66 mmol). followed by diisopropylethylamine (0.30 mL, 1.64 mmol). After 10 min.
amine x (0.548 mmol) in DCM (3 mL) was added dropwise. The reaction was stirred for
a further 15 h, and a saturated aqueous solution of ammonium chloride (10 mL) was
added. The aqueous layer was extracted into DCM (3 x 6 mL). The combined organic
layers were washed with brine, dried over sodium sulfate and concentrated. The residue
was purified by column chromatography (1:1 to 2:1 EtOAC/hexanes) to give 362 as a
light yellow foam (0.17 g, 55%). HRMS (ESI): m/z caled. for CysH37NsNaOgS; (M + Na)'
5§90.2077. found 590.207. 'H NMR (300 MHz) (CDCl3) 6 TMS: 0.83 (3H.d. J=6.9); 0.88
(3H. d. J=6.9): 1.47 (9H. s): 2.65 (2H, d, J=4.5): 3.34 (1H. d, J = 11.7): 3.69 (3H. s):
3.77 (1H,. d, J=11.7); 4.19-4.24 (2H. m); 4.63 (2H. d. J= 5.4): 4.85 (1H. bs): 5.14-5.30
(3H. m); 5.85 (H. ddd, /= 5.7, 10.5, 15.9); 6.81 (1H, d, J = 8.7): 7.99 (1H, s). (TLNII-

228pp)
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Amide isostere core (364)

Me : N/)\/NHBOC Mt N/ N//\
s 7,

N

NH Oy OMe —  oTwm
Mejklrhjj/ Meﬁ_..Kn/NJj/

Me O 2 i

To a solution of methyl ester 362 (0.05 g, 0.088 mmol) in water (1 mL) and THF (2 mL)
was added LiOH (0.06 g. 0.264 mmol). The mixture was stirred for 40 min, then
quenched with IN HCL. The aqueous layer was extracted into DCM (3 x 3 mL). The
combined organics were washed with brine, dried over sodium sulfate and concentrated.
The residue was dissolved in DCM (3 mL) and cooled to 0°. TFA (0.3 mL) was added
dropwise. and the mixture was stirred at room temperature for 2 h. The solvent was
removed under reduced pressure: toluene (3 mlL) was added and the solvent again
removed under reduced pressure.
The residue was dissolved in DCM (2.5 mL) and added slowly to a mixture of
diisopropylethylamine (0.09 mL, 0.53 mmol) in MeCN (10 mL) at 0°. This mixture was
added over 10 hours via syringe pump to a mixture of HOBt (0.024 g. 0.176 mmol).
HATU (0.067 g. 0.176 mmol) and diisopropylethylamine (0.09 mL, 0.53 mmol) in
MeCN (78 mL). Following addition, the reaction was stirred for a further 7 h. The
solvent was evaporated under reduced pressure, and the residue purified on the
chromatotron (DCM to 30:1 DCM/MeOH) to give 364 as a light brown foam (.040 g.
44%). HRMS (ESI): m/z caled. for CyHyN<NaO:S (M + Na) 458.1257. found 458.1259. 'H
NMR (400 MHz) (CDCls) & TMS: 0.30 (3H, d. /= 6.8); 0.74 (3H. d. J = 6.8); 2.55-2.75

(3H, m); 3.35 (1H. d, /= 11.6): 3.72 (3H. 5): 3.89 (1H, d.J=11.6); 4.27 (1H, dd, J=3.2.



17.6): 4.55 (1H. dd, J = 3.2, 10.8); 4.80-4.86 (1H. m); 5.00 (1H. bs); 5.12-5.32 (3H, m);

5.85 (1H,dd. /= 5.2, 15.6, 17.2); 6.47-6.59 (3H, m); 6.73 (1H, m); 7.77 (1H, s). (TLNII-

236_400)
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(S)-1-((R)-4-benzyl-2-thioxothiazolidin-3-yl)-3-hydroxypent-4-en-1-one (373)

o j\ O OH
va ——— 3 S\_{NW
Bn

Thiazolidinone-thione 372 (1.0 g. 3.98 mmol) in DCM (25 mL) was cooled to 0.
Titanium tetrachloride (0.46 mL. 4.3 mmol) was added dropwise. After 5 min, the
reaction was cooled to -78°. and diisopropylethylamine (0.75 mL. 4.3 mmol) was added
dropwise. The mixture was stirred at -78° for 2 h, after which acrolein (0.25 mL, 3.31
mmol) in DCM (15 mL) was added dropwise. The mixture was stirred for 1 h: then a
saturated aqueous solution of ammonium chloride (25 mL) was added. The reaction was
warmed to room temperature, and the aqueous layer was extracted into DCM ( 3 x 20
mL). The combined organic layers were washed with brine. dried over sodium sulfate
and concentrated. The residue was purified by column chromatography (10:1 to 4:1
hexanes/EtOAc) to give 373 as a yellow oil (0.58g. 57%). '"H NMR (300 MHz) (CDCl3)
O TMS: 2.77 (1H. d, J =4.2); 2.89 (IH. d. J = 11.4); 3.05 (1H. m): 3.20-3.44 (3H. m):
3.65 (1H. dd. J = 3.0, 17.7); 4.69 (1H. m); 5.17-5.43 (3H, m); 5.95 (ddd. J = 5.4, 10.5,

17.4): 7.28-7.38 (5H. m). (TLNII-262a)
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(S)-2-(trimethylsilyl)ethyl 3-hydroxypent-4-enoate (374)

)SL Q oM O OH
S\_JN’J\M — TMS\/\OW
“Bn

To a stirred solution of 373 (0.58 g. 1.89 mmol) in DCM (20 mL) was added 2-
trimetylsilyl ethanol (2.7 mL. 18.87 mmol), followed by imidazole (0.19 g, 2.84 mmol).
The mixture was stirred for 20 h, after which the solvent was removed under reduced
pressure.  The residue was purified by column chromatography (10:1 to 8:1
hexanes/EtOAc) to give 374 as a yellow oil (0.31 g. 72%). 'H NMR (300 MHz) (CDCl;)
0 TMS: 0.44 (9H, s): 0.97-1.03 (2H. m): 2.53 (2H. dd, J = 4.2, 7.2); 4.18-4.24 (2H, m):
4.51-4.56 )1H, m); 5.29 (2H. ddt. J= 1.5, 10.5. 17.1): 5.88 (1H, ddd. J= 5.4, 10.5, 17.1).

(TLNII-313pp)
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(S)-2-(trimethylsilyl)ethyl  3-((S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-

methylbutanoyloxy)pent-4-enoate (375)

O OH

z g

) NHFmoc
0

o 0
\\)\)J\QA\/TMS

™S _~q
A solution of alcohol 374 (0.31 g, 1.35 mmol) and N-Fmoc-L-valine (2.28 g, 6.73 mmol)
in DCM (20 mL) was cooled to 0°. EDCI (1.55 g, 8.1 mmol) and DMAP (0.015 g, 0.13
mmol) was added. The reaction was warmed to room temperature and diisopropylamine
(1.4 mL. 8.1 mmol) was added. The reaction was stirred for 16 h, and the solvent
removed under reduced pressure. The residue was purified by column chromatography
(4:1 hexanes/EtOAc) to give 375 as a clear oil (0.29 g, 40%). (TLNII-267 end) '"H NMR
(300 MHz) (CDCl;) 6 TMS: 0.03 (9H, s): 0.88-1.03 (9H. m); 2.15-2.26 (1H, m); 2.70
(2H. dg. /= 7.8.15.9): 4.11-4.41 (6H. m): 5.23-5.39 (2H, m); 5.72 (1H. q. J = 6.6): 5.84
(IH. ddd, J=6.9,10.5,17.1); 7.32 2H, . J = 7.5); 740 2H, t.J = 7.5); 7.62 (2H, d. J =

7.2): 7.78 (2H. d. /= 7.8). (TLNII-267 end)
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(8)-2-(trimethylsilyl)ethyl 3-((S)-2-((R)-2-(2-((tert-
butoxycarbonylamino)methyl)thiazol-4-yl)-4-methyl-4,5-dihydrothiazole-4-

carboxamido)-3-methylbutanoyloxy)pent-4-enoate (376)

) NHFmoc Mes—9
/J/: 0:?\1\1)\/\8
0 o Me  NH N:k_
O NHBoc
s AN~ s p
o Mé o) o]
0 N
— ™S

N-Fmoc amine 375 (0.29 g. 0.54 mmol) was dissolved in MeCN (6 ml) and
diethylamine (2.4 mL) was added. The mixture was stirred for 2.5 h. after which the
solvent was removed under reduced pressure. The residue was re-dissolved in EtOAc
and concentrated again to give the free amine of 375.

Acid 294 (0.19 g. 0.54 mmol) was dissolved in DCM (9 mL). PyBop (0.56 g, 1.08
mmol) was added. followed by diisopropylamine (0.28 mL. 1.62 mmol). After 5 min, the
amine in MeCN (4.5 mL) was added dropwise. The resulting mixture was stirred for 2 h,
after which the solvent was removed under reduced pressure and the residue purified by
column chromatography (1:1 hexanes/EtOAc) to give 376 as a clear oil (0.84 g. 77%).
'H NMR (300 MHz) (CDCl3) & TMS: 0.03 (9H. s); 0.80 (3H. d. J = 6.9): 0.86 (3H, d. J
=6.9): 0.95-1.01 (3H, m): 1.47 (9H, s): 1.60 (3H, s): 2.13-2.23 (1H, m); 2.65 (2H, dq, J =
7.5,15.9); 3.31 (1H, d.J=11.7); 3.76 (1H. d. /= 11.7): 4.15-4.20 (2H, m): 4.51 (1H, dd.
J=438.9.0): 462 (2H. d. J = 6.3): 5.23-5.39 (3H. m): 5.68 (1H. q. J = 6.9): 5.84 (1H.

ddd. J=6.9.10.5.17.1): 7.19 (1H. d, J=8.7): 7.97 (1H. s). (TLNII-273pp)







2-(tritylthio)acetic acid (378)

9]
HO

SH STr
To a solution of trityl chlorinde (2.21 g. 7.94 mmol) in toluene (18 mL) was added
triethylamine (1.1 mL. 7.94 mmol). Mercaptoacetic acid (0.5 mL. 7.22 mmol) was added
dropwise, and the mixture stirred for 3 hours. The solvent was evaporated under reduced
pressure. The residue was redissovled in dichloromethane, washed once with water, once
with brine and dried over sodium sulfate. The solvent was evaporated and the resultant
white solid recrystallized from toluene to give the trityl protected product in quantitative
yield (2.40 g). "H NMR (300 MHz, CDCl3) 8: 2.36 (2H. s); 7.17-7.24 (4H, m); 7.28-7.43

(11H. m). (TLNII-337)
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N-allyl-2-(tritylthio)acetamide (370)

O
H STrt

HOJH — AN
STrt 5

To a solution of S-trityl protected acid 378 (1.12 g, 3.35 mmol) in DCM (33 mL) was
added PyBop (3.49 g. 6.7 mmol). followed by diisopropylethylamine (1.75 mL. 10.05
mmol). After 5 min, allylamine (0.3 mL, 4.02 mmol) was added dropwise. The mixture
was stirred for 2 h, after which the solvent was evaporated and the residue purified by
column chromatography (1:4 EtOAc/hexanes) to give 370 (0.38 g. 30%). HRMS (ESI):
m/z caled. for Co4H3NNaOS (M + Na) ™ 396.1393, found 396.1383. 'H NMR (300 MHz, CDCl5)
O TMS: 3.16 (2H. s): 3.57 (2H. m): 5.05 (2H, dd. /= 7.2, 10.5); 5.64 (1H. ddd, J = 5.7,
11.1, 27.3): 6.08 (1H, bs); 7.21-7.23 (2H, m):; 7.28-7.32 (7H, m); 7.40-7.43 (6H, m).

(TLNII-417pp)
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2-(but-3-enyl)isoindoline-1,3-dione (380)

NN
NB{ - — - %
e}

To a solution of 4-bromobutene (1.0 mL, 10.0 mmol) in DMF (40 mL) was added
potassium phthalimide (2.78 g. 15.0 mmol). The mixture was heated to 110° for 12 h.
after which a saturated aqueous solution of ammonium chloride (50 mL) and EtOAc (50
mL) was added. The organic layer was washed with a saturated aqueous solution of
sodium bicarbonate (50 mL). followed by brine. The organic layer was dried over
sodium sulfate and concentrated. The residue was purified by column chromatography
(4:1 hexanes/EtOAc) to give 380 in quantitative yield (2.01 g). 'H NMR (300 MHz,
CDClz) & TMS: 2.20 (2H. q, ./ =6.9): 3.49 (2H, 1, /= 7.2): 4.77 (2H. dd. /= 11.4. 18.0):

5.47-5.61 (1H.m); 7.53 (4H.d. J=16.2). (TLNII-356 _2-4)
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but-3-en-1-amine (381)

O
NN
/ — N,
O

A solution of 380 (2.01 g. 9.99 mmol) in EtOH (50 mL) was heated to 50°. Hydrazine
hydrate (0.62 mL, 20.0 mmol) was added. The mixture was stirred for 1 h. after which
3N HCI was added (to pH 1). The suspension was filtered through a thin pad of Celite.
and the filtrate concentrated to give 381 (0.86 g. 96%). 'H NMR (300 MHz, DMSO) &
TMS: 2.59 (2H, q. J = 6.9): 3.10-1.18 (2H, m); 5.18 (2H, dd. J = 10.2, 26.4); 5.83-5.96

(1H. m); 8.44 (2H, bs). (TLNII-359pp)
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N-(but-3-enyl)-2-(tritylthio)acetamide (367)

0]

NN
H

Z"NH,
STrt

To a solution of S-trityl protected acid 377 (1.3 g. 4.02 mmol) in DCM (50 mL) was
added EDCI (1.54 g, 8.04 mmol) followed by diisopropylethylamine (2.8 mL. 16.08
mmol). After 5 min, amine 381 (0.52 g. 4.83 mmol) was added. The mixture was stirred
overnight, followed by removal of the solvent under reduced pressure. The residue was
purified by column chromatography (4:1 hexanes/EtOAc) to give 381 as a brown oil
(0.65 g. 42%). "H NMR (300 MHz, CDCly) 8 TMS: 2.86-2.92 (2H. m); 2.44 (2H. q.J=
6.9): 3.77 (2H. . J = 6.9): 5.00-5.10 (2H. m); 5.72-5.86 (1H, m); 7.19-7.25 (4H, m); 7.31-

7.50 (7TH, m): 7.70 (2H. dd. J= 3.0, 5.4): 7.83 (2H. dd. J = 3.3. 5.4). (TLNII-360pp)
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N-methoxy-N-methylpent-4-enamide (383)

o O
HOJJ\M - Mo, NW

|
To a stirred solution of pentenoic acid (2.0 mL. 19.6 mmol) in DCM (100 ml.) was added
EDCI (6.25 g. 32.6 mmol). followed by diisopropylethylamine (8.5 mL. 48.9 mmol).
After 5 min. N.O-dimethylhydroxylamine hydrochloride (1.59 g, 16.3 mmol) was added.
The mixture was stirred for 15 h, after which a saturated aqueous solution of ammonium
chloride (50 mL) was added. The aqueous layer was extracted into DCM (3 x 20 mL),
and the combined organic layers were washed with brine, dried over sodium sulfate and
concentrated. The residue was purified by column chromatography (1:1 EtOAc/hexanes)
to give 383 as a light yellow oil (1.06 g, 45%). 'H NMR (300 MHz, CDCl3) 6 TMS: 2.35-
2.42 (2H, m); 2.50-2.55 (2H, m); 3.18 (3H, s); 3.68 (3H, s); 4.97-5.11 (2H. m); 5.80-5.93

(1H, m). (TLNII-419)
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I-chlorohex-5-en-2-one (384)
8 o

