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ABSTRACT OF DISSERT A TIO 

TOW ARDS THE TOT AL SYNTHESIS OF 14-ACETOXYGELSE I CINE AND 

S THESES OF LARGAZOLE A ALOGS 

Herein are documented our efforts in two projects, beginning with studies towards 

the total synthesis of 14-acetoxygelsenicine. We have developed different strategies 

towards thi s complex natural product, wherein we have developed routes towards an 

appropriate substrate for a novel, intramolecular hetero Diels-Alder cycl ization. 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 pur ued 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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Chapter l: Introduction and Overview 

l.l Introduction 

Herein are discussed two different projects 111 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. 

l.l.l 14-Acetoxygelsenicine 

As mentioned above, our interest 111 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 1
• These other members of the fami ly 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 fo r the biosynthesis of the 

Gelsemium alkaloids is presented herein, alongside a biomimetic synthesis of gelsedine 

published by Sakai et al2. A purely synthetic approach to gelsedine as published by 

Hiemstra and coworkers is also presented herein3
. The similarity between gelsedine and 

14-acetoxygelsenicine has allowed us to draw upon these reports as well in our work 

towards 14-acetoxygelsencine. 

ffi N-oMe 

0 
H 

14-acetoxygelsenicine gelsedine 

\~ "' 
0 

gelsefuranidine 

Figure 1: 14-Acetoxygelsenicine and related alkaloids. 

gelsedilam 

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 thi s 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 thi s route in 

favor of a more highly effi cient 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 

versati le. 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. 

0 

A- NJ•''""'=, 0 

tJJ 
N 
H 

proposed Diels-Alder substra te 

Figure 2: Proposed key step. 

1.1.2 Overview of Results 

key intermediate 

Following the retrosynthetic approach to 14-acetoxygelsenicine mentioned above, 

we developed several different strategies towards the synthesis of the Di els-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 to leave our studies of 14-acetoxygelsenicine, the structme 

of a naturally occurring histone deacetylase inhibitor (HDACi) , 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 4. 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 45
. 

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 largazo le 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 (Figme 3) 

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

4 



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 

HDACi 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 synthetic efforts. 

-srZl } 
A. cap region 

Me,(-~o 

linker region 

Moe+NNH/, 7}N/. INH 

Me O 9' ) 

zinc-binding ( SH 
motif 

Figure 3: Largazole and its pharmacophore. 

1.2.1 Overview of Results 

largazole pharmacophore 

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 li11ker 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 

5 



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. 
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Chapter 2: The Gelsemium Alkaloids 

Introduction 2.1 

Background 2.1.1 

The Gelsemium family of alkaloids has been the subj ect of extensive research 

dating back over 100 years6. This large family includes over 50 natural products to date, 

isolated from both Gelsemium elegans Bentham and Gelsemium sempervirens1
•
7

. 

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 anxiety8•9. 

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

shown in Figure 4. 

koumidine 
sarpagine-type 

gelsemine 
gelsemine-type 

koumine 
koumine-type 

ffi N-oMe 

0 
H 
rankinidine 

humantenine-type 

gelselegine 
gelselegine-type 

14-acetoxygelsenicine 
gelsedine-type 

Figure 4: Representative members of the Gelsemium alkaloid family. 
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These classifications are made on the basis of the carbon skeleton arrangement, 

with the majority of these alkaloids known to date belonging to the hurnantenine- and 

gelsedine-type sub-families IO. The principle alkaloid produced by Gelsemium 

sempervirens, gelsemine, was isolated in 1870 by Worm ley, and its structure was solved 

by X-ray crystallography by Orgell in 1963 11
'
12

. 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 fami ly of alkaloids is the aforementioned 

gelsemine, a member of the ge lsemine subfamily. 14-Acetoxygelsenicine, the molecule 

which attracted our attention as a synthetic target, belongs to the gelsedine group of 

which ge lsedine 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 successfu lly synthesized. 

2.1.2 Biological Activity 

Biological studies on specific members of the fami ly are rare; the majority of 

research in this area appears to focus on the biological activity of the total alkaloidal 

extract from the plant 13
• These studies have shown that the alkaloidal fraction is highly 

toxic (in mice, oral doses of 25 mg/kg lead to 100% mo11ality, and interperitoneal 

injections of 7 mg/kg are also completely lethal), with death resulting from respiratory 

arrest 13
•
14

• At lower doses, the plant acts as both an analgesic and a possible 

chemotherapeutic, being particularly effective against ovarian and breast cancer cell 

lines 13
•
14

. However, the precise mechanism of action of either individual fami ly members 
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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 iso lated in 2006 by Takayama and coworkers as a 

minor component of a mixture of 15 alkaloids extracted from the leaves of Gelsemium 

elegans Bentham7
. On the basis of UV absorption in conjunction with deta iled NMR 

studies (1H, 13C, HMBC and 1H-1H COSY), the structure shown in Figure 4 was 

assigned7
. 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 (EC50 = 250 nM)7. 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 nM15
. 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 

• 111 6 properties. 
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2.2 Proposed Biosynthesis 

2.2.1 Biosynthesis of Strictosidine 

The biosynthesis of the ge lsemium 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 synthes is following the same route2
. In large part, the 

proposed biosynthetic pathways are based upon a feeding experiment conducted in 1979 

by Zenk and coworkers, which showed that 6- 14C labeled strictosidine was incorporated 

into gelsemine in Gelsemium sempervirens 17
. This information has led to proposed 

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

strictosidine has been extensively studied, and is shown below in Scheme 118
•
19

. 

'' geraniol-10-
hydroxylase t~OH-

geraniol 

_9< .. OGlu Ha t H HO,.. . .. OMe 

OH-- ---- - - Me0~6 - MeO~~ .. OGlu 

0 O 
10-hydroxy 
geraniol 

loganin 

~o" '"''"""'" ''~'""""' 
N 
H 

L-tryptophan 

seco/oganin 

tryptamine 

Scheme 1: Biosynthesis of strictosidine. 

strictosidine 
s nthase 

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. 
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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 

alkaloids20
. 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 ge lsed ine subfamilies), with each pathway 

branching from common intermediate 220
. 

strictosidine 2 3 

koumidine (1 9Z)-taberpsychine 4 

H ····•··- ~-~ - H ·····•·- MeN 
N- -Me 

H,.· 20 

/4 0 
6 gelsemine 5 

Scheme 2: Proposed biosynthesis of gelsemine. 

Formation of the C5-C l 6 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 (19Z)-taberpsychine. A proposed halogenation/elimination 

sequence would then set the stage for the final C6-C20 bond formation to give gelsemine. 
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While many synthetic studies of gelsemine have been undertaken, to the best of 

our knowledge, no biomimetic synthesis of thi s 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 ge lsedine sub-family. Whi le the route shown in Scheme 2 seems to have 

reasonable support for the gelsemine-type alkaloids, the proposal leading to the gelsedine 

sub-fami ly 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 C2 l 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. 

strictosidine 

7 

~-QMe 

H 

R1=R2=H : gelsedine 
R1=H, R2=OMe: gelsemicine 

8 

R1=OH, R2=H : 14-hydroxygelsedine 
R1=OH. R2=OMe: 14-hydroxygelsemicine 

1. oxidation 
2. ring closure --- --- ---- ----- -

21CHO 

2 

' 

9 

R=H, X=H2: gelsenicine 

ffil/'-: 

= \. - NH 

0 N 
H 

R=OH, X=H2 : 14-hydroxygelsenicine 
R=H, X=O: 19-oxo-ge/senicine 

Scheme 3: Proposed biosynthesis of gelsedine alkaloids. 
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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. either 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 14-acetoxygelsenicine, C20 is oxidized to the imine and C14 

bears the acetoxy substituent, wh ile gelsedine contains an amine at C20 and is 

unsubstituted at C14 (F igure 5). 

15 

14~ " N•: OMe 
20 0 

18 18 -......__, ,,• N 
H 

J 4-acetoxygelsenicine gelsedine 

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 where in 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)2. 
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11 steps 6 steps 

H 
ajmaline 10 11 

1. 0s0,, py., THF 

CN 2. AcOH/MeOH/H20 
""'-- 70% 2 steps 

12 

Scheme 4: Sakai's first generation approach to spi rooxindole. 

The oxindole shown with the incorrect (R) configuration (12) was the sole product 

of this sequence, isolated in 70 percent yield2
. In li ght of this finding, Sakai and 

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

strictos,dine 

19(Z)-anhydrovobasinediol 

13 

r\\~ ·OMe IY!:' 
humantenine 

Scheme 5: Sakai's revised biosynthetic proposal. 

'~~ ---------- -

koumidine 

. ·• ffi·OMe 
H 

gelsedine 

This sequence has the advantage over the previous proposal in that nearly all of 

the proposed intermediates are known in the ir own right, with only 13 remaining 

unknown21
. 

2.3.2 Biomimetic Synthesis of Gelsedine 

With this new proposal in hand , Sakai et al. chose to pursue a total synthesis of 

gelsedine fo llowing the outline shown in Scheme 5. This approach proved to be 

successful , giving gelsedine in 22 steps fro m gardnerine, a commercially available indole 

alkalo id which can be converted to (19£)-koumidine (14) in seven steps (Scheme 6)2' . 

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

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

14 



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 ch loride in the presence of 

sodium iodide. Treatment with osmium tetrox ide 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 

substrate was then converted to gelselegine in two steps22
•
23

. 

HO 

14 

r~·-KH 
OH R 

17 

1. TrocCI, MgO 94% 

2. OsO4 , NaHSO3 50% 

1. BH3 SMe2, Me3NO 
2 urea H2O2, NaWO4 

3. CH2N2 
61 %, 3steps 

NalO4 

64 % 

gelselegine 

1. TMSCI, Nal 
2. OsO4, py., NaHSO3 

1 CH(OMe)a, PPTS JR\ '/ 
2 Ac2O, reflux .l -
3. 5% KOH aq. MeOH '•. NH 3. NaBH4 

75%, 3 steps _ 0 
NR 

15 16 

& ~'I~ 
TMAD, n-BuPPh3 t. -

N- oMe 63% N-oMe 
HO 

.__ ,, --- -·~ HN. O 
OHR R 

18 

ffi PtO2,H2 

N-OMe quant. 

0 

gelsenicine 

19 

G.q_OMe 

--..... ... •6}{ 
H 

ge/sedine 

75%, 3 steps 

1. Zn, AcOH 

2 5 days 
50% 

Scheme 6: Sakai's biomimetic synthesis of gelsed ine. 

In the course of pursuing this synthesis, Sakai et al. successfully accessed three 

different members of the ge lsedine sub-family: ge lselegine, 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 thi 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, ge lsemine 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 acce the carbon skeleton of the molecule 16
. 

dditionally , installation of the spirooxindole moiety has sponsored many creative and 

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

r(CI 1. pyridine 73% fu 
)!___ + 2. hv, MeOH, I 

Me02C C02Me )H V AcOH (trace) Me02C 

6 steps 
SePh 1. mCPBA, 

TMS OTBS DIPA 92% 

2. K2C03, MeOH 
Me02C 3. DMSO, TFAA, 

53% Me02C H 
n 

1. MeNH2, 
0 OTBS MeOH, 86% 

Me02C 2. LiBH4, MeOH 
H / 3. Cr0 3, py. 

'- d 95%, 2 steps 

OTBS 
MeHN 

H, 
OHC •, Ha'/ 

24 25 

28 

TMS>-oMe 

LOA 
65% 

MeO 0 
hl 

l--( 1. hv, 12% 

0 

's::, // N,NoN ----/ 2. HCI, 99% 

W 0 
Me 

29 

Scheme 7: Johnson's synthesis of gelsemine. 

6 steps 

H 

o'f:00 
Me 
21-oxogelsemine 

\ H / Et3N, 92%, 3 steps 
·-o 23 

DIBAL-H 

63% 

1. TFA, 74% 

2. Bu3SnH, 
AIBN (cat.) 

)__,.-f o:::{~.D 
Me 

H 

'f:00 
Me 

gelsemine 

27 

One of the first total syntheses of gelsem ine was reported by Johnson and co-

workers in 199424
. Following a photoinduced cyclization to give tricycle 22, reduction 

and tetrahydrofuran formation gave 23 . Install ation 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 pa1iicularly noteworthy, being to date the sole asymmetric 

synthesis of the natural product25
. 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. 

O 0 

,/~~? + 

SiMe2H 

6 
Cl Bn' 

30 31 

~" 
Et3Si0 C02Me 

35 

NC~C02tBu 
0 N,MOM 3 steps 

Me' N f - -
OCOPh 

38 

OSiEtaO MeAIR2 N HO 

)----"co Me 

4-iodooxindole 
piperidine cat. 
60%, 2 steps 

Et,AICI 

DCM, -78° 
88% 

.. of~ _s s_te_ps_ 

C, N 0 

oAo 
32 

toluene Et SiO 2 
Me02C a 

1. TBAF 
2. Cr03, H,S04 

3. toluene/MeCN, 90° 

0
~o N,MOM 

Me'N f - -
OH 

39 

36 

1. Hg(0Tf)2, PhNMe2, 
MeN02, NaCl 

2. NaBH4, BnNEt3CI, 
DCM~20 

61 %, 2 steps 

33 34 

7 steps 

C02tBu 

NC)~O N_MOM 

Me' f - -
OH 

37 

O~MOM 0 N' 

Me' N f 

0 

2 steps 

40 

1. KHMDS, 62% 

2. PhCOCI, py, 
DMAP 
92'% 

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-

methy llactam gave gelsemine in 27 steps (Scheme 8)25. 