Meo‘rlqw — a M~z

A solution of 383 (1.06 g, 7.4 mmol) and chloroiodomethane (1.0 mL. 14.8 mmol) in
THF (35 mL) was cooled to -78°. Methyllithium (1.6M in hexanes, 7 mL. 11.1 mmol)
was added over 40 min via syringe pump. The reaction was stirred for a further 30 min,
after which a saturated aqueous solution of ammonium chloride (30 mL) was added and
the reaction was warmed to room temperature. The aqueous layer was extracted into
diethyl ether (3 x 30 mL). and the combined organic layers were washed with brine, dried
over sodium sulfate and concentrated.  The residue was purified by column
chromatography (10:1 to 4:1 hexanes/EtOAc) to give 384 as a dark red oil which was
used immediately in the next step (0.53 g. 95%). 'H NMR (300 MHz, CDCls) 8 TMS:
2.34-2.41 (2H, m); 2.71 (2H. t. J = 7.2): 4.08 (2H. s): 4.99-5.10 (2H. m): 5.74-5.88 (1H,

m). (TLNII-421)
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1-(tritylthio)hex-5-en-2-one (368)

(0]

oA~y — Tﬂsx/ﬂ\/”\éﬁ

To a solution of triphenylmethanethiol (1.1 g, 4.0 mmol) in DMF (10 mL) was added
potassium f-butoxide (0.45 g, 4.0 mmol). This mixture was then added dropwise to a
solution of 384 (0.53 g. 4.0 mmol) in DMF (30 mL). The mixture was stirred for 3 h,
then poured onto H,O (50 mL). The aqueous layer was extracted into EtOAc (3 x 20
mL) and the combined organic layers were washed with brine. dried over sodium sulfate
and concentrated.  The residue was purified by column chromatography (1:4
EtOAc/hexanes) to give 368 as a light orange oil. 'H NMR (300 MHz, CDCls) 8§ TMS:
2.11-2.18 (2H, m); 2.27-2.32 (2H. m); 3.08 (2H. s): 4.91-4.97 (2H. m): 5.62-5.75 (1H.
m): 7.21-7.32 (10H, m); 7.42-7.44 (5H. m). (TLNII-420a) *C NMR (75.5 MHz, CDCl;)
& TMS: 27.9, 40.8, 42.9. 53.7, 115.5, 127.2, 128.3, 129.8, 136.9, 144.4, 205.5. (TLNII-

420 ¢l13)
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tert-butyl 2-aminophenylcarbamate (386)
NH, NHBoc

©:NH9—_. ©:NH2

To a solution of benzene-1.2-diamine 385 (1.0 g. 9.24 mmol) in THF (92 mL) was added
Boc,O (2.02 g, 9.24 mmol) and DMAP (0.10 g. 0.90 mmol). The mixture was stirred
overnight and washed with a saturated aqueous solution of ammonium chloride. The
organic layer was dried over sodium sulfate and concentrated. The residue was
recrystallized (EtOAc/hexanes) to give 386 as light pink crystals (1.1 g, 57%). 'H NMR
(300 MHz, CDCl3) 8 TMS: 1.51 (9H, s): 3.75 (2H. bs); 6.20 (1H. bs): 6.79 2H. t../=7.5):

7.00 (1H.t,J=7.8). (TLNII-418 recrys)
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rert-butyl 2-pent-4-enamidophenylcarbamate (365)

BocHN H

- PN

NH, 0
To a stirred solution of pentenoic acid (0.45 mL, 4.37 mmol) in DCM (50 mL) was added
EDCI (1.84 g. 9.6 mmol). follwed by diisopropylethylamine (2.3 mL, 13.1 mmol). After
5 min, amine 386 (1.0 g. 4.8 mmol) was added. The mixture was stirred for 12 h.
Following removal of the solvent under reduced pressure, the residue was purified by
column chromatography (1:1 EtOAc/hexanes) to give 365 as a white solid. ""C NMR

(75.5 MHz, CDCl3) & TMS: 28.6, 36.2. 80.6. 117.7. 119.6, 124.9, 126.3, 137.0, 140.3,

154.3. (TLNII-426 c13)

WW‘W'M‘NW" S S R e ek P Pk B R A A o - T i

1 ! 1 3 T o T | T T T T 1 ’ 1 T T i ¥ 5 i
G0 150 140 130 120 no 100 90 80 70 B0 S0 40 30 20

286



3-(tert-butyldimethylsilyloxy)propan-1-ol (401a)

HO_~_-OH HO.__~_OTBS

A suspension of NaH (0.53 g, 13.14 mmol) in THF (130 mL) was cooled to 0°. Propane
diol (1.9 mL. 26.28 mmol) was added dropwise. After 10 minutes, TBSCI (1.98 g, 13.14
g) was added slowly. The mixture was stirred at room temperature for 3.5 h. after which
a saturated aqueous solution of ammonium chloride (50 mL) was added. The aqueous
layer was extracted into EtOAc¢ (3 x 40 mL). and the combined organic layers were
washed with brine. dried over sodium sulfate and concentrated to give x as a clear oil (2.3

g, 90%). "H NMR (300 MHz, CDCl) & TMS: 0.07 (6H, s): 0.90 (9H. s); 1.78-1.85 (2H,

m): 3.74-3.89 (4H, m). (TLNII-399)

v T T ™ T T * T
ppm 7 G s 4 3 2 1 0
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(R)-1-((R)-4-benzyl-2-thioxothiazolidin-3-yl)-5-(fert-butyldimethylsilyloxy)-3-

hydroxypentan-1-one (403)

j:\ O OH
TBSO o —— M A
S N oTBs
Y U
Bn

A solution of chiral auxilary 372 (1.6 g, 6.37 mmol) in DCM (40 mL) was cooled to 0°.
Titanium tetrachloride (0.73 mL. 6.9 mmol) was added dropwise. After 5 min. the
reaction was cooled to -78", and diisopropylethylamine (1.2 mL, 6.9 mmol) was added
dropwise. The mixture was stirred for 2 h, after which the aldehyde (1.0 g. 5.31 mmol) in
DCM (10 mL) was added dropwise. After stirring for 1 h, a saturated aqueous solution of
ammonium chloride (40 mL) was added. The reaction was warmed to room temperature,
and the aqueous layer was extracted into EtOAc¢ (3 x 30 mL). The combined organic
layers were washed with brine, dried over sodium sulfate and concentrated. The residue
was purified by column chromatography (4:1 hexanes/EtOAc) to give 403 as a yellow oil
(0.96 g. 42%). %). 'H NMR (300 MHz, CDCl;) & TMS: 0.08 (6H. s): 0.89 (9H. s); 1.73-
1.83 (2H. m); 2.87 (1H. d. J = 11.4): 3.00-3.08 (I1H. m); 3.22-3.51 (4H, m); 3.81-3.94
(2H, m); 4.40-4.48 (1H, m): 540 (1H, ddd, J = 4.2, 7.2, 11.1); 7.27-7.37 (5H. m).

(TLNII-402pp)
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(R)-1-((R)-4-benzyl-2-thioxothiazolidin-3-yl)-3-hydroxyhex-5-en-1-one (409)

S o OH
Z""0H s NM
\_4
Bn

A solution of chiral auxilary 372 (1.0 g. 3.98 mmol) in DCM (15 mL) was cooled to 0°
and titanium tetrachloride (0.43 mL. 4.31 mmol) was added dropwise. After 5 min. the
mixture was cooled to -78", and diisopropylethylamine (0.75 mL, 4.31 mmol) was added
dropwise. This mixture was stirred for 2 hrs.

Meanwhile. to a solution of 3-butenol (1.0 mL, 11.94 mmol) in DCM (2.4 mL) and
pentane (21 mlL) was added iodobenzene diacetate (4.23 g. 13.13 mmol) and TEMPO
(0.19 g. 1.19 mmol). The mixture was stirred for 2.5 hours. then cooled to 0" and and
ice-cold saturated aqueous solution of sodium bicarbonate was added. The organic layer
was washed with sodium bicarbonate solution (2 x 10 mL) and dried over magnesium
sulfate for | min. This solution containing aldehyde 408 was used immediately.

This solution of aldehyde 408 was added dropwise to the above described mixture of
chiral auxilary. titanium tetrachloride and diisopropylethylamine. The reaction was
stirred for 1 h, after which a saturated aqueous solution of ammonium chloride (30 mL)
was added. The mixture was warmed to room temperature, and the aqueous layer was
extracted into DCM (3 x 30 mL). The combined organic layers were washed with brine.
dried over sodium sulfate and concentrated. The residue was purified by column
chromatography (1:4 EtOAc/hexanes) to give 409 as a yellow oil (0.5 g, 47%). 'H NMR
(300 MHz, CDCl;) 8 TMS: 2.34 (2H. t, J=6.9): 2.76 (1H, d. J = 3.9); 288 (I1H. d, J =
11.4); 3.00-3.25 (3H. m): 3.40 )IH. dd. /= 7.2. 11.4): 3.62 (1H. dd. J = 2.4, 17.7): 4.20-

4.29 (1H. m): 5.13-5.20 (2H. m): 5.39 (1H. ddd. J =4.2. 7.2, 11.1): 5.78-5.92 (1H. m):
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7.28-7.37 (SH. m). (TLNII-460 3) "’C NMR (75.5 MHz, CDCly) 8 TMS: 32.3, 37.0. 41.0,
45.5. 67.4. 68.6. 118.5. 127.5, 129.2. 129.7, 134.3, 136.6, 173.2, 201.6. (TLNII-

460 ¢13)
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(R)-2-(trimethylsilyl)ethyl 3-hydroxyhex-5-enoate (410)

S
S° N N O — TMS\/\O/U\/\/\
Bn

To a stirred solution of 409 (0.31 g. 0.96 mmol) in DCM (10 mL) was added 2-
trimethylsilyl ethanol (1.38 ml. 9.6 mmol) and imidazole (0.16 g, 2.4 mmol). The
mixture was stirred overnight. after which the solvent was removed under reduced
pressure.  The residue was purified by column chromatography (10:1 to 4:1
hexanes/EtOAc) to give 410 as a light yellow oil (0.13 g. 59%). [a]*'p: -7.0 (¢=5 in
CHCly). 'H NMR (300 MHz, CDCls) & TMS: 0.02 (9H, s): 0.95-1.01 (2H, m); 2.23-2.29
(2H., m); 2.37-2.52 (2H. m); 3.03 (1H. d, /= 3.6); 4.02-4.11 (1H, m); 4.15-4.21 (2H, m);

5.08-5.17 (2H. m): 5.74-5.88 (1H. m). (TLNII-464a) ). "“C NMR (75.5 MHz CDCl:) &

TMS: -1.3.17.5.40.9,41.1,63.2, 67.5, 118.3, 134.2, 173.2. (TLNII-464a c13)



gy

o —

W=

e

s

o=

o1

294

o~



(R)-2-(trimethylsilyl)ethyl  3-((S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-

methylbutanoyloxy)hex-5-enoate (411)

) NHFmoe
O OH J,/\
TMS\/\OM o0 o

= O/\/TMS

To a solution of alcohol 410 (0.13 g. 0.56 mmol) in DCM (13 mL) was added EDCI
(0.64 g. 3.36 mmol) and DMAP (7 mg. 0.06 mmol). followed by diisopropylethylamine
(0.59 mL, 3.36 mmol). After 5 min. N-Fmoc-L-valine (0.96 g, 2.82 mmol) was added.
The mixture was stirred for 14 h, after which the solvent was removed under reduced
pressure and the residue was purified by column chromatography (8:1 hexanes/EtOAc) to
give 411 as a clear oil (0.21 g. 68%). HRMS (ESI): m/z caled. for C3;HyNNaO;Si (M + Na)’
574.2595. found 574.2591. 'H NMR (300 MHz, CDCls) 8 TMS: 0.87 (3H. d..J = 6.9); 0.94-
1.02 (4H, m); 2.25-2.31 (1H. m); 2.37-2.49 (2H, m): 2.60 (2H, t, /= 7.2): 4.03-4.44 (6H.
m): 5.09-5.16 (2H. m): 5.29-5.39 (2H. m): 5.69-5.09 (1H. m); 7.32 2H. t. /= 7.2): 7.40
(2H. . J=7.5): 7.59 2H.d. J= 7.2); 7.75 (2H. d. J = 7.2). (TLNII-468rep) “*C NMR
(75.5 MHz, CDCl3) & TMS: -1.3, 17.5.19.3, 31.5. 38.4, 40.9, 47.4, 59.1. 63.3, 67.2, 71.1.
118.4,119.3,120.2, 125.3, 127.3, 127.9, 132.6. 134.2, 141.5. 144.0, 144.1. 156.4, 170.3,

170.4, 173.3. (TLNII-468a ¢13)
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(R)-2-(trimethylsilyl)ethyl 3-((S5)-2-((R)-2-(2-((tert-
butoxycarbonylamino)methyl)thiazol-4-yl)-4-methyl-4,5-dihydrothiazole-4-

carboxamido)-3-methylbutanoyloxy)hex-5-enoate (412)

Me Me ::‘"S
Me)"" NHFmoc 0:2\N/)\(/\8
Me, NH  N=
0“0 o — >$‘ 0 NHBoc
A~ AN ™S Mé 0 0
= o o =y
™S
/

To a stirred solution of N-Fmoc¢ amine 411 (0.21 g. 0.38 mmol) in MeCN (17 mL) was
added diethylamine (1.7 mL). The mixture was stirred for 2 h, after which the solvent
was removed under reduced pressure. The residue was dissolved in EtOAc and re-
concentrated.

To a stirred solution of acid 294 (0.15 g. 0.42 mmol) in DCM (5 mL) was added PyBop
(0.40 g. 0.76 mmol) followed by diisopropylethylamine (0.2 mL. 1.14 mmol). After 5
min. the free amine from the above reaction in MeCN (2 mL) was added dropwise. The
mixture was stirred for 2 h, after which the solvent was removed under reduced pressure.
The residue was purified by column chromatography (1:1 EtOAc/hexanes) to give 412 as
a clear o1l (0.08 g. 32%). HRMS (ESI): m/z caled. for C3HigNiNaO-S,Si (M + Na) 691.2626.
found 691.263. 'H NMR (300 MHz. CDCly) & TMS: 0.02 (9H. s): 0.79 (3H. d. J = 6.6):
0.85 (3H. d. J = 6.9): 0.94-1.00 (3H. m):; 1.46 (9H. s): 1.59 (3H. s): 2.11-2.21 (1H. m):
241 (2H. t, J=6.9); 2.52-2.67 (2H. m): 3.31 (1H. d. J=11.4): 3.75 (1H. d. J = 11.7);
4.13-4.18 (2H. m): 4.48 (1H. dd..J = 4.5): 4.62 (2H, d. J = 6.0): 5.08-5.14 (2H. m): 5.29-
5.38 (2H, m): 5.66-5.80 (1H. m): 7.17 (1H. d. /= 9.0); 7.97 (1H. s). (TLNII-473pp) “C
NMR (75.5 MHz, CDCl5) 8 TMS: -1.3. 17.5, 17.6, 19.4, 25.0, 28.5, 31.3. 38.4, 38.7. 41.7,

42.6,57.2.63.3.71.0,85.4, 119.2. 121.6, 132.7, 170.4, 170.8. 174.7. (TLNII-473 ¢l3)
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allyl depsipeptide core (413)
Me % Me =S

OQNMS OQKN)\/\S
ME.> NH ON:Q-NHBOC Me NH N:S

/

Acyclic precursor 412 (0.08 g. 0.12 mmol) was dissolved in DCM (4 mL) and cooled to

0". TFA (0.8 mL) was added dropwise. The mixture was stirred for 15 h, after which the
solvent was evaporated. Toluene (10 mL) was added, and the mixture was re-
concentrated. The residue was dissolved in DCM (5 mL) and added dropwise to a
mixure of HATU (0.09 g. 0.24 mmol), HOBt (0.03 g. 0.24 mmol) and
diisopropylethylamine (0.06 mL. 0.36 mmol) in MeCN (120 mL). After 16 h of stirring.
the solvent was removed under reduced pressure and the residue purified by column
chromatography (1% methanol/DCM to 3% methanol/DCM). HRMS (ESI): m/z caled. for
CaoHagNiNa0,8; (M + Na) 473.1288. found 473.1281. 'H NMR (300 MHz. CDCl;) & TMS:
0.46 3H. d, J = 6.9); 0.67 (3H. d, J = 7.2); 2.71-2.75 (2H, m): 2.79 (3H. s); 3.13-3.21
(IH, m): 3.25 (1H, d, /= 11.4): 3.64-3.76 (1H, m): 4.01 (1H.d..J=11.4);: 4.26 (1H, dd, J
=3.3.17.4):4.61 (1H, dd. J = 3.3, 9.3): 5.09-5.27 (4H. m); 5.31-5.36 (1H, m): 5.65-5.79
(1H, m): 6.39 (1H. dd. J = 3.3.9.3): 7.10 (1H, d. .J = 9.6): 7.76 (1H, s). (TLNII-485pp)
BC NMR (75.5 MHz CDCls) 8 TMS: 16.7. 18.8. 34.4. 37.8. 38.8. 41.3. 43.4, 55.9. 57.8.