Two years later, a total synthesis of (±)-gelsemine was published by Danishefsky 

and co-workers (Scheme 9)26
• Following a similar rearrangement to that used by 
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Fukuyama, an oxetane ring was introduced to facilitate the installation of the pyrrolidine 

ring using Lewis acid catalysis. 

OIBu 
018 N02 

4 steps .0 Al20 3 [[s:J?--
u 1. diethyl 2-nitrophenylphosphonate ~/Bu H 

V LHMDS 71 % 
! H ~~u - - -

2. BH2CI DMS, NaOH, H20 2 

41 

1. 0s04 , 

NaHS03, 44% 
2. Nal04, 99% 

46 

3 . TESOTf, Et3N 
52% 

42 
3. Swem oxidation 0 

77%, 2 steps 43 

47 HO 

50 

Scheme 9: Danishefsky's synthesis of (±)-gelsemine. 

HO 

48 

51 

44 

0 18 H NO, 
1. MsCI, Et3N 

2. NaHMDS 
91 %, 2steps 

45 

1. silica gel 
2. DIBAL-H 

~ bz 

3. TsOH 
62%, 3 steps 

HNf- V 

HO 

49 

MeN f 
'- -

0 

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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52 

II AIC13 ~Sii-Pr3 10 steps ~H 
1 

KH, 
1
8-crown 

6 
[ ~K Neb'°" OK1 

l!...co Me \ - \ NHCH 2CN 2 CICO2Me, py. \ - I 2 BJ% CO2Me 3. KOH, MeOH tf 
8 1%, 3 steps H 

53 54 55 56 57 

c&O 1. Br2, piperidine _ _ MeO2CN 
2. TFA 

H 67%, 2 steps 

56 

Q Pd2(dba),'CHCl3 

if O Ag3PO4, Et3N 

~N. 1 MOM THF 
MeO2C-N' 78% 

Br MeO2CN· OMe 

59 Br ·so 

~

o NMOM 

MeN f 
\. -

0 

3 steps 

MeN f 
\. -

0 
0 

63 gelsemine 

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 reaction27
. 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 gelsemine28
. 

With the tricyclic core in hand, attempts were made towards the installation of the 

spirooxindole, which, whi le 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, Aube 

and coworkers disclosed their formal synthesis of gelsemine (Scheme 11). 
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i. LOA, 2.1 equiv 
ii . p-benzoquinone 

dimethyl ketal, HMPA, 
TMEDA 

69% 
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Pd(PPh3)4 
10 mo! % 

MeCN, MW 

MOM 

68 

C02Et EtO C 
0 0 
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~ t(N~O 

MeO + Meo~ 

OMe OMe 
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DBU 
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Et02C 

""' ~.,., ,~ Mt:t:f) 
I 

MOM 

Et02~C O 

+ Meo 
Me N-MOM 

.0 

69 61 % 70 35% 

Scheme 11: Aube's formal synthesis of ge lsemine. 
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OA 
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I 
M 

t-Bu02C O 
MOM 

71 

;; 

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 steps29,3o_ 

YH 8steps -t'W 
( - O ~NMe 

OH ) H 0 

--Yo H OEt Y---o H SPh n-Bu3SnH, fiiOBn 
1. NaBH, l_,~ 1. Ph3PCHCO,Et ,.,l_.~ AI BN (cat.) 
2. NaH, Ell O NMe 2_ PhSH, O NMe O O 
3. LDA, , p-TsOH(cat.) i O ( -0 ·N, 
PhCH2COCH2CI o<" ofn ("" OBn Me 
4. 03, DMS co,Et Eto,c 

72 73 N n n 

1. p-TsOH Q I, 
1. Ac,O, Et3N 2. 0 3, DMS 

Br )j.NH OBn 2.Bu3SnH, 
O AIBN (cat). 

I 0 
HO ·N. 

Me 

Ph 
MeO Ph 77 

Ph 
MeO Ph 

78 

O 3. HCI , H20 
4. CF3CO2H, 

Et3SiH 

Scheme 12: Hart's formal synthesis of gelsemine. 

79 21-oxogelsemine 

Hart et al. also completed a formal synthesis of gelsemine utilizing a free radical 

1. . h 32 eye 1zat10n approac . Following a Diets-Alder reaction to access 73, further 

manipulations gave thiol 75. Previous studies by thi s group had shown that such a thiol, 
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when treated with AIBN and tributyltin hydride, would selectively form the a-acylamino 

radical31. Here, an intramolecular radical cyclization provided 76 in 87 percent yield31
. 

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 Fukuyama)32
. 

In one of the first approaches to gelsemine, Stork and co-workers chose an 

approach dependent upon a transannular Claisen rearrangement (Scheme 13 )33. 

Fo llowing a radical reaction to set the stereochemistry of the bicyclic system in 81 , a 

phenylacetic acid substituent was install ed. 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. 

Bu3SnH 
AIBN (cat.) 
benzene 

95% 

Me02Cfu 1_ LOA Me02Cfu 
OEI 2. PhSe-SePh f H OEI 

O 3. mCPBA O 
H 4. Et3N H 

80 81 91 %, 4 steps 82 

ui~ '°' ••sc, Qb OCOC(CH3l3 95% 

H 

83 84 

Scheme 13 : Stork's approach to ge lsemine. 

1. DIBAL-H 
2. phenylacetic acid , 
DCC, DMAP 
3. Amberlite-W, H20 
4. PivCI , DMAP 

57%, 4 steps 

85 

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 
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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 

shown34
. 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 spirooxindole35
. 

' 0 O I hv 

}~ 
mCPBA 

o~i- 254 nm 56% 
38% 

86 87 

Scheme 14: Penkett's approach to the gelsemine core. 

2.4.2 Hiemstra's Total Synthesis of ent-Gelsedine 

HO / 0 

OH 

88 

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)37
. 
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Scheme 15: Total synthesis of ent-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 953
. In the hopes that an sp2-hydbridized carbon at the bridging 

position would be less sterically demanding, thereby permitting access to the desired 

spirooxindole stereochemistry, oxidation fo llowed 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 stud ied in somewhat more detail by this group. 

Molecular modeling suggested that the six-membered ring was considerably less 

sterically strained (41.85 kcal/mo!) than the five-membered system (45.48 kcal/mol)36
. 

Following the introduction of the final ring system, several protecting group 

manipulations were accomplished, after which the N-methoxy group on the spirooxindole 

was installed. A final deprotection step gave ent-gelsedine in 27 steps36
•
37

. 

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)3 8. 
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gelsedilam 14-acetoxygelsedilam gelsefuranidine 

Figure 6: Recently isolated gelsedine-type alkaloids . 

Interestingly , this group noted that gelsenicine could be converted to gelsedilam, 

and 14-hydroxygelsenicine to gelsefuranidine38
. 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. 

14-hydroxygelsenicine 

El3N 

9-cHO 

TFA 0.1 equiv. 

ffi 1. TrocCI, 

0 

N -oMe -------'-------
2. 0s04, PY-, 

Na2SO3 HO 
75%, 2 steps HO 

gelsenicine 

I~ ..__, 
0 

gelsefuranidine 

1. Pb(OAc)4 

2. Zn , AcOH 
55%, 2steps 

Scheme 16: Formation of gelsedilam and gelsefuranidine. 

gelsedilam 

This varied and ever-growing family of alkaloids presents great opp011unities 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 
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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 avai lable 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 discussed2 1
•
36

. 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. 

26 



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. 

14 •acetoxygelsenicine 

reduction & 
epoxidation 

condensation 

0 

104 

seven-membered 
ring formation 

Heck (X'o 
N~OPMB 
Bn \ 

OTBS 
110 

Aldol 

NR1 

<( 
; /2 

108 

0 

amide formation 

Scheme 17: First generation retrosynthesis. 

epoxide opening 

105 

0 

OR oxidation & H-\ //OPMB 

=im=in=e f=or=m=at=io•" o=;:o 
Bn 

109 

0 

o~OPMB + 

111 112 

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 

h . d 1 . 39 group on t e oxm o e 111trogen . 

3.1.3 Synthesis of the Spirooxindole 

In the forward direction, the synthesi s proceeded smoothly, as hown in Scheme 

18 . Monoprotection of pentane diol as the PMB ether followed by Swem 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 conditions40
. It has been shown that substrates that are unsubstituted at the 

27 



amide nitrogen do not cyclize in the Heck reaction; therefore, this nitrogen was protected 

using benzyl bromide41
. 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. 

HO~OH 

113 

0 

NaH, PMBCI 
THF 
89% 

PMBO~OH 

114 

0 

oC)-sr 
1. PPh3, THF reflux 

O&PPh3 
29, toluene, reflux 

2. NaOH 
97% 

116 

~10 

~~~OPMB 

OH 
119 

81 % 

117 

1. TBSCI, imidazole 

80% over 2 steps 

120 

Scheme 18: Synthesis of the spirooxindole. 
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The Heck reaction did appear to give the desired product; however, an inseparable 

by-product was present. While we fe lt that optimi zation of chromatographic conditions 

would obviate this concern, more worrisome was the fact that the reaction appeared to 

give the trans-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 thi s 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 
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as the protected alcohol , which must be deprotected and oxidized in order to close the 

seven membered ring. 

0 
N 
Bn 

109 

oxidation 

OPM~ . deprotection 
2. oxidation 

105 

0 ~ reduction 
NH 

( 
H2N 0 

107 

124 

Scheme 19: Problems with first generation approach. 
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oxidation at C-20 
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104 

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 Cl4 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 fo llowing 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 wa 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 
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Pinacol rearrangement of 125. The eight-membered nng 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). 

condensation 
0 

= dl!H
2

N·:. O ... JL-,, c:::P=inn=a=co•I 
· OH 

I, 
N 0 
H 

14-acetoxygelsenicine 

ring closure 

104 

1. epoxidation 
o 2. lactam opening 

0 H HNX1 
~,H 

v~ 
N 
H 

127 

coupling 0 of"~ + HO~ 
N 
H 

129 130 

Scheme 20: Revised retrosynthetic approach. 
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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 21 42
. 

R'~ CO~t 

Bn/N ~ R2 

0 
R1, R2 = alkyl 

131 

toluene 

reflux 
48-91 % 

132 

Scheme 21 : Di els-Alder cyclization models. 
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133 

Exo (R 1 equatorial} 
134 

This work showed that, while the trans 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 

tudies) being the so le product of the reaction43
. In our specific case, we were unsure 

about the stereochemical outcome of the reaction with regard to the position of the indole 

moiety (R 1
). We hoped that the indole would be located trans to the hydrogens at the 

ring juncture, as opposed to the cis relative stereochemistry observed by Murray. 

Modeling experiments (PC model) suggested very little difference between the two 

outcomes (0.33 kcal/mo! difference, favor ing the undesired diastereomer). The 

stereochemistry, therefore, remained an open question, although we felt that cyclization 

according to the model shown below was possible. 

r:.'::-~ 
o~\ ' 

H' H 

H 

135 

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

possible so as to allow synthetic access to diffe rent members of the gelsedine fam ily in 
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addi tion to 14-acetoxygelsenicine. Using the route shown, we should be able to access 

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

3.2.2 Synthesis of the Tryptophan Derivative 

Work on thi s 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). 

~o" ~r OS-"~ CH3NHOCH3·HCI Me DIBAL-H 
HBoc EDCI Boe CH2Cl2 '-:: CH2C'2fDMF '-:: 84% 

N 88% N N H H H 
136 137 138 

Table 1 

139 129 

Scheme 23: Synthesis of Tryptophan Deri vative 129. 

Conversion of 138 to 139 proved to be somewhat problematic (Table 1). Initi al 

attempts fo llowing literature precedent resulted in very low y ield44
. Eventually, 

conditions were fo und (final line, Table 1) which worked satisfactorily on a small scale45
. 

Table 1: Wittig o lefination. 

Wittig salt Base Solvent Conditions Result 
H3CPPh3Br 1.2 equiv n-BuLi 1.2 equiv THF 15 hrs, R.T. trace 
H3CPPh3Br 4 equiv t-BuOK 3 equiv THF 15 hrs, R.T. trace 
H3CPPh3Br 4 equiv t-BuOK 3 equiv THF 3 hrs, R .T. 20% 
H3CPPh3I 1.2 equiv t-BuOK 1.2 equi v THF 3 hrs, R.T. trace 
H3CPPh3Br 4 equiv t-BuOK 3 equi v THF 1 hr, R.T. 35% 
H3CPPh3Br 4 equiv t-BuOK 3 equiv DME 1 hr, R.T . 33% 
H3CPPh3Br 5 equiv t-BuOK 4 equiv THF 1 hr, R.T. 33% 

I·hCPPh3Br 3.5 equiv KHMDS 3.67 equiv THF 13 min, -78° 30-79% 
H3CPPh3Br 3.5 equiv L iHMDS 3.67 equiv THF 13 min, -78° trace 
H3CPPh3Br 3.5 equiv NaHMDS 3.67 equiv THF 13 min, -78° 92% 
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Although successful on a ~ I 00 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 , 

aHMDS in THF gave product in excellent yie ld . 

Deprotection of 139 also presented difficulties (Table 2). Initial attempts using 

standard conditions (TF A in dichloromethane or thermal deprotection) failed. 

Deprotection was ultimately effected with Ohfune's conditions (TB OTf foJfow d b¥ 

KF), as shown in the last line of Table 2, in a reaction that was successful on gram 

1 46 sea e . 

Table 2: Boe deprotection of 139. 

Reagent Conditions 
TFA 2 equiv CH2Cb, 2 hrs, R.T. 

TFA 6.5 equiv CH2Ch, 2 hrs, R.T. 
TFA 130 equiv CH2Cb, 2 hrs, R.T. 

TFA neat 2 hrs, R.T. 
------------- MeC , 10 min, 180° (µ-wave) 
------------- MeC , 30 min, 180° (µ-wave) 

TBSOTf 1.1 equiv CH2Ch, 3 hrs, -78° to R.T. 
TBSOTf 2.1 equiv CH2Cb, 3 hrs, -78° to R.T 

Result 
N.R. 
N.R. 
N.R. 
N.R. 
N.R. 
N.R. 
51% 
98% 

The route illustrated above provides access to the desired tryptophan derivative in 

four steps and 67 percent overall yie ld, in reactions that are successful on gram scale. 

With a route to thi tryptophan derivative, attention could then be given to the butenoic 

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

143 

NaH, TBSCI 

THF 
84% 

HO_;==\__OTBS 

141 

NaCIO2, NaH2PO4 

t-BuOH/H2O 
85% 

(COCl)2, DMSO, Et3N 

CH2Cl2, -78° 
96% 

144 

PivCI, Et3N 

THF 
90% 

Scheme 24: Synthesis of butenoic acid component. 

DMAP 
o- OTBS CHA 

142 80% 

This route gave access to the desired unsaturated carboxy lic 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 fa irly 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 usi ng 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 feasibili ty of the proposed Diels-Alder reaction on thi 

particular substrate. As di scussed above, the systems tested by Murray and coworkers 

involved an amide nitrogen with more substitution; presumably the tertiary amine assists 

in forc ing the existence of the necessary rotamer fo r 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 thi s type of substrate has been shown to undergo successful 

cycl ization42
•
43

. In order to use as few protecting group manipul ations 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 ani sa ldehyde in conjunction with either sodium 

cyanoborohydride or sodium borohydride to provide the PMB-protected nitrogen did not 

provide product. While fo llowing the reaction by 1H NMR to investigate whether the 

imine was present (an aliquot was removed from the reaction fo llowing 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 fo r this wa unclear; sterically, the 

primary amine seems fa irly unhindered, and the basic wo rk-up fo llowing Boe 

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 attempt were made to protect this nitrogen a a benzyl amine using benzyl bromide 

in conjunction with base. Here, deprotonation of the nitrogen would improve 

nucleophili city 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 thi s concern, it was decided that protection of carbamate 139 with benzy l 

fo llowed by Boe deprotection would be preferable. However, the pKa of the carbamate 

(~24 in DMSO) is such that the indole nitrogen wo uld most like ly also be deprotonated 

(pKa ~2 1 in DMSO)47
•
48

. No nethe less, given the apparent necess ity for protection of the 
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amme, the strategy was pursued with the understanding that the bis-benzyl protected 

compound was the most likely outcome ( cheme 26). 

Q-0,., Q-0 "'·"'" NaH. BnBr TBSOTf, KF pyridine X Q-0& HBn 
THF B c DCM/MeOH DCM 

N 87% 
N n 

20% N 
TBSO H I I 

Bn Bn Bn 
139 148 149 150 

Scheme 26: Further attempts at protection and coupling. 

As shown above, the bis-benzyl protected substrate was accessed, although 

subsequent Boe deprotection using Ohfune's conditions resulted in lower yields than 

those seen above. However, all attempts at deprotection using TF A or thermal conditions 

failed , and we therefore decided to continue with thi 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. Unfortunate ly, attempts to add the mixed anhydride to the 

econdary 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 fo llowing issues: I) 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 format ion 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 
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due to the lessened nucleophilic character of the amide nitrogen and its lower (~22 in 

DMSO) pKa, should deprotonation prove necessar/ 8
. 

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 bond49
. 

The aldehyde for this conversion was generated from racemic bis-protected mannitol 

which was treated with sodium periodate50
. In addition to the advantages of this 

approach discu ed above with respect to protecting group manipulations, the use of thi 

protected diol would obviate the need for the problematic oxidation step discussed above. 

P(OEl3) 

100° 
quant. N 

H 
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conditions X o-0~ 0 
Bn t )( 65% 
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Scheme 27: Revised approach to the Diels-Alder sub trate. 

Here, fo llowing removal of the acetal, treatment with sodium periodate would 

prov ide 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 Boe 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 benzy l fai led under all attempted conditions (Table 3). 
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Table 3: Attempted benzy l protection. 

Electrophile Base Additive Solvent Conditions 
BnBr 1 equiv NaH 1 equiv ----------- THF 0° toRT; 15h 
BnBrl.2 equiv NaHMDS 1 equiv ----------- THF 0° to RT; 15 h 
BnBr 1.2 equiv NaHMDS 3 equiv ----------- THF 0° to RT; 48 h 
BnBr 1.2 equiv NaHMDS 1 eq uiv TBAI , 0.1 equiv THF 0° to RT; 48 h 
BnBr 1.2 equiv KHMDS I equiv ----------- THF 0° to RT; 15 h 
BnBr 1.2 equiv NaH 3 equiv TBAI , 0.1 equiv DMF 0° to RT; 15 h 

Original attempts with sodium hydride appeared not to effect deprotonation; 

therefore, NaHMDS wa 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 electrophi le did not lead to 

introduction of the benzy l 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, attempt were made using KHMDS, although 

this approach also proved unsuccessful. Fi nall y, 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 electrophile . A survey of 

the literature showed that para-methoxybenzy l, SEM and BOM had been used in 

somewhat similar systems51
•
52

. 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 feasibil ity of adding methyl iodide. While we did 

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

ob erved (Table 4) . 

Table 4: Further protection attempts. 

Solvent Conditions 
DMF 0° to RT; 2 h 

LllV DMF 0° to RT; 2 h 
LIIV DMF 0° to RT; 5 h 
LllV DMF 0° to RT; 15 h 
LllV DMF 0° to RT; 15 h 

These results suggested that protection at thi s 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 

Diets-Alder reaction in the hopes that protection might prove to be unnecessary. 

Deprotection of the acetonide proceeded in modest yie ld to give the desired diol, and the 

proposed oxidative cleavage gave the desired aldehyde in nearly quantitative yield 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. 
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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 155, 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 

Boe. However, we fe lt 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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o-0"~ o-0"~ 1. TBSOTI, Q-0", c0,., TsCI , TBAHS 2,6 lutidine CsCO3, PMBBr 

toluene/NaOH (aq) 2. KF DCM 65% 
87% 99% 

N N N N 
H I I I 

Ts Ts Ts 

139 161 162 163 

Scheme 29 : Successful protecting group strategy. 

Original attempts using somewhat less exotic conditions to install the tosyl group 

( odium hydride in conjunction with either tosy l chloride or tosic anhydride) resulted in 

low yields, although the conditions shown resulted in clean reactions with excellent 

yields53. Fo ll owing deprotection of the Boe group, the nitrogen was originally protected 

with para-methoxybenzyl ; thi s change fro m our earli er work using benzyl was prompted 

by concerns over the eventual removal of the benzy l 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 

fa iled; however, it was hoped that the addi tion of bromoacetyl bromide, being less 

sterically demanding, might be successfu l. This par1icular electrophile was chosen fo r its 

possible use in two differe nt strategies: the Horner-Wadsworth-Emmons route shown in 

Scheme 30, wherein fo llowing introduction of bromoacety l bromide, treatment with 

triethylphosphi te would give the desired Horner-Wadsworth-Emmons substrate. 

0:0" I 
Ts 

164 

0 
BrJBr 

·--~!J~-- --- - Q-(1-c, 
N R 
I 
Ts 

165 

Scheme 30: Proposed synthesis of HWE substrate. 

166 

Given our earlier success with a similar ubstrate fo llowing this route, we were 

hopefu l that this would yield the des ired product, although the attraction to this method 

was its possible application to a different strategy as well. Specifica lly, the Reformatsky-

42 



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 

allow introduction of the desired masked aldehyde54
. 

0 

ct(), ~~"' -
N R 
I 
Ts 

164 

Q--()_z_,, 
N R 
I 
Ts 

165 

Scheme 31: Proposed Reformatsky reaction. 

CrCl2, Lil , x ----------- - NJl JH 
N R - 00 
I Q'--J< 
Ts I.,.._ 

167 

Several attempts to introduce bromoacety l 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 alkyl 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 se lected 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 Eno late 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 fo llow this with the fo1mation 

of the amide enolate in order to join the two halves (Scheme 32). 

o-d-Z -ro-a-Z 1,~'9..-o-d-1( ~OH ","~;:~••)_ Q-Q-1(_ 