72.0,84.5.119.3, 124.5, 132.5, 147.6, 168.2, 169.4, 169.6, 170.3, 173.9 (TLNII-485¢13)
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Trityl-protected macrocycle (414)

Me ‘;"-’S :?\ )\\/\5
e
e
A solution of macrocycle 413 (0.027 g. 0.06 mmol) in dichloroethane (1.5 mL) was
heated to reflux. 0.20 mL of a 0.06 M solution of Grubbs-Hoveyda 2 catalyst in
dichloroethane (0.036 g in 0.80 mL) was added. 2.5 mL of a 0.048 M solution of
allyl(trityl)sulfane in dichloroethane (0.15 g in 10 mL) was then added. These additions
were repeated every hour for a further 3 hours for a total of four additions. Following the
final addition. the mixture was refluxed for 1 h. then cooled to room temperature.
Several drops of DMSO were added. and the mixture was stirred overnight. The solvent
was removed under reduced pressure. and the residue was purified by column
chromatography (0% to 100% hexanes in EtOAc) to give 414 as a white, amorphous
solid (0.013 g. 30%). 'H NMR (300 MHz. CDCl3) 8 TMS: 0.38 (3H. d. J = 6.9): 0.64
(BH.d./=17.2): 1.78 (3H, s): 2.23 (2H. d, J = 6.0); 2.44-2.45 (2H. m); 2.62-2.65 (1H, m);
2.74 (1H, d, J = 6.0); 3.25 (1H, dd, J = 3.0. 11.4); 3.68 (1H. m): 4.03 (1H. dd, J = 3.6,
11.4): 4.17-4.28 (2H, m): 4.61 (1H. dd. /= 3.3. 9.6): 5.20-5.27 (2H, m): 5.34-5.39 (2H.

m): 6.27-6.29 (1H. m): 7.05 (1H. d. /= 9.3): 7.19-7.23 (3H. m); 7.27-7.33 (6H. m); 7.39-

7.43 (6H. m): 7.75 (1H. s).
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Olefin-migration analog (394)
Me =S Me 9%
o:?\ N/’k/\S o:?\ N’)\\/\s
Me  NH N= Me,  NH N=
o 1 e M
Me () NH Me @) NH
o} 0

/ 74
TrtS HS

A solution of macrocycle 414 (7.4 mg. 0.01 mmol) in DCM (1.5 mL) was cooled to 0°.
TFA (0.05 mL) and triisopropylsilane (4.0 ulL.. 0.02 mmol) were added. The mixture was
stirred at room temperature for 2 h, after which the solvent was removed under reduced
pressure. The residue was purified by preparatory thin layer chromatography (EtOAc) to

394 as a clear oil (4.2 mg. 85%).
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diethyl pyridine-2,6-dicarboxylate (420)

[ i
= H
HO ¥ o) EtO NP OF!

9] O O O

To a solution of 2.6-pyridine dicarboxylic acid (5.55 g, 33.21 mmol) in EtOH (250 mlL.)
was added para-toluenesulfonic acid (13.3 g. 69.74 mmol). The mixture was heated to
reflux for 24 h, after which the solvent was removed under reduced pressure. The residue
was dissolved in chloroform (100 mL) and a saturated aqueous solution of sodium
carbonate (100 mL) was added. The aqueous layer was extracted into chloroform (4 x 50
mL). The combined organic layers were washed with brine, dried over sodium sulfate
and concentrated to give 420 as a light pink oil (7.4 g. 100%). 'H NMR (300 MHz,
CDCIl3) & TMS: 1.36 (6H. t,J=7.2); 441 (4H.q,/J=7.2); 7.95 (1H, t,J = 8.1); 8.22 (2H.
d./=7.8). (TLNII-18¢) "C NMR (75.5 MHz, CDCL) 8 TMS: 14.4, 62.5, 128.0, 138.5.

148.7. 164.7. (TLNIII-18¢ ¢13)
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ethyl 6-(hydroxymethyl)picolinate (421)

® b
EtO N/ QEt E10 l = OH
O O 0

To a stirred solution of ester 420 (7.4 g, 33.2 mmol) in ethanol (250 mL) was added
sodium borohydride (0.82 g. 21.59 mmol). The mixture was heated to reflux for 2 h,
after which ~3/4 of the solvent was removed under reduced pressure. Water (150 mL)
was then added. and the remainder of the ethanol removed under reduced pressure. The
aqueous layer was extracted into chloroform (3 x 100 mL). The combined organic layers
were washed with brine, dried over sodium sulfate and concentrated to give 421 as a clear
oil (2.5 g. 42%). 'H NMR (300 MHz. CDCl3) 8 TMS: 1.29 (3H. t..J = 6.9): 4.30 (2H. q.J
=0.9): 4.77 (2H. s); 749 (1H.d. J=7.8); 7.71 (1H. t,J =7.8); 7.85 (1H, d. J = 7.8).
(TLNII-23). "C NMR (75.5 MHz. CDCl3) 8 TMS: 14.4. 62.1, 64.8. 123.7. 124.2. 137.8,

147.1, 161.2. 165.2. (TLNIII-23 ¢13)
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6-(hydroxymethyl)picolinamide (422)

= | =
’ HaN NP0
e, O

Alcohol 421 (2.5 g. 13.8 mmol) waws dissolved in ethanol (48 mL), and conentrated
ammonium hydroxide (71 mL) was added. The mixture was stirred for 15 h, after which
the solvent was evaporated to give 422. (2.0 g. 95%). 'H NMR (300 MHz. CD;0D) &
TMS: 4.75 (2H, s); 4.91 (2H. bs): 7.63 (1H. t.J = 7.2): 7.90-8.02 (2H, m). (TLNIII-24)
“C NMR (75.5 MHz. CDCly) & TMS: 64.4, 120.5. 123.4, 138.1, 149.0, 160.5, 168.2.

(TLNIII-24 ¢13)
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6-(chloromethyl)picolinonitrile (423)

I Cl

I
L]
-
N
o]
£L
\

A solution of amide 422 (1.91 g. 12.55 mmol) in DMF (120 mL) was cooled to 0
Phosphorous oxychloride (3.5 mL. 37.66 mmol) was added dropwise. The m ixture was
stirred at 0" for 6 h, after which the solvent was evaporated. The resulting solid was
cooled to 0" adnd water (40 mL) was added dropwise. The aqueous layer was extracted
into EtOAc (3 x 30 mL). The combined organic layers were washed with brine, dried
over sodium sulfate and concentrated to give 423 as a yellow oil (1.66 g. 87%) '"H NMR
(300 MHz, CDCl3) 6 TMS: 4.69 (2H.s): 7.64 (1H.d. /=7.8); 7.74 (1H, d. J = 8.1): 7.90

(1H, t.J=17.8). (TLNIII-27)
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6-((1,3-dioxoisoindolin-2-yl)methyl)picolinonitrile (424)

To a solution of chloride 423 (1.93 g. 12.65 mmol) in DMF (100 mL) was added
potassium phthalimide (2.34 g. 12.65 mmol). The mixture was stirred for 5 h. after
which the solvent was removed under reduced pressure. Water (100 mL) was added. and
the resultant suspension was filtered through Celite to remove the precipitate. The water

was then removed under reduced pressure to give 424 as an off-white solid. (2.7 g. 81%,).

(95
2




tert-butyl (6-cyanopyridin-2-yl)methylcarbamate (425)

0. =
= I |
| . NHBoc
N =2
O

To a stirred solution of phthalimide 424 (1.0 g. 3.80 mmol) was in methanol (19 mL.) and
THF (19 mL) was added hydrazine monohydrate (0.2 mL, 4.18 mmol). The solution was
stirred for 2 h, after which IN HCIl (4.2 mL) was added. This biphasic mixture was
stirred for a further 3 h, the solvent was removed under reduced pressure. The residue
was mixed with water (40 mL) and the solids were removed by filtration through a thin
pad of Celite. The solvent was again removed to give the free amine of 424 as an off-
white, amporphous solid (0.56g, 87%).

To a solution of the free amine of 424 (0.56 g. 3.30 mmol) in DCM (30 mL) was added
triethylamine (1.4 mL. 9.90 mmol) followed by Boc anhydride (0.79 g. 3.63 mmol). The
mixture was stirred for 12 h. then washed with a saturated aqueous solution of sodium
bicarbonate. The organic layer was washed with brine, dried over sodium sulfate and
concentrated to give 425, 'H NMR (300 MHz. CDCl3) 8 TMS: 1.36 (9H, s): 4.37 (2H. d.
J=15.7).5.83 (1H. bs); 7.48 (1H, d, /= 8.1): 7.50 (1H. d. /= 7.8): 7.74 (1H. t, J = 7.8).

(TLNIII-43)
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(8)-2-(6-((tert-butoxycarbonylamino)methyl)pyridin-3-yl)-4,5-dihydrothiazole-4-

carboxylic acid (426)

NHBoc
NHBoc

To a stirred solution of sodium bicarbonate (0.35 g. 4.2 mmol) in methanol (12.6 mL)
and pH 7 phosphate buffer (8.4 mL) was added nitrile 425 (0.49 g. 2.10 mmol) and -
methyl cysteine 333 (0.28 g. 2.31 mmol). The mixture was heated to 70° for 48 h. after
which it was extracted into diethyl ether (3 x 15 mL). The organic layers were discarded,
and the aqueous layer was acidified to pH 2 by dropwise addition of IN HCl. The
aqueous layer was extracted into EtOAc (3 x 20 mL). and the combined organic layers
were washed with brine. dried over sodium sulfate. and concentrated to give 426 as a
light yellow foam (0.48 g. 68%). ap = -4.0. ¢=0.5 in MeOH. 'H NMR (300 MHz,
CDCl3) & TMS: 1.46 (9H. s): 3.63 (2H.d.J=9.6): 447 2H.d.J=5.1); 543 (1H, t..J =
9.6): 5.59 (1H. bs): 7.36 (1H.d.J=7.5): 7.73 (1H, 1. J=7.8): 7.96 (1H, d. /= 7.8); 10.47
(1H, bs). (TLNII-438a). *C NMR (75.5 MHz, CDCls) & TMS: 26.6. 34.3, 45.6, 80.1.

120.75, 124.4. 137.6. 149.6, 157.8, 173.8, 174.9. (TLNII-438¢c13)
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(S,E)-2-(trimethylsilyl)ethyl 3-((5)-2-((R)-2-(6-((zert-
butoxycarbonylamino)methyl)pyridin-2-yl)-4,5-dihydrothiazole-4-carboxamido)-3-
methylbutanoyloxy)-7-(tritylthio)hept-4-enoate (428)
S —_—
H F:
0\ y oh i
HOJ\LN N

EE . B L BocHN
> o o070

NHBoc o) ST
™S

To a solution of Fmoc-proctected amine 411 (0.42 g. 0.50 mmol) in acetonitrile (25 mL)
was added diethylamine (2.5 mL). The mixture was stirred for 2 h, after which the
solvent was evaporated under reduced pressure. The residue was dissolved in EtOAc.
and the solvent again removed to give free amine 427.
To a solution of acid 426 (0.17 g, 0.5 mmol) in DCM (10 mL) was added PyBop (0.26 g.
1.0 mmol). followed by diisopropylethylamine (0.26 mL. 1.5 mmol). After 10 min. 426
in acetonitrile (6 mL) was added dropwise. The mixture was stirred for 2 h, after which
the solvent was removed under reduced pressure. The residue was purified by column
chromatography (4:1 to 2:1 hexanes/EtOAc) to give 428 as a colorless oil (0.16 g, 34%).
'"H NMR ( CD;0D, 300 MHz) § TMS: 0.025 (9H. s): 0.79-0.97 (9H. m); 1.46 (9H, s):
1.92-2.19 (6H. m): 2.52-2.74 (2H. m): 3.45-3.64 (1H. m); 4.06-4.18 (2H. m); 5.28-5.45
(2H, m0: 5.51-5.74 (2H, m): 7.18-7.29 (9H. m); 7.45-7.38 (6H, m); 7.44-7.47 (2H, m);
7.84-7.88 (2H, m). (TLNII-476meoh) “C NMR ( CD;0D, 75.5 MHz) 8 TMS: -2.6, 17.0.
27.6.31.1.39.3.45.2. 62.8. 62.9. 66.6. 71.5, 71.9, 79.5, 79.6, 114.5, 125.8, 126.6, 127.7,

137.5, 145.1. (TLNII-476¢13)
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diethyl pyridine-2,4-dicarboxylate (431)

O OH 0y OHt
= —_— =3
| N/ OH | N/ OEt
0

To a solution of 2.4-pyridindedicarboxylic acid monohydrate (2.0 g, 10.80 mmol) in
EtOH (100 mL) was added para-toluenesulfonic acid monohydrate (4.3 g, 22.68 mmol).
The mixture was heated at reflux for 24 h. then cooled to room temperature. The solvent
was removed under reduced pressure. and the residue was dissolved in chloroform (50
mL). The organic layer was washed with a saturated aqueous solution of sodium
bicarbonate (50 mL), and the resultant aqueous layer was extracted into chloroform (3 x
35 mL). The organic layers were washed with brine, dried over sodium sulfate and
concentrated to give 431 as a light pink oil. (2.40 g. 100%). 'H NMR ( CDCls. 300
MHz) 6 TMS: 1.28 3H. t. J=6.9); 1.31 (3H. t,J=7.2): 429 (2H. q. J = 7.2); 4.35 (2H.
q./=72):788 (1H, dd, ./ = 1.5, 4.8): 8.48 (1H, m); 8.75 (1H, d, J = 4.8). (TLNIII-7a).
BC NMR ( CDCls, 75.5 MHz) & TMS: 14.4, 62.3. 124.3. 126.1. 139.1. 149.3. 150.8.

164.3. 164.6 (TLNIII-7¢13)
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4-(ethoxycarbonyl)picolinic acid (432)

0. OEt 05 OEt
N7 OEt N/ OH
6] 0]

To a solution of diester 431 (0.85g. 3.80 mmol) in EtOH (38 mL) was added sodium
borohydride (0.12 g. 3.24 mmol). The mixture was heated to reflux for 2 h. after which
the solvent was concentrated to about 1/4 its original volume. Water (30 mL) was
added. and the remainder of the ethanol was removed under reduced pressure. The
aqueous layer was extracted into chloroform (3 x 40 mL), and the combined organic
layers were washed with brine. dried over sodium sulfate and concentrated. The residue
was purified by column chromatography (1:1 EtOAc/hexanes) to give 432 as a clear oil
(0.24 g. 35%). '"H NMR ( CDCls, 300 MHz) & TMS: 1.42 (3H. t. J = 7.2); 2.96 (1H, bs):
434 (2H,q,/=7.2); 4.82 (2H.s): 748 (1H. d. /= 4.2): 8.09 (1H. s): 8.65 m(IH. d. J =
4.5). (TLNII-11_4) PC NMR ( CDCls. 75.5 MHz) & TMS: 14.5. 62.3, 63.3. 122.7,

124.4. 148.3, 150.0, 152.1. 165.4. (TLNIII-11 4cl3).
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2-(hydroxymethyl)isonicotinamide (433)

O.__OEt O _NH;
B B
N/ OH N/ OH

To a stirred solution of alcohol 432 (0.57 g. 3.15 mmol) in EtOH (11 mL) was added
ammonium hydroxide (30% solution. 16.3 mmol). The mixture was stirred overnight,
and the solvent was removed under reduced pressure to give 433 as a light yellow oil
(0.41 g. 86%). 'H NMR ( CD;0D. 300 MHz) & TMS: 4.71 (2H. s); 4.94 (2H, s); 7.52
(1H. 5): 8.09 (1H. s); 8.55 (1H. s). (TLNIII-31). “C NMR ( CD;0D, 75.5 MHz) & TMS:

61.2,119.5, 123.9, 148.6, 149.8, 153.2, 168.3. (TLNIII-31¢13).
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Abstract A numbsr 31 epscl melecule natura’ products Mave szer shawr 12 ma b the activity of histone
ceacsly e5es (HOAGS) These erzymes catalyzs the nydrilysis o1 Weacetyl lys re residuas of Tre bitore
protens that package chromoscmal DNA znd thershy vay pyinal iole in rediat 1y gene evaressiss HOAC
innikrors IRCACH 2re poten: opicioxs a0€nts witk sigrifica; aoentiol as andicalicu; therzpaunas axd ts
csurrently thovcht that tha selective activity on inembers of sosofic zubc zsses of 92 dighieen kaawn
e HEAC 1isafoms 13 mmpornant 1o this actiady 3vd 1o moasraiion of e ey Herein we discuss
ot ingar and zyshe HOACH a3 well as sslected syathetically deriver ana ngs
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1 Introduction

Fistone deacatylase (HDAC) ENZyNEs play animportart ro'e 19 clramann reyodalny sbd mecetors m
the reguiatioh of gete sxpression  Dystunc: or of HCAC anzymies bas besr ived wih 2 ua‘w'y of
Fiarnan drszases, aclucng cancer. sick e cell anemie, rheumals o athinis arc carviee fvpertosay © 7 Witk
lhe discovery of malecyles that act as HDAL incubros (HEACH, & substastia areunt of icwght intr ns
funzuzr of these enzymes has been geined. Furltermere particularly with respect 1o cancer HOAC! a1
=xtremely promisiig orig targeis. Througn the stucy of natiraly occuring HOAGH s 4nz thar syathstically
donved anaiogs much progress aas sesr made wwards this goa

2 Overview of Histone Deacetylasc Enzymes

Ir mamaalian cells, CNA = Jkaged o chronstin & wghly candersed strusiase whica linte ascsss
1w Dﬁﬁs by tansce ptior fectzis ' e the ficst step of ta's packagiis, BNA is waotre araund @ histone
actame:, " This interachar i made favolsble by vidue of positively clrarged lysne resizies an the Fistore
proteins, whick at-act the negat vely argad DNA backognes” This slrarg eecirostals Plorachion randzrs
the DA Inactive with respect o ansziction as zelidar machinesy 'eslpumL:s tor transciaction cannot
access the DNA in this condensed ar cinsed state.’” When franscrptizr is rectied. tns nlersctor must
be lessenad tc penmit access 10 the DNA. Histane aceiyl transferase (HAT: instzlis an zcstyi gronp orto the
e-rit'ogen of lysne resicues. reuvalizing ther poshive caatge and aftentlaticy L rieraes or hetyeen (e
ONa and tne histoire © ° Cnve “wicatior 1as 3e2n oompletas. HOAC enzymes rarowe the Meacelyl group
frin '|If-.' 1I‘y:-'rne iesidas ESIONag positive chaige 1o tha bistore apd returming e ONA 1o its inactve
state :

Thee are curertly elghres nows HDAD erzymas which are d wded mic *aur classes onthe vasis of
e stieotursl nomalogy with yeast pruteuws ™™ Class | enzymes (HDACs 22 an¢ B) are 2 -
depencert as are case | HDACS 4 55,7, 8 ardd “0) and wisss 'V HOAD 113 e 1y contrast, class |t
gnzymes (SirT1-7, also krown ds Situirs! are NAD' dsperdent ana appsar to be resistant o moleculus
capable of nhihiting c'ass | and |l enzymes: ne wase Il enzymes will haisfoe nor Be emicred furthar

¥Nat. Prod. Rep..2009. DOI 10.10139/b817886
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rece “' 7 Class 1 and i isoforms differ with respect 1o both their sze and catalytic domams as wed as thesr
locaiization within the cell Class | HDACs tend 1o be smaller (46.55 kDa} than the multidomain class It
enzymes (30-131 kDa) ' Class | isolorms share sequence homoiogy in the catalytic domain located 31 the
Netermenus, whie the class 1l enzymes have a catalytic domain on the C-terrvnus with an Nelerminal
adaples domain not seen in the class | HOACs '™ The two classes share a 30 amwno acid region of
homciogy within the deacelylase core ' These differences suggest that the classes possess distingt
functicns: notably while ciass | HDACs are ubigutously expressed and confined 1o the nucleus class I
enzymes display lissue-selactive expression and shuttie Detween the nucleus and cytoplasm © *

Ammmmmdmndcmdmmmmnmmm
Mwﬂ“bimﬂ!wmwmmmnmmmw!mmm However
omarging research has shown that HDACs can act lo deacetylate many non-histone profeins including
hormone recestors. chapecone protens hanscripbon factors and cytoskeletal protens ' Whie the
spechic function of Individual isoorms remains unclear it has been noted that aberrant HDAC actwity is
asscciated with cancerous cells * "7 HOAC 1 for example appears 1o be upraguiated in both protstate
and gasinc cancers, while HDAC 3 1s overexpressed in lung cancers ' In general the class | enzymes
appear o play 4 role i sunvival and proliferation of cancer cells. wivie class |1 notably HDAC § may be
resgosible for tumongenesis 77 This kink between HDAC enzymaes and cancer has led 1o a search for
moiscules that can function as HDAC nnhibitces in the pursuil of passitie cancer therapeutics

3 Acyclic Histone Deacetylase Inhibitors

Mududm:ucwmunmmmrupccttomoslmclmmmndmdﬂmcmmamm
from the study of molecules which act as HOAC inmitstors (HOACH) in fact. the first HDACs were originally
solated by affinity chromatography using a naturally occumng HDACH trapoxn ™ HDACHs have been
shown 10 Inhibit tumor progression and are ganerally responsible for an antiprolferative effect ' Treatment
with HOAC/s results in death of translermed calls through several different mechanisms apoplosis via
#xtrinsic of ntrinsic pathways. mitolic catastrophe/cell death autophag cell death senescence and
reactive oxygen species (ROS) faciitaled cell death Whmdmmbufum
the effects of HOACIKs. uniike thew transtormed counterparts ™ Many different naturally occurring
HOACY's are known. for Ine purposes of thi review these molacules have been divided mnto two classes
scycic smal molecules and cycie or becyclic depsipeptides o peplides

The eariest known HDACIs fall into the first category acyclic small molecules Of the naturally
occurring HOACI's in this class. perhaps [he best known is Inchostatin A (TSA, Figure 1) Futhermore, the
sole FOA-approved HDAC: SAHA (marketed as Zodnza by Marck Pharmaceuticals) belongs 1o this class
SAHA 8 not a naturally occurting molecule but rather was found through extentve surveys of smad polar
molecules capabie of inhibiting HDAC enzymes

Figure 1: Selected acyclic MDAC('s

TSA was isolated v 1876 from Streplomyres bygroscopicys. and identified as an HDAC Inhibitor by
Yoshida and colieagues in 1995 ™™ Research on the natural product has diviiged many detads with
respact to the structure and function of HOAC enzymes Notably the crystal structure of HOLP (HDAC-ike
protein) was solved in 1960 by Finmin and coworkers * HOLP shares 15% sequence homology with human
HOAC! importantly. identily i seer within the active ste ' These crystaliograptse studies showed a
nactow channel <15A in depth, narrowing 1o a dlameter of <7 SA at its narrowest pout: at the bottom of this
channal qgn" caton is coordinated 1o two asparic acid rescdues one histdine residue and 3 waler
molecyule
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In aogtion to providing information about the general structure of the enzyme, the crystal structure was
also soived with bound TSA, giving rse to a model explaining the function of the anzyme (Figure 2} '
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Figure 2: Proposed mechanism of action of Z2n""-dependent HDACs

It has been proposed Ihat an acetylated lysine rasidue (shown in fed) coordinates with the zng cation in
the actve site Formabon of a tetrahedral intermediate by nuciecphiiic attack of the waler molecube follows.
after which the imlermediate callapses 1o release 3 molecule of acetic acd and the fren deacetylated lysine
retidue
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Figuee 3: HDAC pharmacophore cap region in biug knker in black Zinc-banding moety n red

The crystal structure containing a bound TSA molecule suggests that this HDACI acts as a substrate
meic Blocking access 10 the enzyme by the acetylated lysine residues on the histone tails ™’ The cap
region (Figure 3 blue) interacts with amino acid residues surrounding the rim of the channel to ne active
ste the hnxar region (Figuie 3 black) lowers 8 zinc-tending arm through the hydrophobic channel, and the
zinc-banging mosely (Figure 2 red) displaces the water molecule and coordinates 1o the caton

As s shown n Figure 3 this pharmacophore model of HDACTs three regions is a general and useful
classification in order 10 understand structure-activity relationships. . Some of Ihe earlies! research in this
area locused on dervalives of TSA namely crealing analegs wih variance in both tha zinc-binding and
linker regions Initial studies (prior ta crystallographic data) focused on varlance in inker iength in an effory
1o ceternune Ihe optimal Gistance between the cap and 2inc binding re@ons In thede studies several
vanatons were synihesized (data summarized in Tabte 1) 7™

These studies and others point to 3 5-6 mathylene unit as beng the most effective with respect to HDAC
miubtion | These data also suggest (nat bulkier cap regions may give rise 10 incraased biskegical activty
Wieh resgect 10 e rinc-tanding functionality the hydroxamate moeity i quite common In naturally
occurring HOACTs. however. this lunctional group is considered unattractive for druggable compounds due
t dfficulties asseciated with its syrihesis as well 3y possbie towcty and low stabity * For these
feasons other possibities have Been sought. in the sludies mentioned above numerous carbexyle acid
COmpounds were lasted but all showed significantly attenuated bologeal activdy * Considerable researcn
has been done on analogs of TSA and cther synthetically derved lnear molecules notably in testing

1
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vanations on the linker regian ™ The conclusions of these studles poant to & nker of approximately the
same length as the natural substrate being the most efective with hydrophobic inkers (to batter interact
with the Pydroghotuc channel of the enzyme) being the most promising While such synthetically derved
compounds are not the focus of this review the reader is referred to references & and 8 for excellent
wistussions of this subject

Tabile 1: Biologica data for TSA analogs and SAHA

LM NIFRCIOING | {CHy |

M NPRCOINK | CH - T RG] 300 NT
i4-MeMIPRCIOINK | (CHjle- OH |  »40000 L NT |

L CaMZiOl | CHl, | _ NHOK | N | %00 |

! TONCM,), | ACH . NHOM NI 65 !

| CoH-ClIOVCH.). {CHl | NHOH NT 1 % |
__ SAHA [ —— | NHOH I i W]
WNT retiesed

The afcrementioned acycic HDAC s have proven promssing as cances thesapeules The scle FDA-
approved HDAC) SAHA (marketad as Zohnza by Merck Pharmaceutcals). found through screeming of
numercus smal molecules belongs to this ciass ' Howsver one dsadvantage !o thvs class of HDAC(s s
ther lack of specificty These molacules tend 1o inhibil il isoforms in clags | and In some cases show «
mhibitory effects on both class | and ciass |l enzymes " Gwen that the function of indhnidusl isofeems
remaing poorly understood thes type of pan-HDAC nhdtion may be less desirable in the clinic Of the nine
HDACTS curently in chinica! trials. all are pan-HDAC nhibitors. and 1 18 proposed that cardiac complications
{rangmg from mild to savere) which have arnsen in testing may be due ta this lack of specificity ™

4 Macrocyclic Paptide Histone Deacetylass Inhibitors

For e reasons cited above. much of (he current research in this area has locused on the isolaton and
synthesis of HDACIs which display migher selectivity A group of molecules displaying this desicable
charactenstc are (he macrocychc HOACTS. although even thess show varying degrees of selactivity across
ciass and isoform Fuithermore. many macrocychc HDACTs possess more poten baclogecal activity than
what (s seen in (he acyohc molecules These differences between the two classes of HDACs most bikely
arise from both the greater vanety in 2inc-bindng moleties and the greater funchionsl complaxity of the cap

ragion (Figure 4)
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Figure 4: Selected macrocycic peptde HDACHs

While acyche HOACKs have smaller cap regions and therafore make contact only with faghly conmerved
repons arcund the nm of the HDAC channeis the larger cap regiony of macrocyclic MIACSs are able to

4
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mteract with areas of higher vanability whech lie fanther away ° These more extensive contacts may explain
the higher degree of specificity seen with some macrocycic HOACKs (Table 21 °

Table 2° Activdy and setectvity of acyciic and macrocyclic HDAC
| Compound _ ICynM HOACT | IC, nM HDAC4 ~ KC..nM HDACE | HDACEMHDAC1T
TSA i - T aai

L BOnM 38 nM 84 oM
TPLA _ OBarM | NT [ 524nM [ £40
TPKB | OuieM | g30nM | 350 nM i 3.300 i
Chiamwpdosn | 0180M | Ny 1100 i 7.300 ]
Cyr2 1 [RD] f NT L 40000nM ] 57000
4.1 HC Toxin

One of the frst cychc tetrapeptide HDAC: s 10 be solated was HC-fown found in Medmnthosponum
carbonum. which containg an c-epoxy ketone as fis zinc-tending functionalty [Figure &) ' The side chain
presant in HC-toxin uammmuﬂmng:ycl‘-c teirapeptide MODACI appeanng in the chlamydocing.
Cyle1 and 2 WF-3161 and trapowns A and B 7 "' This (5)-2-aminc-B-oxo- 10-epoxydecancic acd (Ace)
sde cham s essentially isosterc with an acetylated lysine resddue. suggesting that these molecules also
inhibit HODAC enymes by acting as substzate mwmics “* HC-loxin displays modest biological actvity in
comparison with TSA (IC. * 30 nM against HDACs from E tenolla vs TSA's 3.8 ni)*' However a related
matural product also containing the Aoe sxde chain Cyl-2 (Figure 4). 15 3 potent HDACH with an ICs, of 0 75
nM (HDAC 1) “* Perhaps more impressive is the seiectivity displayed by Cyl-2 3 57,000 fold preference
for HOAC | (class I} over MDAC 6 (ciass I1) was noted in studves by Yosnaas et al

4.2 Trapexin

Tragoxin (TPX) 15 arguably the besl-known member of the group of macrocycke HDAC containing the
Aoe sde chain As mentioned above isolaton of HDAC! by Schvedber and coworkers was made possible
by afinty chromatography using an anakog of trapoxin A~ Part of the reason for this success bes in the
particular manner in which trapoxin (and other (-epoxy ketone containing HDAC)) Inhibit HDAC enzymes In
cantrast to the hydroxamate Zinc-binding functionaliies discussed above «-epoxy kelones bind 1o HDACSs
rreversityy presumably theough alkylation of the HOAC enzyme ™ The epoxide appears 1o be 1 ary
for reversible binding as analogs contaming the corresponding diol or methylene groups are biologically
nactive

Scheabar and coworkers published the 1otal synthesis of trapoxin B In 1996 and the route s depicted In
Scheme 1 * Macrocycizations of this type (3 1o 4) have proven dificult in fact calculational studes have
teen undectaken in an attempt to pradict the appropriate acycse pracursors ** As this lechnaology nas yet to
be perdected, Schieiber and coworkars instead lookad 1o prior syntheses of chlamydocin. which had shown
that successful cychzation appearsd 1o dictate that macrecydzation occur batween the pipecolate C-
terminys and the N-termenus of the Ace residue * '™
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Scheme 1. Schiebers synthasia of Trapown B
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Acid 2 was accessad i six steps form mono-protected (+)-2 3-O-sopropyldens-L-thredol and coupled
fo free amine 1 Following remowal of the N-Cbz protecting group and sapondication of the methyl ester
cylzaton was effected by stitnng for three days in DMF with BOP and DMAP Following deprotection of the
primary aicohol ang the acetonide the requiste epoxide was instalied by treatment with DBU in methano!
Owgation under mild conditions furmished tragoxin B in fiteen linear steps