N PNB PNB - ro PNB - );;o 

Ts Ts Ts (' Ts I --.. 
168 169 170 171 

Scheme 32: Proposed amide enolate route. 

We were pleased to find that the addition of acetyl chloride was successful, 

providing the desired acy lated product in 70 percent yield. Unfortunately, however, 

attempts at deprotonation with either butyllithium or LHMDS were unsuccessful 

(Scheme 33). 

El3N 0 
acetyl chloride, o-2 

N.PNB-;-~.-~ - - :: /, N PN~-1( 

Ts Ts 
163 168 

Scheme 33: Attempted enolate formation. 

3.3.8 Attempted Acid Chloride Addition 

0 

H~o o-d 
_ 1_54_

0_1---_ __.,X,...., N~O OH 

Buli or LHMDS 
N PNB O 

Ts 0'f_ 
170 

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. 

0 

0 ro-------- 0 0 1. (COCl)2, o-d~ H~o 
PPh3 172 

/'-o~ 
LiOH HO~ DMF X 01-- THF 

0~ 
THF/H20 O~ 2. 163, DMAP 

79% 99% N PNB O 
I Q'f-

154 173 174 Ts 175 

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-nitrobenzyl protected amine 163 led to a complex 

mixture of products. Wondering whether the ac idic 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 ge lsemium 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 1s clear that our current 

method would need further revision. 

In this light, one possibility may be the type of retro-cycloaddition/cycloaddition 

reactions used to great effect by Funk and coworkers. 

176 

heat 

182 

0 
- H~E 

180 

}-sr 

183 

181 

Scheme 35: Retro-cycloaddition/cycloaddition sequence. 

As seen above, a 1,3 dioxin can be deprotonated to create the ally lie anion, which 

in turn can be trapped by an electrophile55
. This substituted dioxin, when exposed to 

heat, unmasks an a ,~-unsaturated aldehyde with concomitant loss of formaldehyde. This 

sequence, along with a relevant example from the literature, are shown in Scheme 3656. 

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

shown below (Scheme 36). 

Q-D, 
N PNB 
I 
Ts 
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0 

+ HO~ 
peptide coupling 

0'-/0 
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. - -:1. ,~J'.,c 
O:jPN} ~) 

I Q 
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Q-D, _~ 
N PNB ;;~ 
I '-...--0 
Ts 

185 

heat [ O l -------- Cll:5 DNZ-1(~ 
N PNB /ci 
ts \ '--!V 

190 

0 H 

N 
I 
Ts 192 

Scheme 36: Proposed retro-cycloaddition/cycloaddition 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. 

0,,........0 
TsCI, py., o-o 0,,........0 

s-Buli , 
0,,........0 0,,........0 DMAP KOH 0 ,,........0 then CO2 (g) X • y + 

~OH 
y + ~OTs V ½ OH CHCl3 triethylene glycol THF 

OH 90% OTs <10% 
0 

193 194 195 196 176 184 

Scheme 37: Preliminary work towards proposed new route. 

In this attempt, we followed a literature precedent for the elimination of the 

tosylate. However, yields were extremely low, hovering closer to ten percent than the 

-7 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 tert-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 fo und considerable diffic ulty 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 Diets-Alder precursors. 

Substrate 

o=f~H 
Bh 

I"! 149 
Bn 

Problem 

Unable to oxidize 

Unable to add 
electrophile 

Unable to protect 

Substrate 
0 

HN ,,•'"=:::, 0 ol 159 
N 
H 

)NH Oj PNB 

Ts 163 

Problem 

Unable to cyclize 

Unable to add 
electrophile 

Unable to form 
enolate 

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 

effo1is (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, 14-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 

hi stone 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)5. Prior to a discussion of synthetic 

work , a brief overview of the role of HDAC enzymes in normal and di seased cells is 

presented below . 

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

the regulation of gene expression58
•
59

. Dysfunction of HDAC enzymes has been linked 

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

arthritis and cardiac hypertrophy60
•
6 1

·
62

. With the discovery of molecules that act as 

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 D A by transcription factors 58
• In the first step of 

this packaging , DNA is wound around a histone octamer59·63 . This interaction is made 
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favorable by virtue of positively charged lysine res idues on the hi stone proteins, which 

attract the negatively charged D A backbone 64
. This strong electrostatic interaction 

renders the DNA inactive with respect to transcription , as cellular machinery responsible 

fo r transcription cannot access the D A in thi s condensed, or closed, state65
·
66

. When 

transcription is required , the interaction must be lessened to permit access to the DNA . 

Hi stone acetyl transferase (HAT) install s an acetyl group onto the £-nitrogen of lysine 

res idues, neutralizing their positive charge and attenuating the interaction between the 

D A and the hi stone64
·
67

. Once replication has been completed, HDAC enzymes remove_ 

the N-acetyl group from the lysine residue, restoring positive charge to the hi stone and 

returning the D A to its inactive state67
·
68

•
69

. 

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

cl asses on the basis of their structural homology with yeast proteins70
·
7
'. Class I enzymes 

(HDACs l ,2,3 and 8) are Zn 2+ dependent , as are class ll (HD A Cs 4 ,5 ,6,7 , 9 and I 0) and 

class IV (HDAC 11) .65
·
69

·
72

·
73 In contra t , class III enzymes (S irT 1-7, also known as 

Sirtuins) are AD+ dependent , and appear to be resistant to molecul es capable of 

inhibiting class I and IJ enzymes ; the class Ill enzymes will therefore not be mentioned 

further here63
·
65

·
74

. Clas I and II isoforms differ with respect to both their size and 

catalytic domains, as well as their localization within the cell. Class I HDACs tend to be 

smaller (49-55 kDa) than the multidomain cl ass II enzymes (80- 131 kDa)66
• Class I 

isoforms share sequence homology in the catalytic domain located at the N-terminus , 

while the class II enzymes have a catalytic domain on the C-terminus, with an -terminal 

adapter domain not seen in the class I HDACs5 
·
75

_ The two classes share a 390 amino 

acid region of homology within the deacetylase core76
. These differences suggest that the 
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cla ses possess distinct functions; notably, while class I HOA Cs are ubiquitously 

ex pressed and confined to the nucl eus, class 11 enzymes display ti ssue-selective 

express ion and shuttle between the nucleus and cytoplasm59
·
73

·
77

. 

A further complication arises fro m 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 re earch has hown that HDACs can act 

to deacetylate many non-histone proteins, including hormone receptors, chaperone 

proteins, tran cription factors and cytoskeletal proteins68
•
77

. While the specific function 

of individual isoforms remains unclear, it has been noted that aberrant HDAC activity is 

associated with cancerous cells67
•
78

'
79

'
80

• HDAC 1, for example, appears to be upregulated 

in both prostate and gastric cancers, whil e HDAC 3 is overexpressed in lung cancers67
. 

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 

tumori genesis67
•
77

•
8 1

'
82

. This link between HDAC enzymes and cancer has led to a search 

for molecules that can functio n 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 res pect to the structure and function of 

HDAC enzymes has arisen from the study of mol ecules which act as HDAC inhibitors 

(HDACi ); in fact , the first HDACs were originall y isolated by affinity chromatography 

using a naturall y occurring HOA Ci , trapox in83
. HOA Ci have been shown to inhibit 

tumor progression , and are genera l I y responsibl e for an anti pro I iferati ve effect75
• 
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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 73
. Interestingly , normal cells appear to be resi stant to the effects of HOA Ci, unlike 

their transformed counterparts.77
·
84

·
85 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 HDACi in thi s 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 enzymes7 1
• 

OH 

OH O ---::: 0 
H O '>-- Me I H 

N/'-...../8 •s/'-...../N. )lOH~ QN)l .,,.___ .,,.___ .N,OH H 'J( - OH H. ..__,,. ..__,,. .___.,. tt 
~N O 0 

Trichostatin (TSA) Psammaplin F Depudecin SAHA (Zolinza) 

Figure 7: Selected acyclic HOA Ci. 

TSA was isolated in 1976 from Streptoniyces hygroscopicus, and identified as an 

HDAC inhibitor by Yoshida and colleagues in 199586
•
87

• Research on this natural product 

has divulged many detail s 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 76
. HDLP shares 35% seq uence homology with human HOA Cl; 
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importantly, identity is seen within the active site 76
. These crystallographic stud ies 

showed a narrow channel ~ llA 111 depth, narrowing to a diameter of ~ 7.5A at its 

narrowest point; at the bottom of this channel , a Zn2
+ cation is coordinated to two aspartic 

acid residues, one histidine residue and a water molecule68
·
76

. In addition to providing 

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)68
·
88

• 

0 H Q H O H 

}--N-/ ).N_H,.•""Asp 173 ,)•-._,,-N-/ J- }--N-/ TN.H•"""Asp 173 
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0 ,••u r\ r~H N N-H•"•·•·Asp 166 , ~1 / F\ , ,,Asp 166 O~ ··u Nh~ N- N-H-·•·•••Asp 166 I c'c{ ~ ,.... 1/ - G ,:.::___.,...-- HN1/N- >+• , 'f I ,, 1/ 
_,, NH --<' OH\ Me • H .. • ;>,_ - 0 .•·~ / ('"i·;-i, Hla 131 - _,, NH --<' OH )._ v-A. 
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_.ZJ}•· ........ N '> H .zn•• .... N N ,.· ·•,, \L. '> H .tf_ ··~~ ""'" '""' .t[ :t .,:,,. .1'01, "'"" 
o l Ho a l H o Ho 

Asp 258 Asp 168 Asp 258 Asp 168 Asp 258 Asp 168 

Figure 8: Proposed mechanism of action of Zn2+-dependent HDACs. 

It has been proposed that an acety lated 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 fo llows, 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 tails76
. 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) di splaces the water molecule and coordinates to the cation . 

54 



natural hisrone substrate 8n Q 
Me,.,.te f? 

Meq - Mn 
NH O!NH Nx• 

6 
NH HN 0 

"" O } ?atoms 
7.B3A 

.P= 

N O NH Nx,•· 

} ,._, _ :1H HN} O,__ 
7.83A 

=Q Q_ 
HN, \, 12 / Me 

0 

Zn•" Lo o,,.,·Ln . zn•2 

N-Ac-Lys TSA trapoxin 8 SAHA apicidin 

Figure 9: HDACi pharmacophore: cap region in blue; linker in black; zinc-binding 

moiety in red. 

As is shown in Figure 9 , thi s pharmacophore model of HDACi three regions is a 

general and useful classification in order to understand structure-activity relationships68
• 

Some of the earliest research in thi s 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)89
•
90

. 

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

with respect to HDAC inhibition64
•
68

. 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 HDACi; 

however, this functional group is considered unattractive for druggable compounds due to 

difficulties associated with its synthesis, as well as possible toxicity and low stability64
•
78

. 

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)89
. 
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Table 6: Biological data for TSA ana logs and SAHA . 

Cap region Linker Zn z+-binding arm ICso nM Maize ICso nM HDACl 
HD-2 

TSA ---------- N HOH 3 NTt 
(4-Me2N)PhC(O)NH -(C H2)4- N HOH 2000 NT 
( 4-Me2N) PhC(O)N H -(CH2)s- N HOH 100 NT 
( 4-Me2N)PhC(O)N H -(C H2)6- N HOH 100 NT 
( 4-M e2N)PhC(O)N H -(C H2)1- NHOH 300 NT 
(4-Me2N)PhC(O)NH -(CH2)6- OH > 40,000 NT 

C6HsC(O) -(CH2)4- NHO H NTt 1500 
C6HsC(O)(CH 2)2 -(CH2)4- NHOH NT 65 
C1 0H1C(O)(CH2)2 -(C H2)4- N HOH NT 5 

SAHA ---------- N HOH 1000 120 
tNT: not tested 

Considerable research has been done on analogs of TSA and other, 

synthetically derived, linear molecules, notably in testing variations on the linker 

region91
. 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 II enzymes75
. Given that the function of 

individual isoforms remains poorly understood, this type of pan-HD AC inhibition may be 

less desirable in the clinic. Of the nine HDACi currently in clinical trial s, 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 specificity92•93'94 . 
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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 HOA Ci that di splay hi gher selectivity . A group of 

molecules di splaying thi s desirable characteristic are the macrocyclic HOA Ci, 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. 

Me 0 H o 
OXNH HN .Me n 
~~-:X'"' . 

0 ', :iA .. 
Me) 0 H2 ONH •. 

0 NH N X 9:~•:;:~ 
OMe 0 

Me 0 Me 

HG-Toxin Microsporin A Cyl-2 Chlamydocm AzumamideE 

Figure 10: Selected macrocycli c peptide HDACi . 

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 acyc li c and macrocyclic HOA Ci. 

Compound IC50 nM IC50 nM IC50 nM HDAC6/HDAC1 
HDACl HDAC4 HDAC6 

TSA 6.0 nM 38 nM 8.6 nM 1.4 
TPXA 0.82 nM NT 524nM 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 small er cap regions and therefore make contact on ly 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 77 . These more extensive contacts may explain the higher degree of specificity seen 

with some macrocyclic HDACi (Table 7)69
·
77

. 

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)95
• The side chain present in HC-toxin is a common motif among 

cyc li c tetrapeptide HDA Ci, appearing in the chlamydocins , Cyl -1 and 2 , WF-3161 and 

trapoxi ns A and 8 96
·
97

·
98

. This (S)-2-amino-8-oxo-9, 10-epoxydecanoic acid (Aoe) side 

chain is essentially isosteri c with an acety lated lys ine residue , suggesting that these 

molecules also inhibit HDAC enyme by acting as substrate mimics64
·
99

. HC-toxin 

di splays modest biological activity in compari son with TSA (IC50 = 30 nM against 

HDACs from E. tenella vs. TSA's 3.8 nM)' 00
• However, a related natural product also 

containing the Aoe side chain , Cyl-2 (Figure 10), is a potent HDACi with an IC50 of 0 .75 

nM (HOAC I )10
1.1°

2
. Perhaps more impressive is the selectivity di splayed by Cyl-2: a 

57 ,000 fold preference for HDAC 1 (class I) over HDAC 6 (class II) was noted in studies 

by Yoshida et al.69 

4.3.3 Trapoxin 

Trapoxin (TPX) is arguably the best-known member of the group of macrocycli c 

HDACi containing the Aoe side chain . As mentioned above, isolation of HOACl by 