Table 3 Biologecal data for TPX A B and analogs

‘_S'rg:rn‘ | Configuration Sequence | BIS/BLE HDACs. i€y
WL 4 ! = S | ;
[ uio L-AsuMMOM).L -Prg-L -Pra-0-Pro* | _603nM
L Crarzr  © LOLD | L-Asu(NHOM)-D-Pne-L-Phe-D-Pro _ dadoM |
__CHAPE T TIDLL | L-ASUINHON)-D Phe L-Phe-L-Pro LB L —
CHAP 3% LLOL | L-AsulNHON)-L-Phe.D.Phe-L-Pro CZGeM
TP Anpe | - ]
_CwAPST T IBLD | L-ASUNHONIOFhe LPheO-Pre | 39ToM |
_CHAPss T UL T L ASKNHOH) L Phe-L-Phe D-Pro 478 oM
CHAPZS LOLL L-ASUINHOM)-0-Phe-L-Phe-L-Pro 418 nM ]

"CHAP = cychc hydroxamc-aci0-contamng pephde. “Asy » a-armincsubenc acad

Numercus analogs of trapaxins A and B have been explored with variations in the stereochamstry of
the ammo acd residues and the zinc-binding region ** In compounds containing the hydroxamate prevatent
in knear paptides. the biological actvity was reduced by ~17 fold against HOAC ! (Table 3) *

Interestingly. of the four stereochemical combinations tned (LOLD LLLD LDLL LLDL for the side chain
2 Phe resicues and Pro. respectively). hree showed no significant diMerence in HDAC inhibtion, with only
tna LLDL semer showing a large (2 orders of magnitude) decrease. standing sormewhat in constrast to the
proposal that unnatural armno ackds are necessary in the cap region for ighter nteraction with aming acid
residues in the enzyme ' ** This finding aisa fughlights the differences between cyclc and inear HOAC! as
the enantiomer of TSA has been shiown 1o be biologicatty inactive '

-
-

4.3 Apicidin

A mmidar HDACH aprcidin: was isolated in 1996, and wiss shown to have pramising inhibstory activity ™ '
Thes & particutarly noteworthy due f the side chain present in the apiciding Given Ihat studves of Jes-epoxy
Trapoxin Rad shown 4 10 ba Inaclive. the Acda (Si-2-aming-8-axodecancic asd) side chain present i the
apscidins would be predicted 1o have insignificant biclogical activity * However this natural product dispisys
nanomotar potency (1C.. 1:2 nM) agmnst apicomplexan HDACs

The structure of apicxtin was determined by detaled 'H and "'C NMR studies (COSY TOCSY and
HMGC) with the stersochematry of the aminc acds determned by degradation followed by dervatzation
and freatment with an amino-oxidase /™

Folowing the sofation, two total syntheses were completed in 2001 and an interesting study using a
metathess reachcn for macrogycizabon was published » 2007 although 1his did nol fumish the natural
product MY Of padicutar note is Singh and coworkers' approach 1o this moleculs. shown below in

Scheme 2
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Scheme 2: Singn's synthesis of apcidn A
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The major chalenge in this synthesis was the formation of the Aoda side chain Anemgpts 1o follow
Iterature procedures for ameno acid homologation gave solely the dehydroaming acias A radical reacton
uphzing oage 9 and ethyl vinyl ketone in the presence of trin-Dityltin hydride gave the approprately
pretected amine acid (10) in 46% yield

Hawing synthesized the Aoda side chain a senes of peptide coupiings were camed out using
DCC/HOBL to give the acycic precursar [11) Numercus peptide coupling reagents ware usad in attempts 1o
access the macrocycle. wiimately cyckzaton was effectec using condtions developed by Schoudt
actvatng the acid as & pentafiourcphenyl ester ™ ' A number of apicidin analogs were synthesized 1o
test gferent Zinc-Dinging motfs Two such analogs showed actwity wivch was InCreased with respect 1o the
natural product (Tabie &) ©

Table 4: Boological actvity of apecidin A and anaiugs

~ - R I R | ICy. Hela cell HDACS
= [ GhicngH, | OMe 1M 1
-~ CIOICH.CH, H 1M
Aot CH.SAc Oie oM
~% Y CH.COMe 1 OMe | 0 40 nM ]
5= ' CHLCIONNON | OMa | 024 nM ]

4.4 Microsporins
Microspornn A contiing the sarme Aoda side chan as the apiciding Microsponn A and the closely related

Microsponin B are cyclic tetrapeptides isolated from a manne furgus Micrasporum ¢f gypseun " Detaded
NMR studies i conUNClion with degraaaticn and dervitization with Marfey's reagent lad 1o the strycture
shown in Figure 4 contning L-Ala D-Pip and L-Phe ™ In biological testing, Microspotin A displayed
actraty and selectvity greater than SAHA rhblﬁngclauIHDACs(‘lC-; 140 nM vs 300 nM for SAHA) four
fold gwer MDACS a class |l enzyme (550 nM vs TBO nM for SAHA) "' These cbservations led Severman et
& 10 pursue a sohd-phase synthess of thus natural product (Scheme 3)

Following the synthess of the Aoda side chain used by Singh a series of peplide Coupings usng resin-
pouna D-Pip gave 1he acyclic tefrapeptida whch was removed from the resin and cychzed completing one
of the few sohd-phase syriheses of this class of HDACHs ™"
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Schema 3 Siverman's synthesis of Merosponn A

4.5 Arumamides

Another group of naturally ocourring HDACHS with unusual structures are the azumamides which are
cyche tetrapeptides isoiated from the marine sponge Mycale zuenus athough soma have proposed that
the actual source may be a sponge-associated fungus "' The azumanmsdes display & retro.enantic
arrangement with respect o chlamydoon fragoxin. and agecidn. beng composed exclusively of C-aming
acds (D-Phe/D-Tyr D-Ala. and D-Val) ¥’ The side chain of the azumamides, (7 25 3R).Lamino.2.mefhyl-5-
ronenedio acid (Amnda) or (223 3R)-3-amino-2-methyl-S-nonenediox gcid B-amide (Amnaa) possesses
the coposite absohte configuration as Ihose seen in the alorementoned compaunds ** '

Furthermote. the azumanmides daplay a hign degreee of potency as MDACIS when tested aganst
HDACs from human leukemia cells. with 1C,, values tanging from 45 nM (azymamide A) 1o 13 M
(azumanvae ] Trs potency s noladle for the fact that the azumamides presen: ralatvely weak znc
chetation motifs azumamides A B and D have carboramades in his region while C and F cairy carbosyhic

acds
-




Synihelic studies of the azumamides have provided some nsight into this activity Roules to the key
nonenediodic acxd are shown in Schemes 4 and 5" De Riccards obtained asymmetric induction through
the use of the Brown cratylberation methodology * Ganesan Instead empioyes Ellman's aumilary in a
Mannich type reaction as shown below in Scheme 5 In boln cases similar acychc Drecursors we'e
synthesized with cyclization occunng between the N-termunus of the Ammna swe chan and the C-Phe
tetminus n De Riccards’ case and between the N-Phe terminus and C-Alg terminus in Ganesan's wark “ ™7
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Scheme 4. De Riccardis' synthesis of Amnaa

De Riccards reported conformational analyses based on NMR ROESY correlations and cakculabonal
docking studies ™ The solution NMR studies showed no defined secondary structure. and were used as a
starting pont for thew docking calculations These calculations show that the macreigctom sits wehin a
shaliow groove in the enzyme wherein ¢ eslabishes Van des Waals interachons and hydrogen bonds with
conserved aming acid residues The phenyalanine side chan kes within a hydrophobic pocket, also a
righly conserved region Further calculabons suggestied that the enantiomer of azumamide E ((«)-
azumamide E} would be capatile of maintaning these interactions indeed, synthes's of (--azumanvde E
showed « 1o be bivlogically active. though with a significant loss in potency with resgect to (+azumamide £
(natural) Another duastereomer (27 35)-azumamide FE. showed a complete loss of biological actvity
presumably due 1o a loss of conformationat rigidity
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Schame § Ganesan's synthesis of Amnaa and compsetion of azumamida A

Ganesan also exanwned possibie improvernents 1o the azumamides’ biclogecal activty  choosng to
focus on the rinc-binding arm rather than the cap region Conversion of the carboxamide side chain of
arumamete A 10 & ydioxamate fesulted in an anaiog with migndcantty improved whibitory potency n

"

336



COMUCTON with the installation of this much stronger zinc-tunding residue ** Data for these compounds. as
compaes 1o TSA are summarzed below (Table §)

Tabie §5: Biological data for the arumanvdes and analogs

Cempound Zn" binding arm  Hola MDAC K582 HDAC HODACY | HOAC4 ~ HDACS
r CouM | ICwuM  ICuuM | ICuuM  ICuuM
Az A CONM_ EE] Does | >80 =£0 >50
Azumance 8 CONM. NTT KX T35 158 5
Azumamade C COH NT 0t | - X TR »£0 |
Azumamae D | CONM. i NT 13 50 | >80 »50 |
| = -AZuUmamale £ | COH 6433 008« T 122 T 738 | 50
U FAzumanide E T [ 26 NT [ NT_ | NT | N7
Azumamide CONROH | 0007 NT | NT [ NT B
Mydrosamate | | |
TSA T CONWOM [ NT NY | 0037 ' o083 | 0083
NT HthM
46 FR2IS222

Ancther naturally sccurning HOAC) in this class is FR235222 a fungal metabolde isclated in 2003 from
the fermantation beoth of Acromamum sp ™ A potent (IC.: 80 nM aganst Hela HOACs) inhibitar of HOAC
this cormpound displays 3 vanaton on the «-kelo epoxides seen n the rapoxng Here a (235 9F}-2-amine-
G-nydroey-G-ovedecanoe acd (Anoda) side chain is present (Figure 4) whaerein the epoxide present in
rammAunplmdbyahngmup Thes 15 notabde in part as the di-hydroxy anaiog of trapoxin A s
biologically inactive Asmmmqmmmmrs an unnatural amno acd s included in the
macrocycle (D-4-MePro) ' The frst published synthesis of FR235222 was completed by Tadde and
Gomez-Paioma in 2005, and s shown in Scheme § ™ i

Aldehyde 30 was prepared through & known procedure and convened o acd 32 » four steps
Following the constructon of D-d-MePro (36). this substance was aftached 1o 3 polystyrene/2-chlorotnty!
resn Once synihesis of the acyche precursor was completed. the letrapeplide was removed from the resin
m:ydtndms!}_‘m Anaiogs of the natural product wese synthesized by this group and others as
shown in Table 6
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Scheme 6: Symhesis of FR215222

Mmm«'tmmmmmmwmmmmmﬂmm
wdentdy furttier targets for syathesis ' Simider interactions 16 those menboned above in De Riccardis’ studwes
of the azumamdes were nolied between the macrocycic cap and the HOAC enzyme The proline ring was
accomaodated by a small hydrophobic cavity containing Tyr 9t Glu %2 and Gy 140 and ihe Ahads side
chain made similai contacts with the pocket lwading 1o the active site as those found by De Riccardis ' The
steveocherrwstry at Co0 was shown (o be an important contributor 1o bending of the 2ing Cabon wih the
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natural (F) conrfiguration appearing te be more favorable. this is further supported by the inhibitory data
shown Delow (Table 8) ** The analcg contaming an indole nng. shown by HDAC inhition assays 1o be
maore patent than the natural product (Table §) was shown to mteract parbiculacdy well with the enzyme in
dociing studies Hydrophobic packets at the nm of the channel leading o the active sites made favorabie
contacts with the ring suggestng that hydrophobic. bulky groups at this position are preferatie
Calculational trends corresponding ciosely 10 expenmental data suggest that this method of gentifying
farget compounds is a valuable tool for predicting biological actwity

Table & inhibitory data for FR235222 and analogs
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5 Sulfur-Contalning Histone Deacetylase Inhibitors

Recently. naturally eccurring HDACTs with a nove! 2inc-bunding mobil have been isclated This group
which bears an unusual (35 4€k3-nydroxy.7-mercapto-4-heplancec acid swde chain Includes FK228 the
sprruchostating. FRS0127S and largazole The reduced form of spruchostatin A has been shown 10 act as a
potent and selective HDACH (iCs 062 nM against HDAC! 380 nM against HDACE] ©* While the total
synthesis of FRO0137S (an wolate from Peoudomonas chioraaphns No  2522) has been completed no
inhibitery data has yet been raported for this molecule

Thase compounds all contain the fi-hydroxy marcaptoheptencic acid residus connected 1o a cysteine
résidue as the unsymmelrical disuifice There are however, sighificant diferences within the cap regions in
FX228 fve sp’ hybridized carbon sloms are present within the macrocycle while the spiruchostating and
FR#01ITS contan only four While FK228 features sixteen.membered and seventeon-memtered nngs
about the cap group ring and disulfide nng respectively the spiruchostatins contain a smaller fifteen-
membered ring in the cap group and & sixtean-membered nng about the depsipeplide linkage FREDTITS
has a sixteen-membered ning depsipeptide nng analogous 10 that of FIK228 but the cysteine is shifted
relative 1o the (Lhydroxy Bcid contracting the cuter ring 1o fourteen atoms about the depsiceptide linkage
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Figure 6 Sultur<ontaning HOAC: &
%1 Spiruchostating
The spiruchostatns were olated from a culture brodh of & Psewionmanas sp m 2001™ Thece have
bewn to Cate two ol syniheses of spiuchostabn A and one of spruchostatn B (Ihe sole difference
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tetween ihe two being the presence of ether a C-4' valine or isoleucing) ™ ™ Ganesan's total syntnesis of
Spifuchostatin A is particularty of note and is shown below o Scheame 7 *
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Scheme 7: Ganesan's synthesis of spiruchostatin A

The p-hydroxy acid sterecchemstry was miroduced using the Nagao auviary in conjuction with
Viarrasa's TICL conditions ©'" Acid denvative 41 was then coupled to an approprately protected pegtide
{42) which was accessed in fve steps from commercially avaliable matenals Following deprotecton,
Yamagucne macrolacionization proceeded in good yield '™ Finally, depretection of the thisls and
concomitant formation of the disulfde bond leliowed by TIPS deprotection gave spiruchostatin A A small
amount of spi-spiruchostatin A with the R-stereochemistry at the [hydroxy acd fragment was also
synihesized ang shown to be biologically inactive 8t 10 uM suggesting thal sterecchemistry at this position
's impertart for inleractions with surface amino acid residues on the HDAC enzyme '

o
-

52 FR201378

FRIO1ITS is a metaboite of Prevdomonas chiomaphis (No 2522) and was reported by Fupsawa
Pharmaceutical Company in 1991 " Synthess of FRS01I7S has been completed by Janda and co-
workers. ' Original attempts to access the requisite (“hydroxy acd lollawing Simon's profocol {see below.
Scheme §) were repoted to reault in poor yields and low duastérsoselectivity Thecslore a different
approach was taken, utilhizing Evans’ auxtiary *' This technique parmitted access 1o the [Lhydioxy acid (48)
" greater than 85 § diastereomenc ratio and 9% yield Coupling to the tetrapeptde (46) and a Mitsunobu
reaction furmished the cychzed product (81) and formation of the disuifide bond followed by alcohol

deprotection gave FRGOITS
e |Ut
s | g 5
- A B9 _ [ .fIhI YTy =
- we rrec” ve  wwve
- -
J N . . - 5 L
| - i T g ' I v g SR L A "
“ —r S—— N - = LA -
i " i i %4 i), i - ¥ L
- ~ . _" 1] - -
‘ T
- - - - - -
-~ L1
-
[ . - y - L 0. ™
. T w l \ |" L g -“"':_ 4 YT w
. f", h] "T - Tew - i Wy b L
b L I : w - b e n
T e e Ao w4 v, AN
- LN e
- .— o
Ll -

Scheme B Janda's sythass of FREO1ATS
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3

5 3 FK228 (Romidepsin)

The first of the sulfur-containing HDACYs to be discovered was FK228 (alsc referred 1o in the erature
as FRS01228 or depsipeptice, and registered as both NSC 630176 and Romidepsm) *“ FK228 is cutrently
" muman chinical tnals for peripneral and cutaneous T-cell lymphoma. and as such has been extensively
studied ™ Unfike other HDACPs, stucties have been conducted to identfy the specfic protein targets of
FK228 showing that at least 27 protens involved n a wide variety of cellulor processes are affected by this
nnsbitee ™" Much of the current understanding of this class of HDACI has come from research on FK228

The natural product was first isolated from he fermentaton trath of Chromaobactenum volscoum No
968 in conunction with @ screening program for agents that reverse the malignant phenctyps of an Ha-ras
orcogene transformed NIH 3T cell ine ™™ Structurally, FK228 s 3 bicyclic depsipeptide that features a
18-membered ring about the macrolacione and peptide backbone and a 17-membered fing about the ester
and disulfide linkages HETT Beokmin sel defnes i addition 1o the [-hycroxy mercaptoheplencic acid the
smaller ong containg the denydrothreonine denvative 2 J-denydro-Z-aminobutanoc acd (Onb) The
structure was determined by spectroscopic and X-ray anaysis and confirmed by mutiple total syntheses
The first synthesis reported by Simon mace use of a ttanum-mediated aldol reaction in conjunction with a
ligand derwed from (5)(-)-binaphthyl amino alcohol (54) using conditions developed by Carrerra to access
the chiral f-hydroxy acid i 991 er "' This acid was synthesized as the enantiomar of the natural
sterearsomer such that macrocyclization could be effacted under Mitsuncbu condtions mandating inversion
of stereochemistry Following a nine-slep sequence 10 access the acyclic precursor of FK228 (59) the
Misunobu reaction gave the cyckzed product (60) in a reported 62% yiald with only trityl deprotection and
dizuffide bond formation remaning to grve FK228 iScheme 91 °
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Scheme 9: Simon's synthesis of FK228

Following publication of Simon's route to FK228 Wilkams and coworkers published an improved
synthesis that was based on the synthetic stralegy deployed by Simoen ™ As mentioned above FK228 was
" chinical tnals. howeves severe Cardidc evants wete noted resulting n a suspension of he trials (since
then clirical trials have begun anew) ™ *' Al the time. access to synthetic FK228 was needed such thal a
batter understanding of the biochemistry of the natural product could be achieved prios to reintroduction 10
the cliric as the natural praduct was net widely availatie. Thas demand necesstated a new. more scalable
syninesis of FK228 Willams' toute 18 shown in Schama 10 ™

The synthesis of [Lhydroxy ackd 58 proved Both reproducible and scalabie permitting access 1o this
challenging portion of the molecule on & multigram scale™ Further changes were made in the lermatian of
tetrapeptide 88 The orgnally published condibons required N-Fmoc.D-cysteine(ST:1) which proved difficult
1o synihesize in good yield from D-cystene however the synthesis of A-Alloc-Dcysteine(STr) could be

172
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Scheme 10 Willams improved synthesis of FK228

a«nmm.mmmanhwaomw-wmummmmmuum
dwmﬂhmmnmdmhmamymmm“' Toomw
CAICIOUS reacton, an alternalive macrolactamizabon route has recentiy been reported by Ganesan in both
solution-phase and solid-phase formats, with regortadly more robust reproducibility (despite the modes!
yiid) than the Masunobu-based macrolactaonization sirategy (Scheme 11) * ©
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Schame 11; Ganesan's macrolactamization stratagy to FKI28
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Analogs of FK228 (Figure §) have teen prepared, with perhaps the most notable with respect 1o insight
Mo structure-activity refationships being the reduced form of FK228 (redFK) and an FK228 amide
sostere RedFK was prepared by reducing the natural product with dithicthretol in ceder 10 1851 the
«wea that FKIZE may acl as a produrg, with the disuifide bond allowing the molesule to be maore readily
mcorporated through the cell wall ** In wivo reduction by gtutathtou within the cel would then reveal a free

thici, which strongly coordinates (o the active-site Zn'" ™ '™ Biochemicai testing indeed suppors this
hypothesis where 3 75-fold increase in inhibdory activly against HDAC for redFK228 versus FK223 was
observes (Table 7)
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Figure 6: Analogs of FK228

Some preliminary biochemical profikng of these analogs has been eported and comparative dma o
codected in Table 7 FK228 s a nt intutstor of the Class | HDACs 1. 2 and 2 bt is inactve against the
Class (1B HDACS (see befow] = The hwochermcal actvity of the simpified analogs 76 and 77 dsplay a
similar pattern of class selectivity with potency being maintaned against HOACT The surprising drop in
potency for the FK228 analogs 78 and 79 reveals thal alteration of the conformation of the cap group which
s presumacly a manifestabion of the D-valine for dehydrottrecnine residue substitution w critical for high-
alfinty binding o the protein These [ssues wil be discussed in more detall below in the context of
comparng the FK228 and largarcie amide isosteres 0 their corresponding depsipeptide natural product

conganers
Tabie 7: Bological data for FK228 and selacieg analogs

| Compound | MHeLaHDACsnM | MHDACInM | MDACE nM

{ FR228 T’ % 14 000

L resFK (78 | 15 o w7 i LA

L 78 t LT A X S L
rr 72 18 8y

S — S JUS— S |/, S—— -

[ e 1 48 =100 10030 |

NT not wsned

Synthesis of an FKI28 peptide isostece (T4) by Wililams and coworkers has provided insight into the
imgartance of the depsipepbide linkage as the more rigid anude sostere of FK228 cemonstrates a 50-fold
ios3 i potentcy againgt HDACT ™™ The [Laminc acid (88) was synthesizad in seven staps from a
commercially available protected aspartic acd dervative (80) Acychic precursor BT was accessed followng
Sumon's strategy with the inlent to accompash the macrolactamzanon poor to disulfide lormabion Mowever
wnkke the syntheses of FK228 discussed above ad attempls at macrocycle formation failed For this
pamicular substrate 4 was found that formabon of the disullde bond (88) phor to macrocyciization was
necessary. gving the amide isostere of FK228in 13 sleps
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Sclnmo 12: Wiliams' synthesis of the FK228 anvde 1sosters (74)

The Biosymhesis of FK228. Unike other HDAC s in this class, the bosynthesis of FK228 has recently been
mpiored Chang and co-workers have entified and partially characterzed a gene cluster responsible for
he piosynthesis of FK228 The gene cluster 1s predicled 19 encompass a fourteen-gene region of DNA,
ncluding sx genes constifuting a hybad non-ribosomal wnm-poﬂtm synthase (NRPS-PKS)
assembiy ne Their proposed biosynthetic model is shown in Scheme 13

Depa B Doy Cwo Oy
e iy S e ko " i s
D] e '
- R (e an ey e oy fowrfem o) v ]afecrt n ] €] 0 Jreefa €0 0 Jew] 4 feer]m
I =y ! + 1 I 1 ! N
- - - -- - = - .- - - - -
" 3 - — =X .
= i s § - - - - -
r i " _.
| - { = W=
o i1
- — -
ek - - -
. -

Scheme 13 Proposed bissyrthesls of FK228
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Actwvation of cystene by the A domain in module 1 eMfects the formation of a cystéiny-S-PCP
Mermedsale Folowing the formation of 4-mercaptobutanoyl-S-PCP. PKS modules 2 and 3 extend tha
growing chain using C; units from malonyl CoA Mogules 4 5 and § add actvated D-Val, D-Cys and Dhd.
Module 7 incorporates the final residue as the A domamn in module 4 amincacyiates the PCP doman
Finally the terminal thicesterase domain on DepE catalyzes the macrolactonization and an FAD-degendent
pyrchine nucleotide disulfide cxidoreductase and DepH ciosas the disulfide Iinkage To date. Chang's work
represents the only published work on the biosynthesis of the bicyciic dsuifige-containing HDAC inhibrtors

54 Largazole

One of the most recent HDACI s 1o be isolated is the manne natsal product largazole wheh was
modbvgymhnndmm«shomlhcﬁommmmqmmm Sympfoca sp and regorted in
early 2008 - Largazole aiso cemonstrates some structural similarity to FK228 in that largazoie contains the
same Lhydrowy.7-mercaplohept-4-encic acid mosety commaon to FK228 FRE01375 and spiruchossatin ™
However n the case of largazole the thiol s capped as an octanoyl thiol ester instead of a dsulfide
inkage and s Ihérefore a pro-drug that must be activated by enzymatc removal of the octanoy! residue
(Fugure 71 The macrocycle itsell s somewhat more rigid than that of FK228 by virtue of a thiazclinesthiazole
mowety  This rgidey leads 10 a ‘owest energy solution conformation which matches the lowest energy
bound conformation. as shown by caiculatons performed by Wiest and Williams (swe below for 8 more
complate @scussicn)  This may atcount for the increase in bicicgical actvity of largazoie wih respect to
FH228 (007 nM vs 16 nM) Furthermore the reduced form of largazole (largazole thiol) displays a
prondunced (neatly 360-toid) preterence for HDACT over HDACE ™
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Figure T: Enzymalic acbvation of pro-drug largazcle

In iight of bath its unprecedented biological activity and promising selectvity, lorgazole has attracted a
great deal of synthetic altention. with seven lotal syntheses being published in less than one year following
the disclosure of the structure by Luesch and coworkers in early 2008 ' ™' A distinctive feature that
was concidentally depioyed by several groups in thew total syntheses of largazole involved & cross-
metathess reaction onto @ pendant vyl residue for installabon of the thickcontaining Zinc-binding arm
(Schama '4)
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Schems 14: Stralegas employed lawards largazole

The magt challenges In these syniheses an in those discussed with regird to other membiers of the
class are the formation of the \-hydrosy acdd und and the final macracylciration step Diferant agproaches
have been deployed for the fermation of the ji-tydroxy aod Wikams Ye and Doi employed asymmetric

R

344




Crimemins-type acetate aldol reactions analogous 1o that used by Ganesan and coll in their

of spruchostatin A, but with a more complete version of the side chain in place ™ ™ Luesch also wilized
s method to access the (-hydroxy acd while Philips. Ghosh and Cramer empioyed an enzymatic
resalution of achiral substrate 103 (Schemae 15) =% '™
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Scheme 16: Approaches 1o the [i-hydeony ackd mowety

The opposite stereochemistry in the auxilanes used by Luesch and Ye is explained by ewsting modeis
which sugpsl that the stereochemical outcome of these reactions are dependent upon the amount of base
present 7

Foliowng synthesss of the [i-hydroxy acd each group s route proceeded in @ simdar mannes using a
mogular synthesis (o combine the aforementioned (-hydroxy acid L-valine and a thiazoline-thiazole
maesty T The fiest published synthasis of largazole was accomplished by Luesch and co.warkers
This partcular synthesis is notadle in pant due o the sde of ring closwre. of the seven published synineses
of the natural product. only Luesch and Ye chose 1o effect macrocycization tetween the valine amno group
and the thazoline carboxyl ressdue, while the remaning efforts use the less stencally hindered bond
cetween he [Lhydroxy acid and thiazole fragments
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Scheme 18: Synthesis of largazola by Luesch and co-workers

The requisite nitrile (108} was accessed by Cramer in 3 four-step procedurs o 40% overall yield in 3
sequance that has proven to be guite scaleable ™' The w-methylcystene pece (104) is accessibie
through @ known four step procedure and the condensation of the two preceeds n good yiakd "™ ™
Luescn and collmagues used this metathesis strategy !0 create toth chaw-shortansd and lengthened
analogs of the natural preduct " The aftenuated biological actnety of these analags suggest that the chan
langth saen i the natursl product i in fact the optimal length (Table 8) Fumhermass two vikiations In the
00 groun wete explored - A vahne 1o Manine substtuton and an epimer (177 of largazole
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Wiiliams and coworkers chase 1o install a more fully efatorated version of the fi-hydroxy acd (117) at an
earty stage which obwiated the realvely modestyeldng metathess utlized by othér |aboratories
Ther synthesis of largazole thiol and largazole 15 shown in Scheme 17 This synthesis requeed sight
inear steps and proceeded n 38% overal yieid. This synthetic platform has been substantially harnessed
by this laberatory to prepare numerous anaiogs of largazole to be discussed below

Tabie 8: Bioclogical and bochermcal activity of selected largazcie anaiogs
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Scheme 17 Synthesis of largazole by Wilams and Bowers
Prdigs and Cramer comverged on the same metathess subsirate (90) as that used by Luesch and
fashoned thae acyche precusor (121) by neady dentical routes as liustratad n Schemae 18 Cramar found

thist the mitro-substitided metathesis cataiyst (shown) gave a betler yield of T5% with a 6 1 frans < rato for
nstaliation of the iMaCt sde chain
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Schome 18 Synthesis of largazole by Philips and Cramer

The largazole synthesis by Ghosh and Kulkasni (Scheme 19) assembles the intact 2me-binding arm via
cross-metathesis between 110 and 10 to give 122 Esterification to N-Boc-L-valine prowided 123 that was
condensed with 116 to give acychc precursor 124, This was converled o largazole wa TFA-mediated
cleavage of bath the N-t-Boc group and L-butyl ester folowed by macrolaclamization to provide largazole
Largazole thiol the active HDACI form of the natural product was not accessad by this route as the
acylated ol was meorporatod (n the first stage of their approach
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Scheme 19 Synthesis of largazole by Ghosh

The largazole synthesis reported by Do and cooworkers (Scheme 20) effected macrolactamzation at
he same dsconnection deployed by Luesch The man difference between this synihasis and that of
Luesch was the carly.stage incorporatian of the S-trtyl.protected side chain in the acychc precurser 127
These workers Intercepted the same S-ntylprotected macrocycle (91) as that reported by Wilams et al
thus. this synthesis also provides direct access to the largazole thiol
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Scheme 20- Synthesis of largazoie by Doi

The synthesis of largazole reporied by Ye and co-wotkers s snown in Scheme 21 and s very similar in
sirategy 1o that deployed by Williams This group made use of the unusual unsymmetncal -buty! dsulfide
species (131} to mask the side chain thiol group which was converted into the largazole thiol by phosphine
reducton Final acylation then gava largazole

The striking similarity between the conceptual approaches [o the largazole macrocycie which was
independently afrived at by the seven laboratories discussed above reveéals an underlyng simplicty in the
modular structural constitution of this natursl product Unlike FX228 which is a substantially more difficult
macrocycie 1o assemble. the largazcie framework appears deally suited ‘or addtional synthetic modification
for the identfication of new anakogs with imeroved activiry
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Scheme 21 Syrthesis of largazole by Ye

Several of the above syniheses converge upon similar or wentcal late-stage intermediates which are
forther manipulated by nstallation of the side chain by ether metathesis or acylation following rmg closure
We can thus summaiize the above syntheses of largazole Inte two distinct strategic families (1)
convergence upon the identical macrocyclic melathess substrate (90) that was depioyed by the Luesch.
Philips and Crames laboratories (Scheme 22) and (2) construction of acyclic precursors with suffur-
contamng sikie chain derwatives in place pror 1o macrocycle formation (Scheme 23}
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Scheme 22: Macrocychic metathes:s substeate (o largazole
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Scheme 23: Acyclic precursors with sulfur-containing side chain derivatives
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Scheme 24: Linkes region and zinc-pinding regon analogs prepared ty Wilkams

Wikams at al independently construcied the same metathesis substeita (90) used by Phillips Cramer
and Luesch [o creats & series of lrgazole anslogs win varlations of the 2inc-binding arm Most of these
analogs umnﬂhmnwmmawmwon have proven 10 be conyderably less
potert HOACIs than largazole tseil ' Tabie G summarizes the teoingical data for ihese compounds
intasestngly, as seen with the unnaturel enantiomer of azumamide € he enantiomss of largazole first
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reported &y Willams, as well as epimers of the [i-hydroxy acid and valine portions. still Ssplay biological
actity 3though. @s with (-)-azumamece E this activity s significantly less than that dispiayed by the natural
product (Table 9) Syntheses for a salection of these analogs are shown n Schemes 24-27

Wiliams and co-workars have prepared the des-methyl analog 143 hased on the recogndion that ve
rethyl cyslemng 1S an expensiveé amino acd to obtan and s not avalable on mdustna scale An
unexpected yel inféresting bes-thiazole autoxidaton side-product (142) was cttained gunng the coupling of
140 and 118 (Scheme 25)

-
o '
. M L N s
* - ¢ ~ ro
e By el i - [ L ¥ i
p LA e e AL e - A T 4 .
a7 g .7 T b
- et - :
Y - b 4 B, GeA Lo - Sy o
™ j-‘ o L o T
i -, b -, M0 e rag
", . e
TR
) AT D
o 1 T
o Al P I
" ¥
= o B,
"y -
by L T, .- r
e -
- L) -
y v T Y ‘, =
w0 ™ )
[T T L Ll
R L o - PR T B