Schreiber and coworkers was made possibl e by affinity chromatography using an analog 

of trapox in A83
• Part of the reason for thi s succes li e in the particular manner in which 

trapoxin (and other a-epoxy ketone containing HDACi) inhibit HDAC enzymes. In 
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contrast to the hydroxamate zinc-binding functionalities discussed above , a-epoxy 

ketones bind to HD A Cs irreversibly , presumably through alkylation of the HDAC 

enzyme69
•
I 03

• The epoxide appears to be necessary for irreversible binding , as analogs 

containing the corresponding dio l or methylene groups are biologically inactive69
. 

Schreiber and coworkers published the total synthesi s of trapoxin B in J 996, and 

the route is depicted in Scheme 38 104
. 

197 198 

1 BOP,DMAP ~On 1 TsCI, pyridine 
DMF O NH N _..- DMAP 

2 TBAF, THF & X 2 5% HCI THF 
51 %, 2 steps N~H HN O Me 3·. DB~2jeOH 

I : O -9-{--Me 
0 

200 OH 

1. EDC, NMM, HOBt 
2. LiOH, THF, MeOH, H2O 

3. H2, 10% Pd/C 
76% 

~o 
NH N~ DCC, DMSO 

& .. Cl
2
CHCO

2
H J-Z O b 80% 

. G--<OH 

201 

Scheme 38: Schreiber's synthesis of Trapoxin B. 

Trapoxin B 

Macrocyclization of this type (199 to 200) have proven difficult; in fact , 

calculational tudies have been undertaken in an attempt to predict the appropriate acyclic 

precursors I 05
• As this technology has yet to be pe1fected, Schreiber and coworkers 

in tead looked to prior syntheses of chlamydocin , which had shown that successful 

cycli zation appeared to dictate that macrocyclization occur between the pipecolate C-

terminus and the -terminus of the Aoe re idue I04
•
106

·
107

. 

Acid 198 was accessed in six steps form mono-protected (+)-2,3-0-isopropylidene-L-

threitol , and coupled to free amine 197 . Foll owing removal of the N-Cbz protecting 

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

days in DMF with BOP and DMAP. Foll ow ing deprotection of the primary alcohol and 
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the acetonide , the requi ite epoxide was insta lled by treatment with DBU in methanol. 

Oxidation under mild conditions furni shed trapoxin B in fifteen linea r steps. 

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

the stereochemi try of the amino acid residues and the zinc-binding region (Table 8)101
. 

Table 8: Biological data for TPX A, Band analogs. 

Compound Configuration Sequence B16/BL6 
HDACs, IC50 

TPX B-type 
CHAPlt LLLO L-Asu(NHOH)-L- Phe-L-Phe-0 -Pro* 6.03 nM 
CHAP27 LDLD L-Asu( HO H)-0 -Phe-L-Phe-O-Pro 3.44 nM 
CHAP38 LOLL L-Asu(NHOH)-0 -Phe-L-Phe-L-Pro 5.32 nM 
CHAP39 LLDL L-Asu(NHOH)-L-Phe-0-Phe-L-Pro 226 nM 

TPX A-type 
CHAP57 LOLO L-Asu(N HOH)-D-Phe-L-Phe-0 -Pro 2.91 nM 
CHAP56 LLLO L-Asu(N HOH)-L-Phe-L-Phe-0 -Pro 4 .78 nM 
CHAP58 LOLL L-Asu(NHOH)-0 -Phe-L-Phe-L-Pro 4.18nM 

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

In compounds containing the hydroxamate preval en t in linear peptides , the 

bi ological activity was red uced by ~ 17 fold again t HD A Cl 101
. Interestingly , of the four 

tereochemical combinations tri ed (LOLO , LLLD , LOLL, LLOL: side chai n-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 proposa l that unnatural amino acids are necessary in the cap region for tighter 

interaction with amino acid res idues in the enzyme68
·'

0
'. Thi s finding also hi ghlights the 

differences between cyclic and linear HOACi , as the enantiomer of TSA has been shown 

to be biologically inactive 108
• 

4.3.4 Apicidin 

A similar HOACi , ap icidin , was isolated in 1996, and was shown to have 

promi sing inhibitory activity' 09
·"

0
. Thi is particularly noteworthy due to the side chain 
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present in the apicidins. Gi ven that studi es of des-e poxy trapox in had shown it to be 

inactive, the Aoda (S)-2-amino-8-oxodecanoi c acid) side chain present in the apicidins 

would be predicted to have insignifi cant biological activity69
. However, thi s natu ra l 

prod uct di splay nanomolar potency (IC50 1-2 nM) aga inst api compl exan HDACs 109
. 

The structure of api cidin was determined by detail ed 1H and 13C MR studies 

(COSY, TOCSY and HMQC) , with the stereochemi stry of the amino acids determined by 

degradation foll owed by deri vatization and treatment with an amino-oxidase 109
·
11 1

• 

Follow ing the isolati on, two total synthe e were completed in 200 I , and an 

interesting study using a metathes is reaction for mac rocyclizati on was publi shed in 2007, 

although thi s did not furni sh the natural product ' 12
·
11 3

·
114

. 

202 

Me 

0 
HCHO H02C~O 

cat. p-TSA CbzN-./ 

203 

OH 1. NaOMe l .,..,_ _co2Me 
2. EtOC(O)CI, ..__,, y 

NaBH4 NHCbz 
65%, 3 steps 204 

PPh3, l2, 
imidazole 

205 

Me~(! Me~n 
Mel0 

0 
l .,..,_ .,..,_ .,..,_ -C02Me 'l(..__,,..__,, y 

---- 0 NHCbz 

0 NH N::c ~y~~:~eie O NH Nx, 

'<:, :~H ONHCb OCeFs 2:s;~A " '<:, :1AH HN O 0 n-Bu3SnH, hv 
46% 206 

NBoc I NH 
Me Me 

207 Apicidin A 

Scheme 39: Singh's synthe is of apicidin A. 

Of parti cul ar note is Singh and coworkers' approach to thi s molecule, shown 

below in Scheme 39 . The major chall enge in thi s ynthes is was the formati on of the 

Aoda side chain . Attempts to foll ow literature procedures fo r amino acid homologation 

gave solel y the dehydroamino acids. A radical reacti on utili zing iodide 205 and ethyl 

viny l ketone in the presence of tri -n- butyltin hydride gave the appropri ately protected 

amino ac id (206) in 46 percent yield . 
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Having ynthesized the Aoda side chain , a series of peptide couplings were 

carri ed out , usin g DCC/HOBt to give the acyclic precursor (207) . umerous peptide 

coupling reagents were used in attempts to access the macrocycle; ultimately, cyclization 

wa effected u ing conditi ons developed by Schmidt , wherein the acid is activated as its 

pentafluorophenyl ester 11 3
•
11 5

·
116

• A number of api cidin analogs were synthes ized to test 

di ffe rent zinc-binding moti fs . Two such analogs showed acti vity which wa increased 

with respect to the natural product (Tabl e 9) 117
• 

Table 9: Biological acti vity of api cidi n A and analogs . 

Me~(! 

J
O NHN ,,,. 

:;-z 0 

R2. CR' 

R' R2 IC50 , HeLa cell HDACs 
C(O)CH2CH3 OMe l nM 
C(O)CH2CH3 H l nM 

CH2SAc OMe 3 nM 
CH2CO2Me OMe 0 .40 nM 

CH2C(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 cycli c tetrapeptide isolated fro m a marine 

fun gus, Microsporum cf . gypseum 11 8
• Detail ed MR studi es in conjuncti on with 

degradation and deri viti za tion with Ma1fey's reagent led to the structure show n in Fi gure 

7, containing L-Ala, D-Pip and L-Phe119
• In bi ological testing, Mi crosporin A displayed 

activity and selecti vity greater than SA HA, inhibiting class I HDACs (IC50 140 nM vs 

300 nM for SAHA) four fo ld over HDAC8, a cl ass II enzyme (550 nM vs 780 nM for 

SAHA) 11 8
. These observati ons led Sil verman et al. to pursue a solid-phase synthesis of 

th i natural product (Scheme 40). 
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Foll ow ing the synthes is of the Aoda side chain used by Singh, a series of peptide 

couplings using res in-bound O-Pip gave the acyc lic tetrapeptide, which was removed 

from the resin and cycli zed, completing one of the few solid-phase syntheses of thi s class 

of HDACi 11 3
·
11 8

• 

208 

7steps BocHN ~ ··~ O UcA ~XNH hx,·· 
N N-Si I iJ · ,•' _ I \To'- 2. 20% 1-Pr2NEI Me NH HN 0 

. : H '\ 3 ~NH THF, reflux 011A 0 Me O CN 
209 

0 
Me Microsporin A 

Scheme 40: Si lverman's ynthes is of microsporin A. 

4.3.6 Azumamides 

Another group of natura ll y occurnng HDACi with unusual tructu res are the 

azumamides, whi ch are cycli c tetrapeptides isolated from the marine sponge Mycale 

izuensis, although some have proposed that the actual source may be a sponge-associated 

fu ngus99
·
120

. The azuma mi des di splay an unusual stereochemi cal arrangement in 

comparison to chl amydoc in , trapoxin , and api cidin , being composed exclus ively of O-

amino acids (O-Phe/O-Tyr, O-A la , and D-Yal)120
. The side chain of the azumamides, 

(Z,2S,3R)-3-amino-2-methyl-5-nonened ioic aci d (A mnda) or (Z,2S,3R)-3-amino-2-

methyl-5-nonenedi oic acid 9-amide (A mnaa) possesses the oppos ite absolute 

config urati on as those seen in the aforementioned compounds120·121 _ 

Furthermore, the azu mamides displ ay a high degree of potency as HDACi when 

tested against HDACs fro m human leukemi a cell s, with IC50 values ranging from 45 nM 

(azu mamide A) to 1.3 µM (azumami de 0 ) 122
• Thi s potency is notabl e fo r the fact that the 

azumamides present relati ve ly weak zinc chelati on moti fs: azumamides A, B and D have 

carboxamides in thi s region, whil e C and E carry carboxy li c aci ds. 
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Syntheti c studies of the azumamides have prov ided some insight in to thi s acti vity . 

Routes to the key nonenediodic ac id are hown in Schemes 41 and 4i1 23
·
124

• 

1. (+)·lpc2BOMe Me 1. 0 3, CH2Cl2 

HO~OBn 
(COCl)2• OMSO 

O~OBn 
E-2-butene, t-BuOK 

~OBn 
2. NaBH4, EtOH 

Et3N, CH2Cl2 n-Buli , BF30 Et2 OAc 
3. K2C03, MeOH 

98% 2. Ac, o , CH, Cl2 4. TBDPSCI, DMAP 
210 211 80% 212 61 %, 4 steps 

Me m Me 1. H2, Pd/C, EtOH 
1. MsCI, Et3N, THF Me 1. H, , Pt, o , EtOAc _,l .,,.__ .OB 2.(COCIJ,, OMSO 

TBDPSO OH OBn 
2. NaN3, DMF M 2. Boc20 , Et3N, CH2Cl2 ( Y ..__,,. n Et3N CH2C12 

89% (two steps) TBDPSO N3 OBn 92% (two steps) TBDPSO NHBoc BO% (iwo steps) 

213 214 215 

~e ~C02Et 
TBDPSO~ 

NHBoc 

1. HF/Pyr, Pyr 
2. TEMPO, H3P0 4, NaCIO 

NaCI02, CH3CN 
59% (two steps) 

~e ~C02Et 

Ho,cAy" 
NHBoc 

217 

Scheme 41: De Riccardis' synthesis of Amnaa. 

1. BnCI, K2C03, DMF 1. 0s04 , NMO, THF 
2. H2, Pd/CaC03 

0 

1Bu) LNH2 
CuS04 , CH2Cl2 

39% 

2. Allyl Br, K2C03 

CuCI, DMF 
96% 

0 

/Bu) LN 

Bnl~ 

222 

C02Bn 3. Nal04, aq. CH2Cl2 

220 

0 

PMBO~Me 
LOA, TiCl(O.f'r)J 

TiCl4, THF 
46% 

65%, three steps 
221 

~e ('co2Bn 
PMBO~ 6 steps 

0 HN,s, IBu 

0 
223 

0 Me O M 
0 Mey Mey: 

TceO~ HATU, iPr2NEt O NH~ ~HN ~e Zn AcOH 0 ==<"-"~ HN ~e 

H0¾:'7 ;Y.&H O " " •"'" ~'. Me ::'i~::~ h){:e 
I '<:: 0 u OTce O u I NH2 

h 

224 225 O Azumamide A O 

Scheme 42: Ganesan's synthesis of Amnaa and compl etion of azumamide A. 

218 

De Riccardi s obtained asy mmetri c inducti on through the use of the Brown 

crotylborati on methodology' 25
. Ganesa n instead employed Ellman's auxiliary in a 

Manni ch type reacti on, as show n below in Scheme 42. In both cases , simil ar acycli c 

precursors were synthes ized, with cycli zation occurring between the N-terminus of the 

Ammna side chai n and the C-Phe terminus in De Ri ccardi s' case , and between the N-Phe 
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termi nus and C-A la terminus in Ganesan's work 123
•
124

. De Riccardi s reported 

conformational analyses based on NM R RO ESY correlations and calcul ationa l docking 

studies 12 1
• The soluti on NMR studi es showed no defined secondary structure, and were 

used as a starting point fo r their docking calcul ations. These calcul ati ons show that the 

macrolactam sits within a shall ow groove in the enzyme where in it establi shes Van der 

Waals interactions and hydrogen bonds with con erved amino acid residues. The 

phenylalanine side chain li es within a hydrophobic pocket; also a hi ghly 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 bi ologica ll y active, though with a ignifi cant loss in 

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

Table 10: Biological data fo r the az umamides and analogs. 

Compound Znz+_binding HeLa HDAC K562 HDAC HDACI 
arm ICso µM ICso µM ICso µM 

Azumamide A CONH2 5.8 0.045 >50 
Azumamide B CON H2 NTt 0 . 11 1.83 
Azumamide C CO2H NT 0 . 11 1.17 
Azumamide D CONH2 NT 1.3 > 50 

(+)-Azumamide E CO2H 0.033 0.064 1.22 
(-)-Azumarn ide E CO2H 26 NT NT 

Azumarn ide co HOH 0.007 T NT 
hydroxamate 

TSA CONHOH NT NT 0.037 
t T: not tested 

HDAC4 HDAC6 
ICso µM IC50 µM 

>50 >50 
3 .66 >50 
3 .16 > 50 
> 50 >50 
2 .28 > 50 
NT NT 

T T 

0.063 0 .083 

Another di astereomer, (2R,3S)-azumamide E, showed a complete loss of 

bi ological activity, presumably due to a loss of conformational ri gidity 121
• Ganesan also 

examined possible improvements to the azurnamides' biological activi ty, 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 
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improved inhibitory potency in conjunction with the installation of this much stronger 

zinc-binding residue (Table 10) 124
. 

4.3.7 FR235222 

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

metabolite isolated in 2003 from the fermentation broth of Acremonium sp.126 A potent 

(IC50 60 nM against HeLa HDACs) inhibitor of HDAC , this compound displays a 

variation on the a-keto epoxides seen in the trapoxins. Here, a (2S,9R)-2-amino-9-

hydroxy-8-oxodecanoic acid (Ahoda) side chain is present (Figure JO) , 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 inactive69 . As with other cyclic 

tetrapeptide HOA Ci , an unnatural amino acid is included in the macrocycle (D-4-

MePro)1 27 . The first published synthesis of FR235222 was completed by Taddei and 

Gomez-Paloma in 2006 , and is shown in Scheme 43 127. 

NBn 1. MeOCH2PPh3CI, KHMDS NB O 

½
2 2. HCI/EtOAc ~n2 Pd(OH)2, H2 NHBoc 0 

BnO C H --------- Bn02C Me --- H0
2
C.A. ,,..___ Jl Me 2 3. (R)-(Me0)2P(O)CH2COCH(OTBS) Bo O • --...,- --...,- 'v' Y 

0 LiCI , i•Pr2NEt OTBS <½ OTBS 
226 61%, 3 steps 227 ?S% 228 

!IJBn2 

Me02C~C02Me 

KHMDS, Mel 

92% 

Bn2~ ~ e Pd(OH)2, H2 

Me02C~C02Me Boc20 , Et3N, DMAP 
60% 

1. AcOH, TFE 
2 TFA, 1-Pr3S1H 

M~y~,r-0 
Meg J _ '<-2 

HN O N-'\._ 

Scheme 43: Synthesis of FR235222. 

3. HATU 
68% 

- OH O)y~'1('' ,,r Me 
Me~ O 

0 FR235222 

Aldehyde 226 was prepared through a known procedure and converted to acid 

228 in four steps 128. Following the construction of O-4-MePro (231), thi s substance was 
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attached to a polystyrene/2-chlorotrityl resin . Once synthesi s 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 thi s group and others, as shown in 

Table 11 129
·
130

. 

Table 11: Inhibitory data fo r FR235222 and analogs. 

Entry RI R2 

1 (FR235222) Et Me 
2 Et Me 
3 Me Me 
4 Ph H 
5 Indole H 
6 Me Me 
7 Et H 

0~ (J(N>==o 
o=( H HN 0 

R'~N~ )yMe 
R2 g v R;·w 

R3 R4 

OH H 
OH H 
OH H 
OH H 
OH H 
H OH 
H OH 

Rs HeLaHDACs 
IC50 nM 

Me 60 
H 50 
H 30 
H 280 