Scheme 25: Desmathyl and thiazoline to thiazole substtution (Willlams)

The highly strainad macrocycie 144 could not be obtained by anempled macrolactamaton via 142 but
was obtaired by omdation of the macrocycle 143a by exposure to BrCCl, in the presence of DBU Thiol
1430 retained potent class | HDAC inhilnory activity revealing that the thiazoline methyl group (s not a
critcal functionality and renders the cysteine-tased congenars a polentially simpler and less expansve
senes of analogs for furthes devalopment

The Wiliams laboratory also reported the synthesis of a largazcle analog constituted with & more deep-
saated structural change by raplacing the thiazole with a pyridine nucleus as shown n Scheme 76 As sean
i Table 3 ol 149D is the most potent HDAC! reportad in the Maerature to date
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Schemae 26: Thazoke o pyrving pebsbsson (Witinrmm )

Williams also reported he synthesis of the arazoling-axazole analog of largazole thiol (187 Scheme
27) whermn raplacerment of the two heterocychc ring sulful atoms with oxygen stoms was accomplished
This species tested as the dwuifide homodimar (167¢) aiso exhibited very potent biochermcal actvily as

wown n Table 9

>
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Scheme 27: Cuazodne-oxazoly sulsMsan [Wilhams |

Tabie 9: Bicchamscal scituity o selectod largazose analogs (Witkams )

| Compound _HOACY [Cy 'M | HDACZ ICyy oM | HDACY ICyy nM | HOACH Kgg nM
[ irlargazom ol 'mi 1 Jba:' i 1 a5 '
I-+Largazole gl ] ] N 11590 ] 2203 ]
D-Valne 7] a2 B 1 &30 !
benzamide 134b 270 043 4t i >30006___ |
T benzamide 1380 D00 39608 14000 S0 |
I Tucamde 1368 | 870 I 1600 ] 850 700 !
micarvde 137D 1000 ' 1600 | 1500 240
|_Cystaira subsuiton 143 16 1 48 o 18 ! 130 ]
mazole- 144p 77 ] 120 | [ 1 » 30000 |
thazoire-pyrdne 1 432 t 484 { 11 T 25 i
| oxazone-cxazole 1 068 } 17 i 15 ] 45 1
SAHA 10 i 26 [ 17 I 13

in paraliel with studies on structural changes that ware explored on FK228 Wilkams. and Bradner ef af
recently reporied the praparation and biochermscal svaluation of the amide sosters of lrgazole (163
Scheme 28) Biochemical HDAC! data for this compaund in comparison 1o largazole and both FK228 and its
amwle isostere are sumimanzed in Table 10
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Scheme 28 Synthesa of the Largazole amide wostede (163
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Table 10: Comparative biochemecal actwity of FR228 largazole smd amide (s0stares

Compound | HDACT1C,, nM__ HDAC2IC,, nM__ HDAC3I IC,, nM | HOACES IC,, nM
| Fr228" 02 B 1 3 | 200 '
| FX228 amie mostore” 74 10 . &0 70 >A000
| srgazole Buol 01 08 ! i 10
| lafairole isogare hiol 162 ne 1 4 | 4 i 1500 ]
largarcle sostere 183 3000 | 3000 >3000 >3000 '

SAHA 0 40 0 0

|
“#ssay performed in e presence of TCEP

The data n Table 10 reveals that the FK228 amide isostere (T4} 15 ~50-80 tmes less potent than
FK228 In the case of the largazole amide isostere ol (162), thes substance s ~4~8 hmes (ess potent than
largazoie thiol against the class | HDACs 1 2 and 3 The essentially surgical. single-atom replacement of an
oxygen atam with a nitrogen alom In these two amide isosteres was nol expected 2 pron, o resul in 3
signdicant loss of biochemical potency The marked differences in biochemscal activity for the natural
cepspeptides and ther amide counterpans has been avaluated and ravonaiized computationally by West
and is duscussad below

HDAC assay conditions. The measuremant of higtone deacetylase enzymatic actwity » these studies has
teen denved from a coupled fluorogenic homogeneous assay developed by Bradner et al '™ '™ Pusfied
HDACs are incubaled with trypsin, serum albumin and a Puorogenic subsirate (164 Scheme 2%) compnsed
! a peptide of small molecule conjugated fo acetylaled fysine which connects through an amide bond to 7-
amino-4-methyicoumann (TAMC 167) Upon deacetylaton of the iysine residue. 7TAMC s rapdly released
by irypsin cleavage and detected by a Mucrimeter The presence of aibumin buffers the reaction moture
such that HDAC degradation 18 nol observed The assay &5 reproducible and sensilive. reguiring kmited
amounts of anzyme (3 - 100 ng per well) Compatitie subsirates for HDACs 1-8 have been identfied and
the Km %o each has been determined The source of enzyrme used in the reaction depends on the isoform
peing tested and s derived from academic purification efforts or commercial venders To mprove
compatituity with studies of disulfidce analogs of FK228. assay pedformance has been optimzed under
reducing condtions required to cbaerve potent mhibitary actvity of this structural series
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Scheme 29: Coupled fluorogenic assay for HDAC mhubators

Bradrer et o/ were surprised to obsernve confounding deacetylase nhibition by those reducing agents
used mest commonly in experimental bology (dithiothreitol and (mercaptoethanst ' ' These workers
observed that subsiantial enzyme inhibibon was observed at concentrabons of these agents requied 1o
reduce the FK2I28 disuifide bond In contrast iris{2.carboxyethyll-phosphine hydiochiodde (TCER)
Hemonatrated compaiably weak enzyme nhibition at concentrabions markedly hpher than requred to
actvate FRI28 Linder reducing condibons wan TCEP (200 mMd) biochenscal stiubes of indmadual isoforms
reporied obuslly on true inhiedory polency of his class of Gsulfice prodrug HOAC inhititers Thus HDAG
whibitory activilies previously repored for the daulfide-containing HDACHs should be viewsd with caution
sy the gresence of othes Ihiols In 1he assay system will have sftenuated The natve actvity of the

Seacelylate sniyme




Computational modeling West and co-workers have developed homology models for several of the
kuman HOACs and have Intiated studies tc gain high resciution insight Into the interachions of various
HDACHs at the entry point of the active sites In an attempt to rationalize the differences in biocchermecal
activites displayed by the natural depsipeptides FK228 and largazole and ther more rigid amide
counterpans (74 and 162 respectively) extensive computational studies have been performed on models
of poth largarcle and FK228 by Wiest and co-workers. The nomelegy and ngidity of the HDAC active site
makes £ an atractive target for the use of computational methods such as homology modeling docking.
molecular dynamics as well as ligand-based design Homalogy maodels of human HDACs 1 2 3an 8 as
well as the C-lerminal domain of HDACS Based on ds bactenal homolog have been created and
vahgates " Shomiy after the fiest publication describing these models appeared the prediction for the
human HDACS structure was shown to be highly accurate by w-tay crystallography = A moaified sconing
functhon could rapidly preguct the free energes of binding for a seres of hydroxamic acids to a hemology
maodel of HDACT gver a potency range of 10" with an R=0 82 " Compansons of docking scores for sight
diverse HDACIs with five different HDACs gave good agreement between eaperiments and structures
obtained from docking " The poses obtaned from the docking calkculations then served as the starling
ponts for detalled MD simulations fo ralionakze the expenmentally observed seleclivities a5 wed 33 for
potentially providing 8 loofl for predicting naw compounds with improved propertes Wiest and coworkers
recently suplained the structural engins of the experimentally observed HDAC b vs. class | selectivity of
tubacn (Figure 8) which were traced 10 the differences in surface shape at the actve ste exit ' The
surface of HDACS is Y-shaped at this point thus allowing tubacin 1o make conlacts on both sides However,
HDACT shows two distingt populations with only one contact each in addition to the wed-known CH-»
imteractions g novel sulfur-arene intaraction between Met 184 and the aromatic nngs of fubacin and NK308
as well 3s an interaction between Phe 182 and the sulfur inker of tubacin are maintained thraughout the
smutation " Thes protocod provides an explanabion for the subtie effects within a given subciass, such
as the observed pattern of iow K| foe different intubiters in HDACS comparad o other isoforms of class |
HDACs It has been proposed that the ongin of this phenomenon is the position of Trp 141 winch makes
tha bottam of the binding pocket stencally more constraned ™

teas=

Figure 8; Tubacin NK308 and MS.275

woc iy d
ml!’

i

Figure 9. Snapshol from MO simutation of HDACS

Whis these invesbgations explan the low Ki of MS-275 it does not explain the fact that smpie
hydeoname acids weee also lound 1o have low Kis MD simulatons showed thal this s due 10 @
reatmntaton of Phe 152 and Tyr 306 thal combine the two espenimentally observed binding pockels shown

I

353



v

?

= red in Figure § into a large groove (yellow n Figure §) that is much shallower than the deep binding
pockets observed i other class | HDACs '

Because of ths substantial change in surface shape as well as differences in the sulfur-1 interactions.
redher MS-275 nor tubacin ace good inhibitors of HDACE These resuits are in excellant agreement wih the
structures of the recently disciosed “linkeress’ WDACS-selective inhibdors. which after opening of the
groove. can tind to both cavites " It is interesting to note that these effects are predominantly based on
anzyme dynamucs which cannot be deduced from X.cay structures alome but which show subtle differences
between e soforms even within the same class.

I a collaboration between the laboratones of Willams, Bradner and Wiest [he findings from Table 10
were studied using computational methods The conformational space of the free thiols of FK228 FK228
amude isostere ImﬂWImumnmuugﬂmwaMQMWW
using the OPLS-AA force feld in Macromodel ™ ¥ Subsequent structural ciustenng was performed
according to the heavy atems rool-mean-squiared (rms) value, and average structures for each cluster were
docked to the homology model of HDAC) using Glide Xp '=* %'

The preferred coofdination modes of the four aforementioned structures are shown In Figute 10 The thiol
ertends lowards (he Zinc ion at the bottom of the eatrance channel with a Zn-5 distance of ~2 5 A while the
macrecycle s on the mouth of the pocket The hydrocarbon chain fiis the hydrophobic channet lined by
Phe 150 and Phe 205 ' The onentation of the macrocycie is similar i the aster and the amide isosters
manmzing spophdic interactions with residues of he cap

Figure 10: Coordination mode of FK228 (lef1) and largazoie thiol (rght) 1o HDAC! active site Depsipetides
Are anown in orangs ard amide isosteres in yallow

Analyss of the structures and energies of the conformational space of the lour compounds reveals an
wtaresting conformaticn-activly relationship Figure 11 Mustrates the lop view of the supsrmgosed hinding
conformatons (orange for FK228 and largazole yelow for amide isosteres) and the glabal minimum
conformaton (blue for depsipeptides and green for amide isosteres) as well as the relatve enargies (in
kJimal) and rms values for higher energy conformations of the fout compounds studied (Table 111 ° For
FK228 the optimum binding geometry (cluster 6] is only 5 kJ/maol above the global nuinimum conformation.
which Is within an RMS of 18 A and thersfore structurally simsiar In contrast the amide isosters (s much
more rgid and the preferred gecmetry for binding (cluster 7) is not only much higher in energy (40 kJimol)
than the lowes! energy conformation. but with an RMS of 3 11 A - also structurally vary d¥ferent There are
no conformabons that are energetically accessible and thal resembie the bound conformation Binding of
1ha amide isostere of FK228 wil therefore invalve a significant distortion of the proten surface andiof loss of
binding mteractions. leading 1o the experimentally obsarvad loss of activity

Fut!Mimw.thlwmcMnulhoNWwﬂmmmmm
thmmmmmmmhmummmsmuwmmmgy
than the most stable conformation. the geomatnes are within an RMS of 141 A and thus very similar, as
seen an the top right of Figure 11 As a result, the conformational change of the protein required to bind the
low anergy conformation of the macrocycle cap is relalively small and much of the binding mteraction will
be maintained even | e low-enargy conformation is bound The efect of the imoaters substitution n the
largazcle mactocycle @ predicted 1o be smalfler than n FK228. and in agresmant wih the sxpenmentsl
teaulty

These models serve to demanstrate the power of cOmpUtAtIonal studies in dantifying synthetic targets
particularly in thosa cases wherein crystal stuctures of the protein Targets arm unavisdable

"
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FRIZR Tl FR2Z0 mosters theol Largazome ol Laegazole ricstesy 1Ml
Figure 11 Tog and side vew of superimposed lowes? snergy binding conformations (orange for FK228 and largazole
yelcw for paptide sostenes] and the avarage siructure for the clusinr of jowest energy Diue for depsehides and

greer for peptide isosteres)

Tabis 11: Energy afterences of e average siructures of the clusters grouped by heavy atom ms values relative 10
the most stable ciuster of each compound

" Cluster | FK218 FK228 wostore | largazole | largazole isostere |
1 [ o0m e L e ol
2 J XEE) 1313 11} | Miq22m | 393 33) _1
3 T 31317 LT T 4B (1.41)
[ & ] 3542 | Wss) | 4By | npmn |
i ] Y 41 (2 38) | 38328 | 43 12 85)
: 8 . 5(18) » a5(eT) . @7 MWW
A Y7 X/ 40(31) 27318 L dEosy |
- t;’__J________ - | 32_{355¢ 1
8 [ 2@ }_ S L_‘*Lﬁi__ S —
L0 7a v 1. | - L K —
11 | 30285 |
d_| 308 | 1 — | m—"
6 Conclusions

Naturally octutring as well as synthetic non-natural histone deacetytase inhibitors hold great promise as
cancer thecapeutics as well as having potential appiications i ather therapeulic areas In adddion. highly
isoform-sgecific inhibitors may provide this field with powesful new lools with which to sludy chromatin
biology v celis While highly moform-specific inhibitars have not yet been discovered the selectivites
abserved for some families of mhibitors betwean classes such as the class Lspecfic inhibitors FK228 and
largazcie indicate (hat atteining such selectiity may be possible This fleld has developed considerably
wnce the isolation of TSA in the 1670's and has exploded with the discovery and functional expression of
e varous woforms of HDACS initated by Schreiber and co-workers in 1586 * The discovery of naturally
eccurring macrocyche MDACHs have provided exiremely polent mechanism-based inhibitors of the
deacetylase enzymes whose myriad funclions are still emarging from the work of numercus laboratrories
Synthesis of these compounds as well as their anaiogs along with computational studes has begun lo
provide nvaluable insigh nto the structure-activity refationships present in these molecules As this fleld
contnues 1o evolve, these molecules present fuither opportunities for understanding the function of HDAC
anrymes and the treatment of human disease.
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Appendix 2: Research Proposal

Specific Aims:

The goal of this proposed research is to develop a library of analogs of (-)-
stepholidine for biological testing. using methods accessible to undergraduate
researchers. Current treatments for schizophrenia display major shortcomings with
respect to side effects and concomittant patient non-compliance'. Many of these
unwanted side effects are caused by the mode of action of both traditional and atypical
antipsvchotic medications: current models for the underlying cause of schizophrenia
suggest that optimal treatment for this disease would rely upon a combination of D2
receptor antagonism and D1 receptor agonism”. However, antipsychotics currently in use
function either exclusively as dopamine D2 receptor antagonists or effect many
neurotransmitters’. (-)-Stepholidine is a natural product capable of acting as both a
dopamine D2 receptor antagonist and a partial D1 receptor agonist, making it the first
known natural product with this dual biological activity*™*. We therefore aim to
synthesize analogs of the natural product in order to improve its D1 agonist properties
while maintaining its D2 antagonist activity in order to identify possible new treatments
for schizophrenia. As cellular assays are available to measure these properties, a
combination of chemical synthesis and biological testing will permit the study of these
compounds in an environment where undergraduate students can be exposed to the
synergy between biology and chemistry.

The Goals for this Proposal are as Follows:

1. Develop the first asymmetric synthesis of (-)-stepholidine.

2. Use this synthesis to create a small library of analogs.

3. Evaluate the activity of these analogs for DI agonsim and D2 antagonism through
biological assays.

4, Use these preliminary data to further refine the DI agonist/D2 antagonist
pharmacophore.