H 20 
H 330 
H 1000 

Bifulco and coworkers extended these studies by performing mol ecular modeling 

studies in order to identify further targets for synthesis I3 I
. Similar interactions to those 

mentioned above in De Riccardi s' studi es of the azumamides were noted between the 

macrocyclic cap and the HDAC enzyme. The praline 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 leadin g to the active site as those found by De 

Riccardis I2 1
• The stereochemi stry at C9 was shown to be an important contributor to 

binding of the zinc cation, with the natural (R) configuration appearing to be more 

favora ble ; thi s is further supported by the inhibitory data shown below (Table 11) 130
.1

31 
_ 

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 131
• Calculational trends corresponding closely to 

experimental data suggest that thi s 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 HOA Ci with a novel zinc-binding motif have been 

isolated. Thi s group, which bears an unusual (3S,4£)-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 

(]C50 0.62 nM against HDACl ; 360 nM against HDAC6)77
. While the total synthesis of 

FR901375 (an isolate from Pseudomonas chloroaphis o. 2522) has been completed, no 

inhibitory data has yet been reported for thi s molecule 132
• 

o Me Me'---'Me Me~:X~O ::--S~S 
~Me 0 : H Me 

MeiJ N~ ti'!NX'"' 0 NH H Me~100 9 
o NH lN" :X:{) 0 

!Ng Me,(-~o 
O NH ~ (aJyNH ~ Me o ,rs~ 

0 0 s ./'-.. s-s "-s 0 
spiruchostatin A FR901375 FK228 largazole 

Figure 11: Sulfur-containing HDACi. 

These compounds all contain the ~-hydroxymercaptoheptenoic acid residue 

connected to a cysteine residue as the unsymmetrical disulfide. There are however, 

significant differences within the cap regions : in FK22 8, five sp2 hybridized carbon 
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atoms are present within the macrocycle while the spiruchostatins and FR901375 contain 

only four. Whi le 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. FR9013 7 5 has a sixteen-membered ring de psi peptide ring, 

analogous to that of FK228 , but the cysteine is shifted relative to the ~-hydroxy acid, 

contracting the outer ring to fourteen atoms about the depsipeptide linkage. 

4.4.2 Spiruchostatins 

The spiruchostatins were iso lated from a culture broth of a Pseudomonas sp. in 

2001 133
. There have been two total syntheses of spiruchostatin A and one of 

spiruchostatin B (the difference being either a C-4' valine or isoleucine) 134
' 135' 136. 

Ganesan's synthesis of spiruchostatin A (below) is particularly of note 135 . 

TiCl4,i•Pr2NEt 

DCM 
84%, 9.5:1 dr 

0 HMe 

;
N !-Me 

STr OH O S T,s - ··· ~ --·· OTIPS 
I • I 11 II DMAP ~ NAS ________ HN O 

µ Me'vMe J=O TceO 
Me--{ ~e H O : Me-{ 

H2N"'r(N0 NyYOTce o =='NH FsT, 

237 
0 l_ __ H O O '---\ 

238 STr 'TIPS OH 239 

Me 

84% 
0 Me 
'y--~ _..l--Me 

i. 12, 10% MeOH, DCM 
h JOH 

Me>gN Os 
ii. HCI, EtOAc 
65%. 2steps 

NH ~ 
0 

0 0 
spiruchostatin A 

Scheme 44: Ganesan's synthesis of spiruchostatin A. 

The ~-hydroxy acid stereochemistry was introduced using the Nagao aux iliary in 

conjunction with Vilarrasa's TiCl4 conditions 137
•
138

. 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 material s. Following de protection , Yamaguchi 

macrolactonization proceeded in good yield 135
·
139

. Finally , deprotection of the thiol s and 

concomitant formation of the disulfide bond , followed by TIPS de protection gave 

spiruchostatin A . A small amount of epi-spiruchostatin A , with the R-stereochemi stry at 

the ~-hydroxy ac id fragment was also synthes ized , and shown to be biologically inactive 

at 10 µM, suggesting that stereochemi stry at thi s position is important fo r interactions 

with surface amino acid residues on the HDAC enzyme 135
• 

4.4.3 FR901375 

FR901375 is a metabolite of Pseudomonas chloroaphis ( o . 2522) and was 

reported by Fuji sawa Pharmace utical Company in 199 175
. Synthesis of FR901375 has 

been completed by Janda and co-workers (Scheme 45) 132
• 

0 

MeO~NH2 

HO Me 
241 

0 0 
O)l_N~CI 

u.. 
·sn 

(n-Bu)2BOTf, i-Pr2NEt 

0 235 

H~STr 

242 

0 O OH STr 1. BOP, i-Pr2NEt A Jl J__ g-... j 1. Al-Hg O OH STrt 46 

OLJW Y --:,, .,__,,,. 2. LiOH, H20 2 HO~ 2. LiOH 
·-. Cl 78% 78% 
Bn 

243 69%, >90% de 244 245 

Me Me 

0 J's, 0 HMe,Meo OH STr ~~:x;~ x -·tMe 1. 12, MeOH~

0 

~\-~ x . .tMe 
MeO)l_ 'lf'N~N'lf'N~ THF H O 2. 5% HF O OHN O 

--~ 0 H : 0 H 58% I O H HN O MeCN I ~ H _ J 
TBSO Me Me,.,...,, Me 

0
~N~•-,_

1 
63% 0 N

11 
\_ 

246 HO~ Meo STr HO Meo/ 
TrS S-S 

247 FR901375 

Scheme 45: Janda's synthesis ofFR901375. 

Original attempts to access the requisite ~-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' 

auxiliary1 40
. This technique permitted access to the ~-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 cyc li zed product (51), and fo rmation of the disulfide 

bond followed by alcohol deprotection gave FR90 1375. 

4.4.4 FK228 (Romidepsin) 

The fi rst of the sulfur-containing HDACi to be di scovered was FK228 (also 

referred to in the literature as FR9O 1228 or depsipeptide, and registered as both SC 

6301 76 and Romidepsin)14 1
. FK228 is currently in human clinical tri als fo r peripheral 

and cutaneous T-cell lymphoma, and as such, has been extensively studied92
'
142

. Unlike 

other HOA Ci, studies have been conducted to identify the specific prote in targets of 

FK228, show ing that at least 27 proteins in vo lved in a wide vari ety of cellul ar processes 

are affected by thi s inhibi tor143
·'

44
• Much of the current understanding of thi s cl ass of 

HDACi has come from research on FK228. 

The natural product was fi rst isolated from the fe rmentati on broth of 

Chroniobacterium violaceum o. 968 in conjunction with a screening program for agents 

that reverse the mali gnant phenotypes 145
•
146

. Structu ra ll y, FK228 is a bi cycli c 

depsipeptide that features a 16-membered ring about the macrolactone and peptide 

backbone and a 17-membered ring about the ester and di sulfide linkages 14 1
. In addition 

to the ~-hydroxymercaptoheptenoic acid , the small er ring contains the dehydrothreonine 

derivative, 2 ,3-dehydro-2-aminobutanoic ac id (Dhb). The structure was determined by 

spectroscopi c and X-ray analys is and confirmed by multipl e total syntheses, the first of 

which, as compl eted by Simon et al. , is show n below 147
·
148

• 
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Scheme 46: Simon's synthe is of FK228 . 
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Here , Simon made u e of a titanium-mediated aldol reaction in conjunction with a 

li gand derived from (S)-(-)-binaphthyl amino alcohol (249) using condition developed 

by Carreira to access the ch ira l ~-hydroxy acid in 99: I er148
·
149

. This acid was synthesized 

a the enantiomer of the natural stereoisomer uch that macrocyclizati on could be 

effected under Mitsunobu cond itions mandating in vers ion of stereochemistry. Following 

a nine-step sequence to access the acyclic precur or of FK228 (253) , the Mitsunobu 

reaction gave the cycl ized product (254) in a reported 62 percent yield with on ly trityl 

deprotection and di sulfide bond formation remaining to give FK228 (Scheme 46) 148
. 

Following publication of Simon's route to FK228 , our group investigated a different 

synthesis which had its basi in Simon's work 152
. 

As mentioned above, FK228 wa in clini cal tria ls; however , severe cardiac events 

were noted , resulting in a suspension of the trial s (since then , clinical trial s have begun 
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anew)92
·
150

• At the time , access to larger quantiti es of FK228 were needed fo r study such 

that a better understanding of the bi ochemi stry of the natural product could be achieved 

pri or to reintroduction to the clini c. As the natural product was not widely available, 

this demand necess itated a new, more scalabl e synthes is of FK228 a com pleted by 

Wi lli ams et al. is show n below in Scheme 47 152
• 

Meo OMe Phti~Ru-2- "" 

OMe O OMe O OTBDPS O H A_)l_ P rMgCI, HN(OMe)Me I II OM ~ 257 1. (10 mol%), i-PrOH(R,R)-cat. l Ph•'' N' 

Meo OMe 
O 

MeO~f e -------- 11 --.- .---------- • 
255 THF, 0 C, 1.5 h Me n-Buli, THF 2. VItnde (Red-Al) SB%, 2 steps 

67% 256 -78 •c -o •c. 14 h 
75·¼ 258 0 OTBDPS 

1. TBAF OMeOH 1. LiBF 4, CH3CN-H2O 
Meo ?" OTBDPS -2-. -Ts_C_l,-D-M-A--lP• I I 

MeO~ OT s 2. NaCIO2, NaH2PO4, 
2-methyl-2-butene 

259 70%, 2 steps 
260 3. HSCPh3, t-BuOK 

65%, 3 steps 

H OH x,· STr 

HO~O u 
245 

1. El2NH , CH2Cl2 
rt , 4.5 h 

2. N-Alloc-S-Tr-0-Cys 
EDCI, HOB! 

Mex;Me OH 0 

Me~N O 
0 NH H OMe 

1. Ts2O, pyridine 
o •c, 40 min 

Me Me 

Me~Nx;o 
2. DABCO, CH3CN O NH H OMe 

1. PdCl2(PPh3)2, Bu3SnH 
HOAc, CH2Cl2, 3 h 

2. N-Fmoc-0-Valine 
EDCI , HOB! 

DMF, CH2Cl2, 19 h 
83%, 2 steps 

DMF, CH2Cl2, 18 h Trs, ... • NHAlloc 
67%, 2 steps 262 

Me Me 

Me~ N~o 
0 NH H OMe Et2NH, CH3CN 

Trs , ... • NH 

O~ NHFmoc 

264 Me/""-. Me 

0 °C - rt , 2 h 
quant. 

rt , 18h Y 
95%, 2 steps TrS..___ ,, •• l_NHAlloc 

263 

FK228 

Scheme 47: Greshock and Williams' improved synthesis of FK228 . 

The synthes is of ~-hydroxy ac id 245 proved both reproducible and scalable, 

permitting access to thi s chall engi ng portion of the molecul e on a multi gram scale 152 . 

Further changes were made in the fo rm ation of tetrapeptide 264 . The o ri ginall y published 
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conditions required N-Fmoc-0-cysteine(STrt) , which proved difficult to synthesize in 

good yield from D-cysteine ; however , the synthesis of N-Alloc-0 -cy teine(STrt) cou ld be 

obta ined in hi gh y ie ld following Kruse's method 15 1
. Finally, dehydration of the threonine 

residue earl y on in the synthesis improved the yield of the tripeptide (263) to 53 percent 

overall. 

To conclude the sy nthes is , the fina l coupling of 252 with 245 , macrolactonization 

and disulfide formation from Simon's pi oneerin g work was followed to give FK228. In 

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

res pect to the reproducibility and yield of the Mitsunob u reaction 152
·
153

. To obviate the 

need fo r thi s capricious reaction , an alternati ve macrolactamization route has recently 

been reported by Ganesan using both solution-phase and solid-phase chemistry. Thi 

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

macrolactonization strategy (Scheme 48) 153
•
154

. 

Mex;Me TMS 
Fmoc O I 10 steps FmocHN 

'N ---./ -
H 

0 Me 

265 

Scheme 48: Ganesan's macrolactamization strategy to FK228 . 

A nalogs 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 155
·
156

·
158

. 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 wa ll 155
. In vivo reduction by glu tathione within the cell would then 
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reveal a free thiol , which strongly coordinates to the active-site zn+2 cation 155
•
157

. 

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

inhibitory activity against HDACl for redFK228 vs FK228 was observed (Table 12) . 

Me Me 

Me~N~o 
0 NH H NH 

Me Me 

Me~N~o 
0 NH H 0 

,,,, NH O H HS....._,,,' NH 0 

/ o)yNH ;; 

\ Me.,,.:..._Me 

0 

H 

s 
FK228 FK228 amide isostere (267) redFK(268) 

Figure 12: Analogs of FK228 . 

SH 
R; H (269) 
R;AC (270) 

Me 0 

Me) .... ~N~o 
0 NH H I t O p (_..~~g, NH; 

S R 
........_s 

R;Me (271 ) 
R;i-Pr (272) 

Some preliminary biochemical profiling of the e analogs has been reported and 

comparative data are collected in Table 12. FK228 is a potent inhibitor of the Class I 

HDACs l , 2 and 3, but is inactive against the Class IIB HDAC6 155
. 

Table 12: Biological data for FK228 and selected analogs. 

Compound HeLa HDACs nM HDACl nM HDAC6nM 
FK228 NTt 30 14,000 

redFK (268) 15 0.397 787 
269 15 1.6 881 
270 7.2 1.6 897 
271 7 17.5 4900 
272 242 >100 >10,000 

tNT: not tested 

The biochemical activity of the simplified analogs 269 and 270 display a similar 

pattern of class se lectivity with potency bei ng maintained against HDACl. The 

surprising drop in potency for the FK228 analogs 271 and 272 reveals that alteration of 

the conformation of the cap group, wh ich is presumably a manifestation of the D-valine 

for dehydrothreonine residue substitution, is critical fo r 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 

HDACl (Table 13) 158
• 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 

omewhat 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 a 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. 

16-membered ring 

Scheme 49: Possible transannular ring closure. 

12-membered ring 
active form of FK22B? 

8-atoms 

The synthes is of the FK228 am ide isostere 1s show n below in Scheme 50, 

beginning with the synthesis of ~-amino acid 273 (d i cussed in more detail in Chapter 4). 
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0 : p' 
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Scheme 50: Williams' sy nthes is of the FK228 amide isostere (267). 

>< • macrocycle 

STr 

Acyclic precursor 276 was accessed following Simon's strategy with the intent to 

accomplish the macrolactamization pri or to di sulfide formation. However , unlike the 

syntheses of FK228 di scussed above , all attempts at macrocycle formation failed. For 

this particular substrate , it was found that formation of the di sulfide bond (277) prior to 

macrocyclization was necessa ry , giving the amide isostere of FK228 in 13 steps I 58
• 

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

Compound HDACl HDAC2 IC50 HDAC3 HDAC6 
IC50 nM nM IC50 nM IC50 nM 

FK228* 0.2 I 3 200 
FK228 amide isostere* 267 10 80 70 >3000 
SAHA IO 40 30 30 
*assay performed in the presence of TCEP 

3.4.5 Biosynthesis of FK228 

Unlike other HDACi in thi s class , the biosynthesis of FK228 has recently been 

explored . 
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DepA 
Module 1 

DepB 
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SH 

EX3 
Unknown, stand•alone 
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SH 

O/suffide bond formation 

Scheme 51: Proposed biosynthesis of FK228. 

DepD DepE 
Module 4 Module 5 Module 6 Module 7 

Chang and co-workers have identi fied and pa rti all y characterized a gene cluster 

responsible fo r the bi osynthes is of FK228 . The gene cluster is pred icted to encompass a 

fo urteen-gene region of D A, including six genes constituting a hybrid non-ribosomal 

ynthetase-polykedtide ynthase ( RPS-PKS) assembly line . Their proposed 

bi osyntheti c model is show n in Scheme 51 141
• Acti vati on of cysteine by the A domain in 

module l effects the format ion of a cyste inyl-S- PCP intermedi ate. Follow ing the 

formation of 4-mercaptobutanyl-S-PCP, PKS modul es 2 and 3 extend the grow ing chain 

using C2 units from malonyl CoA. Modules 4 , 5 and 6 add activated D-Val, D-Cys and 

Dhb . Modul e 7 incorporates the final res idue, as the A domain in module 4 

ami noacylates the PCP domain. Finally , the terminal thioe terase domain on DepE 

cata lyzes the macrolactoni zation , and an FA D-dependent pyridine nucleotide di sulfide 

ox idoreductase closes the disulfide linkage. To date, Chang's work represents the only 

publi shed proposal regard ing the bi osy nthesis of the bicyclic di sulfide-contai ning HDAC 

inh ibitors. 

78 



4.5 Largazole 

4.5.1 Background and Iso lation 

One of the most recent HOACi to be iso lated is the marine natural product 

largazole , whi ch was isolated by Luesch and co-workers from the Floridi an marine 

cya nobacterium Symploca sp. and reported in ea rl y 2008 159
• Largazole al o demonstrates 

ome structural similarity to FK228 , in that largazole contains the same 3-hydroxy-7-

mercaptohept-4-enoic acid moiety common to FK228 , FR90l 375 and spiruchostatin 159
• 

However, in the case of largazole, the thiol is capped as an octanoyl thio l ester as 

opposed to a di sulfide linkage. Thi s led to the proposal that largazo le may in fact be a 

pro-drug . The more hydrophobic natural product would be capable of entering the cel l; 

once inside , enzymati c removal of the octanoyl re idue would reveal the zinc-binding 

portion of the molecule to give the hydrophili c , active form (Figure 13) . 

Me Me 
o .,..,s M o"' _\.-'''s 

Me Me lipase )e T 
Me ., Me -

- or N S & ) .. NHN- ••,, NH 

X N)S esterase OXO 0 ) 0 0 0 
S~N fi$,......____~N 

H ( H 
largazole fargazole thiol 

HOAG 

Figure 13: Enzymatic activation of pro-drug largazo le. 

As w ith the reduced form of both FK228 and spiruchostatin, biological testing 

supports this theory with largazo le itself be ing nearly inactive and the largazole thiol 

di splaying unprecedented biological activity. The macrocycle itself is somewhat more 

rigid than that of FK228 by virtue of a thiazo line-thiazole moiety 158
. This ri gidity leads 

to a lowest energy so lution conformation that matches the lowest energy bound 

conformation, as shown by calculations performed by our co llaborator Olaf Wiest 

(d iscussed in fmiher detail in the next chapte r) 158
. 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 largazo le (largazole thiol) displays a pronounced 

(nearly 360-fold) preference for HDACl over HDAC6 I60
. 

4.5.2 Previous Syntheses 

In li ght of both its biological activity and promi sing selecti vity , largazole has 

attracted a great deal of synthetic attenti on , with seven total syntheses being publi shed in 

less than one year fo ll owing its isolation 159
·
160

·I61
•
162

. The most common approach, taken 

by Luesch , Phillips and Cramer , is shown below (Scheme 52). Here , following the 

synthesis of the depsipetide-containing co re of the molecule , a cross-metathesis reacti on 

was used to instal l the side chain present in the natu ral product. Other grou ps (including 

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

chain . 

largazole 

279 R=H (Luesch, Phillips, Cramer) 
280 R=(CH2]2$Tr (Williams, Doi) 
281 R=(CH2)~CO(CH2)? (Ghosh) 
282 R=(CH2)20TBS (Ye) 

283 

Scheme 52: Strategies empl oyed towards largazole. 

OH 0 

+ R~OH 

284 285 

The major chall enges in these sy ntheses, as in those di scussed with regard to other 

mem bers of the class , are the formation of the ~-hydroxy acid unit and the final 

macrocyclization step . With respect to the side chain , two different strategies were 

employed: asymmetric C rimmins-type acetate aldol reactions and enzymatic resolution of 

ac hiral startin g material s 160
•
16

1.1
62 (Scheme 53). 
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Scheme 53: Approaches to the ~-hydroxy acid moiety . 

The opposite stereochemi stry in the auxili aries used by Luesch and Ye is 

explained by ex isting models, which suggest that the stereochemical outcome of these 

reactions are dependent upon the amount of base present 163
•
164

• 

Following synthes is of the ~-hydroxy acid , each group's route proceeded in a 

similar manner , u ing a modu lar synthesis to combine the aforementioned ~-hydroxy 

ac id , L-valine and a thi azoline-thi azole moiet/ 60
·
16 1

·
162

. 
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1. LiOH, THF/H2O 
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3. HATU, HOAI 
i-Pr2NEI 
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0~ 
Me T ;.,= S 
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A N s OJJ 

1. TFA 
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296 279 Grubbs' #2 30 mol % 
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)l 

C1H,s SH 

297 
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THF 
81 % 
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Me -·- S 2,4,6-trichlorobenzoyl chloride 
·-">( .J.__ Et3N, DMAP, Boc-L-valine 

O=( N~ "'f' ·s 
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O
N- > 99% 
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Scheme 54: Synthesis of largazole by Luesch and co-workers . 

The first publi shed synthesis of largazole was accompli shed by Luesch and co-

workers , and is of particu lar note due to the site of ring clo ure104
" . Of the seven 

published syntheses of the natural product , only Lue ch 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 stericall y 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 scaleable162c, ,65
• The a -

methylcysteine piece (292) is accessible through a known four step procedure, and the 

condensation of the two proceeds in good yield 1628
'
166

. Luesch and colleagues used this 

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

product167
. The attenuated biological activity of these analogs suggests that the chain 

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 (17 R) of largazole 167
. 

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

largazole thiol 302 303 

Compound HeLa HDACs HDACl ICso HDAC6 IC50 

IC50 nM nM nM 
Largazole 32 7 .6 1800 

Largazole thiol NTt 0.77 570 
Largazole n-1 side chain 299 >20000 NT NT 
Largazole n + 1 side chain 300 7600 690 >10000 
Largazole n +2 side chain 301 4l00 1900 >10000 

Alanine substituti on 302 72 44 3300 
( 17 R) Largazole 303 3900 NT NT 

tNT: not tested 
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Philips and Cramer converged on the same metathesi s substrate (279) as that used 

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

Phillips : 
1. Fmoc-L-valine, 
EDCI, DMAP _......s, rs 
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2. HATU, i-Pr2NEt 
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Me•(CH2)5 

219 0As~ 
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i-P/ ~ 
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Scheme 55: Synthesis of largazole by Philips and Cramer. 

305 

The synthesis of largazole accompli shed by Ghosh and Kulkarni is shown below 

(Scheme 56). 

O (S)-289 )l Grubbs' #2 catalyst 
C1H1 s s-"'-i DCM 

67% 

298 

1. TFA 

2. 283, HATU, 
HOA!, i-Pr2NEt 
66%, 2 steps 

OH 

~CO2/Bu 

s~ 
C1H1 s 

306 

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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till somewhat low yielding; however , starting material can be recovered and this 

choice regarding the sequence of events prevent the loss of more advanced material. 

Following the metathesis, esterification using N-Boc-L-valine provided 307 . 

Condensati on with acid 283 gave the acyc li c precursor (308), which wa converted to 

largazole by deprotection of both the N-Boc group and t-butyl ester, fo ll owed by 

macrolactamization to provide largazole. 

The synthesis reported by Doi and co-workers (Scheme 57) effected 

macrolactamization using the same bond di sconnection used by Luesch . Here , the S-

trityl protected side chain was installed early in the synthesis, and a late-stage 

deprotection and acylation seq uence provided both the largazole thiol and the natural 

product. 
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Me-j--- ,: NJ.__ 2,4,6-trichlorobenzoyl chloride Me-j--- ,: NJ.__ Me SnOH 
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2. 290c, 0 OMe tO NH 2 NHFmzNH 73%, 2 steps 
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i-Pr2NEt HO .. l ..,0 
~2m~ 
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HO2C O NH 

NHFmOzc 
Me._('Y 

Me O c7 

312 STr 

c7 Me O c7 

STr STr 

310 311 

1. Et2NH, MeCN 

2. HATU, i-Pr2NEt 
CH2Cl2 

65%, 2 steps 

1. TFA, CH2Cl2 
Et3SiH 

2. octanoyl chloride 
i-Pr2NEt, CH2Cl2 
90%, 2 steps 

Scheme 57: Synthesi s 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 asymmetri c t-butyl disulfide species 

(315) to mask the side chain thiol group. Thi sub trate was converted to the largazole 

thiol by phosphine reduction , fo llowed by acy lation to provide largazole. 
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Scheme 58: Synthesis of largazole by Ye. 
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While highly isoform-specific inhibitors have not yet been discovered, the 

se lectivities 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 fie ld 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 199626 . 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 re lationships 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. 

85 



Chapter 5: Syntheses of Largazole Analogs 

5.1 Synthetic Goals and Collaborations 

5.1.1 Synthetic Goals 

As described earlier, the dri ving force behind our synthetic interest in largazole is 

it biological activity and selectivity for HDAC 1. Although selectivity for any specific 

isoform is desirable in that a compound di splayi ng such activity would contribute to the 

understanding of the function of the isoform , HDAC 1 is a particularl y desirable target. 

Knock-out experiments in mice have shown that the deletion of both HDACl alleles 

results in an embryonic lethal phenotype, illustrating its overall importance 168. 

Furthermore, knock-down experiments using iRNA have sugge t that HDACl is 

essential for the proliferation and survival of cancerous cells67 . 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 inhibi tor with cla s- and eventually, isoform-specificity. 

To thi s end, we u e a combination of synthetic work, biological assays and 

computational models in order to identi fy these molecules. In order to accomplish these 

goals, our group has j oined others in a collaboration to study these newly created HDACi. 

The work of our co llaborators 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 coll aborators in both Dr. Douglas Thamm's and Dr. James Bradner's 

groups. Dr. Thamm's work wi ll focu s on studies of the natural product and its analogs in 

mouse models. These studies are still underway , and wi ll therefore not be discussed in 

further detail in thi s 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, 7 AMC (7-amino-4-

methylcoumarin , 320) is rapidly released by trypsin cleavage and detected by a 

fluorimeter. The pre ence 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 compatibi lity with tudies of 

di sulfide-containing compounds such as FK228, assay performance has been optimized 

under the red ucing conditions req uired to observe potent inhibitory activ ity of these 

molecules. 
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0 '-~· 0 le:~" i 1-~- 0 / ' , . 
)l --lyN~O --- Me-"N--lyN~O ryps,n 

Me 0 7 HN~.._,, H O 318 HN~: Me 
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H02C---, f C02H O I O I 
~ p O 0 

© .. J,~;4"' 
H O OH 

319 

H2N~: Me 
+ I 

0 

0 
320 (lAMC) 

TCEP ~C02H 

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 ~-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 ~-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 HDACl has 

not been solved, although a structure of HDAC8 was recently disclosed 169
. The 

importance of these studies cannot be underestimated; however, given the lack of such 

direct information with regard to human HDACI specifically, other means of 

determining structure-activity relationships must be employed. To this end, we are 

indebted to our co llaborators in the laboratories of Dr. Olaf Wiest for performing 

molecular modeling studie . 

88 



This group has developed models for HDACs 1,2,3 and 8, which can then be used 

d. d k. · · b h d · I ·nh·b· 169 110 111 to pre 1ct oc mg mteract1ons etween t ese enzymes an potent1a 1 1 1tors ' ' . 

In fact, their model for HDAC8 was shown to be extremely accurate fo llowing 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 identify ing 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 

synthesis wa desirable so as to permit access to libraries of compounds as quickly as 

po sible. As di scussed in the previous chapter, the HDACi pharmacophore can be 

di vided into the cap region (macrocycle), the zi nc-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). 

"""" { 
:--S, f;S Meir:;--'(N~ 

-~liJN} ""'" ·~'·" 
SH 

zinc binding site 

Scheme 60: Retrosynthetic approach. 

:--S, f;S Me-+-r:;--'(N~ 
OAOH NH2 

283 

264 

OH 0 

RS~OH 

285 

As seen in the approaches taken by other groups, the molecule would arise from 

three separate pieces: a th iazoline-thiazo le moiety, L-valine, and the ~-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 proj ect 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 ~-hydroxy ac id piece and the macrocyclization. 
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,..-S, /;~S i-Pr3SiH 
1. TFA, CH2Cl2 i>- -<z .. "' TFA 
2. HATU (2 eq) Me-i-,N N --

A . 0 NH CH Cl HOB! (2 eq) 0 NH 2 2 
i-Pr2NEt, CH2Cl2 Me .• l .0 

77%, 2 steps '( ')( 
Me O p 

STrt 
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Scheme 61 : Synthesis of largazole. 
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H3C(CH2)6COCI 

El3N, CH2Cl2 
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Me O p 0 

TrS 
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largazole 

In early attempts, we hoped to use a strategy similar to that used by Janda in the 