Background and Significance:
Schizophrenia is a severe mental illness affecting 0.5-1.5% of the world

population’. The symptoms of schizophrenia are grouped into positive or psychotic
symptoms (hallucinations, delusion, severe thought disorganization) and negative
symptoms (cognitive impairment. affect flattening, apathy and anhedonia)”®’. Known
antipsychotics such as haloperidol and clozapine (Figure 1) control psychotic symptoms
but tend to leave untreated the more resistant negative symptoms of the disease'”.
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Figure 1: Known antipsychotics and /-stepholidine
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Furthermore, patient noncompliance with current treatments due to disfiguring or
undesirable side effects is extremely common: a recent study found >74% discontinuance
of medications in less than 18 months of treatment''. One of the most common side
effects of antipsychotic medications is fardive dyskinesia; a disorder which causes
involuntary movement (particularly of the face) and can lead to symptoms similar to
those observed in Parkinson's disease. Oftentimes. tardive dyskinesia is severe enough to
warrant the administration of medication for Parkinson's disease in conjuction with
antipsychotic medications'?.

So-called traditional antipsychotic agents (e.g. haloperiodol) act as powerful D2
antagonists. and are associated with worsening of negative symptoms. Although atypical
agents such as clozapine are less powerful D2 antagonists, they too fail to control
negative Symptoms'l. Additonally. both traditional and atypical antipsychotic drugs have
been associated with severe and fatal side effects. including sudden death from cardiac
events and agranulocytosis'™'?. Improvements on the currently available treatments are
therefore a necessity.

While the genetic predisposition towards schizophrenia remains incompletely
understood, a methionine to valine polymorphism in the COMT (catechol-O-methyl
transferase) protein is predictive of schizophrenial’. This enzyme inactivates dopamine
via methylation: however, the valine allele has a four-fold greater capacity for dopamine
methylation in comparison to the methionine allele”™'®'”. This leads to hypodopaminergia
in the dorso-lateral prefrontal cortex (dIPFC). and is predictive of poor working memory
and lowered central executive function. both of which are noted among the negative
symptoms of schizophrenia®,

Numerous in vivo and post-mortem studies have found significant correlation
between dopaminergic dysregulation and schizophrenia. However, the correlation is
somewhat more complex than simple hypodopaminergia in the dIPFC. Specifically, it
appears that different types of dopamine receptors play distinct roles in the progress of
schizophrenia. Dopamine receptors are divided into two subfamilies: D1-type (including
D; and Ds receptors) and D2-type (including D, D3 and Dy receptors)'®. Post-mortem
studies on the brains of schizophrenics display a higher than normal concentration of
dopamine in the subcortical region in conjuction with increased D2 receptor binding:
these findings have been supported by in vivo imaging studies”'®"”. In contrast, lower
than normal D1 binding has been noted in schizophrenic patients, and is correlated with
poor workin% memory and other cognitive defects seen in conjuction with
schizophrenia™. Overall. the currently accepted dopaminergic model for schizophrenia
suggests that lower DI binding gives rise to the negative symptoms associated with the
illness while overactivity in D2 receptors leads to the positive or psychotic symptoms®'.

361



These findings suggest that better treatments for schizophrenia might rely upon a
combination of D2 antagonism and D1 agonism; this hypothesis has been supported by
supplemental treatment with D1 agonists for patients receiving antipsychotic medications
(D2 antagonists)’. However. ths solution does not address the side effects arising with
currently used D2 antagonists. Furthermore, given the persistent problem of non-
compliance among these patients. a more complicated medication regimen is not an ideal
solution.

The finding that the natural product (-)-stepholidine acts as both a D2 antagonist
and partial D1 agonist was therefore an extremely important advance in possible
treatment for schizophrenia®™. (-)-Stepholidine belongs to the tetrahydroprotoberberine
(THPB) class of alkaloids. and was isolated from Stephania glabra in 1968 by
Weisbach®™.  Studies have shown that the levorotatory enantiomer is the active
compound, and the structure of this natural product has twice been solved by X-ray
crystallography. permitting the absolute stereochemistry to be assigned as §232425 While
stepholidine and related natural products have been the targets of synthetic efforts, to the
best of our knowledge. all of these efforts have culminated in racemic mixtures: this issue
must therefore be addressed in the creation of possible druggable compounds.

With respect to the use of (-)-stepholidine or its analogs as possible treatments.
another distinct advantage to this class of compounds is the lack of extrapyramidal side
effects which are common with both traditional and atypical antipsychotic medications.
(-)-Stepholidine was found in the Chinese herb Corydalis yanhusuo WT Wang. a
treatment with a long history in traditional Chinese medicine, with no correlation to these
deleterious effects®®, However, the partial agonistic effect seen with D1 receptors would
need further tuning before this compound could become a realistic treatment. Substances
that act solely as D2 antagonists tend to leave untreated or worsen negative symptoms of
the disease; likewise, the improvement of negative symptoms appears to rely upon full
D1 agonists®’.

Previous studies:

(+)-Stepholidine has been synthesized three times. utilizing the same approach
(Scheme 1)***"’. The requisite phenylethylamine was synthesized in one step from
commercially available material (1). and the requisite phenylacetic acid was also easily
accessed from the corresponding nitrile (2)*". These were then coupled to give amide 3.
which was further manipulated to give the substrate for a Bischler-Napieralski reaction.
This reaction gives imine 5. which was reduced with sodium borohydride. Introduction
of formaldehyde permitted a Friedel-Crafts type reaction to occur, giving a mixture of
two products, 7 and 8, which were seperable by either chromatography or crystallization.
Following methylation and deprotection. both (+)-stepholidine and (+)-discretamine were
accessed in nine steps for the longest linear sequence, although yields were not reported.
Furthermore, the ratio of the two products from the Friedel-Crafts reaction is not
discusseczié although these workers were able to access usable quantities of both racemic
products™.




Scheme 1: Synthesis of (+)-stepholidine and (+)-discretamine
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Another interesting approach to related tetrahydroprotoberberines relies upon a
radical reaction as shown in Scheme 2: however, this approach also leads to racemic
product’
Scheme 2: Synthesis of (+)-xylopinine

MeO AgCIO MeO.
0 » wZ 0L, S el 2
o0 =N Me;Si MeCN MeO =

64%

9 10

11 {+]-xylopinine

In addition to the aforementioned synthetic efforts, biological testing has been
performed on stepholidine and similar compounds. Due to the racemic nature of the
syntheses to access these molecules, these studies of biological activity have depended
upon isolation of existing natural products or separation of synthesized enantiomers™. Of
particular note are the differences in activity in relation to the substituents on the aromatic
rings (Figure 2). A wide variety of tetrahydroprotoberberines are known which vary with
respect to the substituents on the A and D rings and in the position of substituents on the
D ring. In (-)-stepholidine. two hydroxyl groups are present: one at C-2 and the other at
C-10. with C-3 and C-9 occupied by methoxy groups. A related natural product, /-
scoulerine, contains the same functionality on the A ring. but the hydroxy and methoxy
substituents are reversed in ring D (C-9 OH and C-10 OMe). Both of these natural
products display similar biological profiles; interestingly, it appears that this class of di-
hydroxy tetrahydroprotoberberines share this profile’’. However, monohydroxy THPB's
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display lower afinity for D2 receptors. Furthermore, those compounds wherin all four
substituents are present as the methyl ether or the free alcohol display attenuated binding
profiles®. Table 1 shows the binding affinity for several of these compounds in

. . . -4 353
comparison to dopamine itself 93336,

Figure 2: Selected tetrahydroprotoberberines
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Table 1: Biological activity of selected tetrahydroprotoberberines*

Substituents Compound D1, K; nM D2, KinM
nonhydroxy THPB /-THP 754 0.85
monohydroxy THPB [-corydalmine 80 0.65
[-xylopinine N> 7.5
dihydroxy THPB {-stepholidine 280 0.08

[-chloroscoulerine Ik 0.0057

[-scoulerine 42 0.18
THPB-1 NT 18.5
THPB-14 66 NT
[-discretamine NT 0.6
tetrahydroxy THPB THPB-2 NT 0.75

* Values for dopamine itself vary considerably with the assay in use: therefore, these data
are not included.
**NT: not tested

Research Design and Methods:

Given its unique biological activity and lack of side effects, (-)-stepholidine
provides an excellent platform for the synthesis of analogs which could act as full DI
agonists while maintaining their D2 antagonistic activity. We propose to build a library
of  analogs, using chemistry accessible to undergraduate researchers. Extant assays for
D1 and D2 binding will be used to identify promising compounds (see below for a more
detailed explanation of the biological assays).
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The proposed synthesis for (-)-stepholidine is shown below (Scheme 3), and
closely follows work by C hiang®®. Given that undergraduate researchers will be
performing the synthesis, we have chosen to rely upon known chemistry so as to ensure a
higher probability of success. However, we have chosen to access 17 through the use of
a chiral reducing agent to set the stereocenter. Given the importance of this stereocenter
to the biological activity, an asymmetric synthesis is desired. and to the best of our
knowledge., this would represent the first enantioselective synthesis of (-)-stepholidine.

Scheme 3: Proposed synthesis of (-)-stepholidine

| =
HO /H < N
OMe *
OH Or
17 l-stepholidine I-ciscretamine

It is hoped that this synthesis could be carried out without relying on protecting
groups. as there is some precedent for similar syntheses without protecting groups’
Should protection of the hydroxyl groups prove necessary. benzyl has been used with
success in prior syntheses.

As seen above, it is anticipated that the ring closure to access (-)-stepholidine will
give a mixture of products as has been observed in prior syntheses. However, other
natural products corresponding to discretamine have been isolated, one of which (THPB-
14) has higher affinity for D1 receptors than stepholidine itself, although it has not been
tested with D2 receptors. This improved potency with respect to D1 receptors make this
a desirable target in and of itself. provided that antagonistic potency for D2 receptors
remains high. Given that the two products are separable, it is desirable to follow this
route in order to have as many compounds available for testing as possible. The chiral
borohydride reagent proposed in the above synthesis has been prepared by Iwakuma and
coworkers as shown below***,

Scheme 4: Synthesis of chiral reducing agent

CO.H N
£ TTHE, a00 Chz
NaOH

18 19 16
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Furthermore. this reagent has been used in the preparation of a related alkaloid.
(+)-nor-roefractine with success (Scheme 5)*. Given their results, it is anticipated that
the use of L-proline will give the desired stereochemistry.

Scheme 5: Synthesis of (+)-nor-roefractine

BzO QLCOO'

Bzom . ! 1 NaBH 0‘4‘0
B L MeO a O
MeO ””Y\@\ ° 16
=
9 OMe [

= OMe 2. HCI, E1OH

20 21

(+)-nor-roefractine

Much of the information regarding the pharmacophore model for (-)-
stepholidine comes from mutagenesis experiments and molecular modeling®'*"**%,
Through this work, certain key interactions are known, and this information can be
applied to the proposed library of compounds to create rationally designed analogs. In
modeling of stepholidine bound to D2 dopamine receptors. a very strong interaction
between the A ring hydroxyl group and a protonated histidine residue (H-6.55) is seen.
Due to a conformational difference wherein the dihedral angle between rings A and D
(98" in D2 receptors: 150" in DI receptors), this interaction is not present when
stepholidine is bound to D1. However, the hydroxyl group on ring A does form a
hydrogen bond with W-3.28 when bound to the D1 receptor: these data suggest that the
A-ring hydroxyl group is necessary. Furthermore, when bound to the D1 receptor, the A
ring participates in m-stacking interactions with three tryptophan residues, suggesting the
necessity of an aromatic ring at this position for optimal D1 binding®'. It has been
proposed that two hydroxyl groups on the D ring may improve interactions with the D1
receptor, as this type of structure would more closely correspond to the dopamine
pharmacophore (Figure 3).

Figure 3: Structural correlations between dopamine and tetrahydroprotoberberines

dopamine -stepholidine l-discratamine

Finally. it has been shown that a protonated nitrogen may be necessary as N-
alkylated products show lowered activity: the one exeption to this is the N-propyl
derivative which shows increased affinity for D2 receptors but a loss of potency for D1
binding". With these data in mind. we propose the small library of analogs shown in
Figure 4 as a first set of targets for biological testing.
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Figure 4: Proposed analogs
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These compounds, with the exception of 32 (for which a synthetic route exists).
are accessible through the synthesis shown in Scheme 3*!. All proposed compounds are
shown with the same stereochemistry as studies on these and related alkaloids have
shown this to be the active or naturally occuring configuration™***¥7#84  The proposed
library includes THPB's 1 and 14. as these compounds have shown biological activity
(Table 1). However. as testing is incomplete and these have yet to be synthesized in
enantiopure fashion. they are included in this first set of molecules.

Following the synthesis of these analogs. assays for DI and D2 binding will be
performed. One option for this testing is a currently available assay which measures both
antagonist and agonist effects by virtue of a fluorescent reporter gene’’. Upon binding to
an agonist, the G-protein coupled receptor is activated and associates with a protein
(arrestin) tagged with a protease. This protease releases a transcription factor bound to
the C-terminus of the G-protein coupled receptor. Upon translocation into the nucleus.
the transcription factor activates transcription of a -lactamase.

Figure 5: Proposed biological assay
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As shown in Scheme 6. the B-lactamase effects the cleavage of a
fluorescent tag, causing a change in the color of fluorescence. This assay is available for
G-protein coupled receptors and gives results for both antagonists and agonists. The ratio
of blue to green fluorescence then provides information about the antagonist or agonist
capabilities of the molecule.

Scheme 6: Mechanism of biological assay

520 nM
/ 409 nM 447 nM
prey FRET PP N
\ . o] o
i i O
1]
Cl S
a €O Betadactamase T )‘Y‘I\:‘/\fo r sf +

i o = e CO;
mﬁy § {j'%() 0y HN\l/\N/ oy O o

HiN !

O [ 8 s co;

N~y SH

o O,

The optimal compound will show D2 antagonist and D1 agonist properties:
ultimately, a full D1 agonist (as determined by comparison with dopamine itself) while
maintaining stepholidine's inherent D2 antagonist activity is the goal. [t is expected that
the first library will need further improvement; biological data from these assays will aid
in tracking possible patterns for biological activity, giving information for further targets.

Potential Difficulties and Limitations with this Proposal:

As with any research, some difficulties are expected. Below are explained
possible setbacks along with proposed solutions.
1. In the event that only one series of compounds (stepholidine-type or discretamine-
type) proves biologically valuable, it will be necessary to alter the synthesis to access
only one regioisomer in the Friedel-Crafts reaction. Blocking the undesired position with
a bromine atom followed by de-bromination has been used successfully by Kametani and
coworkers®'?,
2. It is possible that none of the proposed analogs will display any increased activity over
the natural product with respect to D1 receptors. Other ring systems (notably
piperazines) have shown promising activity: making this substitution may improve D1
agonist properties”'.
3. It is possible that the proposed chiral borohydride reduction will not provide good
selectivity. There are many such known reagents which could be tried; however, to start
these syntheses. the proposed proline derivative is preferable due to the inexpensive
nature of the reagents.
4, It is possible that the free phenols may prove Problematic in the synthesis of 14.
However, similar peptide couplings are precedented™.
5. It is possible that the proposed biological assay may not work as planned. This is the
preferred assay as it provides students with an opportunity to learn about the molecular
basis for fluoresence as well as FRET. However, should it be necessary to use a different
method. other assays are known: notably. there are commercially available assays using
luciferase reporter genes which permit ranking of agonists and antagonists on the basis of
relative light units™,
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Closing Remarks:
In conclusion, this proposal describes the synthesis of a library of analogs to be

tested in biological assays for their possible utility as dopamine D1 receptor agonists and
D2 receptor antagonists. Such molecules would represent a novel approach in the
treatment of schizophrenia, a debilitating mental illness. Current medications, which act
solely as D2 receptor antagonists. do not treat the serious negative symptoms of the
disease, and their potentially harmful side effects lead to patient non-compliance. The
synthesis of a compound which could regulate psychotic symptoms through D2
antagonism while improving negative symptoms through D1 agonism would therefore
represent an important advance in the treatment of schizophrenia. In the course of this
project. undergraduate researchers will be exposed to a variety of synthetic chemistry
techniques as well as biological testing. giving them an opportunity to explore both of
these sciences and the fusion between the two.
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