synthesis of FR90 1375 ; namely, the use of the Evans chiral auxil iary to access the ~-

hydroxy acid as shown in Scheme 62 132 . 

Scheme 62 : Original efforts towards the ~-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 synthesi . 

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 requi ite phenylalinol in hand, we chose to pursue a different strategy 

using the agao auxiliary (synthetic details supplied below and in the Experimental 

ection). 

With access to the ~-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; nan1ely , the least 

sterically hindered amide bond as shown above in Scheme 61 160
. 

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 HDACi, although this had never, 

to the best of our knowledge, been tested in the sul fur-containing HD A Ci. 

326 327 

Scheme 63: Retrosynthetic approach. 

OH 0 

RS~OH 

328 

Following the r trosynthetic 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 ~-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 successfu ll y u ed in the natural product. A known procedure 

was employed to access the requisite a -methylcysteine piece in a synthesis which 

proceeded smoothly, giving this piece of the molecule in five step and 48 percent overall 

yield (Scheme 64) 166
. 

O i. H,SO,, 1% co.Me acetic anhydride, 
II NH HCI MeOH •·• sodium formate 

HO..,,._,____,, 2 _ HNJ ! i1. pivaldehyde, '-..,_--(_ formic acid 
'sH Et3N -----, ·s 90% 

90% 
3~ ~o 

0 
H~ .CO,Me 

N •• 

.... (; 
331 

Scheme 64: ynthesis of a -methyl-o-cysteine. 
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5
_,,> reflux ) 

I 99% HS 

332 333 

Early attempts using thionyl chloride in methanol to form the methyl ester led to 

the formation of an unidentifiab le, 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 5 hydrochloric acid furnished the desired a -methylcysteine. This sequence 

proved to be both reliable and scalab le up to at least 20 grams. 

With access to the a-methylcysteine 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). 

Boc20 , El3N 
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N) 
BocHNJs 
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Scheme 65: Synthesis of thiazole nitrile. 
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Although this route did provide ample amounts of material , we decided to adopt a 

procedure published by Cramer instead 162
b. 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. 
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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) . 

i. Boc2O, 0 0 POCl3, l ""• CIH3N~N 
Et3N 1f"" DBU, CBrCl3 ~OMe~ /, N Et3N 

BocHN~J ii. L-cys-OMe DCM N MeOH (s Et3N quant. Is 95% 
CHCl3 

70% 90% s 
NHBoc NHBoc NHBoc 

339 340 341 338 293 

HCI-H, N ,,CO2H N:,.. NaHCO3 s~/ )Me + t N'j--lNHBoc Me£~ N~ pH 7 buffer 
HS MeOH O NHBoc s OH 75% 

333 293 328 

Scheme 66: Improved route to thiazo le 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 fl-Hydroxy Acid 

We chose to use a strategy published by Ganesan to access aldehyde 235, 

fo llowed by an aldol reaction wherein a chiral auxi liary would control the stereochemical 

outcome 135
. 
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Scheme 67: Synthesis of ~-hydroxy acid piece. 
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We selected the agao 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 fo llowed by EDCI-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 so luble and insoluble material led to difficulties with this approach 

on a larger scale 160
. 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 

al so seen, which a lso 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 
5 equiv EDCI, 6 equiv; DMAP 0.1 equiv; DIPEA, 6 equiv; 15 h 50-80% 

I .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; PPh3, 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 yields 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 Py Bop-mediated coupling of acid 328 and amine 346, deprotection of 

both the N-Boc group and trimethysilylethyl ester was effected with TF A. 

Macrocyclization proceeded smoothly with HA TU and HOBt to give the S-trityl 

protected macrocycle. Deprotection of the trityl group gave the enantiomer of the 

biologically active species, and acy lation provided (-)-largazole in 90% yield. NMR 

spectra matched the published spectrum of the natural product, and the optical rotation 

was measured to be -20.5° (c= l in methanol , literature value for the natural product = 

+22°). 

5.3 Amide Isostere Analogs 

5.3.1 Synthetic Goals 

In add ition 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 largazo le fo r three reasons: I) 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 

spec ificity; 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 activ ity , we were hopeful that thi s change would 

not result in any loss of biological activity , as computational modeling studi es performed 

by our collaborator Dr. Olaf Wiest suggested that the interactions between the cap region 

and the HDAC enzyme wo uld 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 di stance of ~2.5 A, wh il e the macrocycle wou ld 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 205 170
. 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 pursumg two 

synthetic proj ects m 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 ~-hydroxy acid portion of the molecule. 
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Scheme 69: Retrosynthetic analysis of amide isostere. 

5.3.2 f3-Amino Acid Synthesis 

OH 

H2N0 0 

Me,,,--.. Me 

264 

To begin our synthesis of the metathesis substrate of the amide isostere, we 

focused on the ~-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-t-butyl ester 273 to the corresponding alcohol, 

fo llowed by Swem oxidation to the aldehyde gave 355. This aldehyde had been shown to 

98 



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 172
. Still, we 

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

Once the terminal olefin was installed, Boe 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 tert-butyl ester had survived the Boe 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. 

EDCI, DMAP 1. TFA/DCM 
)XNHBoc H H H 1 :10 

~····1go)( 
LiOH aq. ~ ••,,!)'OH MeOH 

~ ••,,1gOMe 
MeOHfrHF DCM 2. Boc-L-valine, 

EDCI, iPr2NEt 0 NH 0 quant. 90% 
~ --··lJoMe 

NHBoc NHBoc NHBoc 70%, 2 steps 

356 359 360 361 

Scheme 71: Improved ~-amino acid synthesis. 

The tert-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 ~-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). 

362 

acetic anhydride, 
-(C02Me sodium formate 

JS_) formic acid 

0 0 
H~ C02Me LOA, DMPU H~ j CO, Me CO H 

Nj Mel N "·Me SN HCI HCI H2N) 2 

Y - " Me THF reflux Y s 68% s 56% HS · 56% 

363 

HCI H,Ny.co, H 
) "Me 

HS 

292 

364 

N~ Et3N 
+ '-N NHBoc -/L_)---./ MeOH 

S 55% 

293 

365 292 

:--\-(/ 
Me+ r: N~ 

0 -?---. NHBoc 
OH 

294 

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 Boe 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. 

_...-s~S 
Me+ : N~ oANH yo NH 
Mey•~ ~ 

Me O ,,:; 

364 

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 HDACl IC50 HDAC2 IC50 HDAC3 IC5o HDAC6 IC50 
nM nM nM nM 

largazole thiol 0.1 0.8 I 40 
lar_gazole isostere thiol 162 0.9 4 4 1500 
Iargazole isostere 163 >3000 >3000 >3000 >3000 
SA HA 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 1s 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 calculations88
. Using these 

criteria, we chose to use metathesis reactions to install the side chains shown below onto 

the depsipeptide core. 

BocHN H 

Vo 
365 

BocHN H 

vo 
366 

367 

Figure 15: Proposed metathesis substrates. 
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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 88. 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 spacer162b. 

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 ~-

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. 
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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 7 5-77 . 

0 0 PyBop, i-Pr2NEt H STr 

HOJ\ 
TrtCI , Et3N 

HOJ\ 
allylamine ~ Ny toluene DCM 

SH quant. STr 30% 0 

377 378 370 

0 
0 377, EDCI 

KPhthalimide ~rt> hydrazine i-Pr2NEt 
~Br /; EtOH ~ NH2 DCM DMF 

0 - H STr 
99% 96% 42% 

379 380 381 367 

Scheme 75: Thioamide syntheses . 
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In each case, we relied upon S-tri tyl protected mercaptoacetic acid as the source 

of the thiol. The requisite amine for the coupling reaction was either commercially 

avai lable (allylamine) or easily accessed from commercially available material (381). 

Although the yie lds 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. 

0 

HO~ 

382 

MeNH(OMe)·HCI, 
EDCI, i-Pr2NEt 

DCM 
43% 

0 Meli , ICICH2 0 
MeO,N~ ---- Cl~ 

I 
383 384 

Scheme 76: Synthesis of a -thioketone. 
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75% 

0 
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Next, we began the syntheses of the a-thioketone and benzamide series. In the 

first case, formation of the Weinreb amide fo llowed 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 perfo rmed the metathesis reactions. 

C(NH2 C(NHBoc 
4-pentenoic acid, 

Boc2:r~~ Boc20 . DMAP EDCI, i-Pr2NEt 

THF NH2 97% NH2 DCM 0 
82% 

385 386 365 

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 thi testing are shown below in Table 17' 73. 
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Figure 16: Side chain and zinc-binding reg ion analogs. 

Compow1d 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 be low in Table 17. 

Table 17: Biological data for largazole analogs. 

Compound HDACl HDAC2 HDAC3 HDAC6 
IC50 nM IC50 nM IC50 nM IC50 nM 

( + )-largazole thiol 1.2 3 .5 3.4 49 
(-)- largazole thi ol 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 
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Interestingly, 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 largazo le. 

5.5 Further Linker Region Analogs 

5.5.1 Synthetic Goals 

Prior to receiv ing 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 wa 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 fee l that thi s constituted a complete exploration 

into the effect of olefin migration on biological acti vity. In that particular compound 

(393), there were many other changes made to the molecule at the same time (c is olefin 

instead of trans, and a different zinc-binding moiety). In order to undertake a more 

detai led study of the possible effect of this vari ation, 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 

uch, 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 reacti ons 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 ally! group as opposed to the pendant vinyl used in the first analogs. 

SH 

394 

_.....s, 1;s 
Me : ~,>---<ZN~ 

O:r-NH 10 NH 
Me,(-~o 

Me 0 

I 
HN 

~o 
SH 

397 

.---st_J/:/ . 
Me : ,_f N~ OJ:Ne~;r Me,(-~ o 

Me 0 

I 
0:rNH 

HS 
398 

Figure 17: Proposed library of analogs. 

5.5.2 First Generation Attempts 

396 

:"S~S ,-sr--(s 
Me : ,_f N~ Mei:,_f N~ oT,7r 0 NH O NH 

Me,(, 0 Me.._(•~O 
Me 0 Me 0 

o I 

HS 0 
SH 

399 400 

When de igning the synthesis, we were somewhat concerned about possible 

migration of a ~,y unsaturated olefin in the presence of the aldehyde required for the aldol 

reaction. We therefore chose to pur ue a route wherein the olefin would be installed 

somewhat later in the synthesis (Scheme 78). In order to avoid the ~,y unsaturated olefin, 

we hoped to carry protected alcohol 403 through the synthesis until after the introduction 

of L-valine. At 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 ~-hydroxy acid . 
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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 124
. 

Unfortunately however, in the event, we were unable to displace the chiral 

auxi li ary under conditions simi lar 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 ~,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 ~,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, Swem oxidation might be unrealistic . Although the alcohol we wished to 

oxidize was homoallylic instead of allylic, 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 174
. 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 oxidant174
. 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 yie ld greatly (to >50 percent), although the reaction clearly could 

be improved. 
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Scheme 79: Completion of ally! 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 yield, 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 Htinig's base 
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can affect the ultimate stereochemical outcome of the reaction 175
. 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 

literature 176
•
177

. Removal of the chiral auxi liary 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 (a0 +25 .5° c = 1.0 in CHCh; literature value for 

enantiomer: a o -27.3° c = 1.0 in CHCl3)
177

. 

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

largazo le thiol (Scheme 80). 
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413 414 394 

Scheme 80 : Completion of olefin-mi gration 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 largazo le 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 al o examined the effects of substitution of the L-valine residue 

in favor of o-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 sti ll map well onto the 

general structure of largazole itself (Figure 18). 
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Figure 18: Possible analogs of the cap region. 

B = 0 , N or C; C = C or N 

Modeling studies using ChemDraw 3D, PC Model and physical models suggested 

that replacement of sulfur with oxygen wou ld 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 fe lt 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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s ystem still appeared attractive as a target. Spec ifically, pyridine replacements for the 

hiazo le appeared to be part icularly promi sing (Figure 19) . Thi s analog, as well as 

everal others shown below in Table 18 were later synthesized by Dr. Albert 

t 

s 

d 

C 

Bowers.Upon receipt of the biological data associated with these compounds, we were 

eli ghted 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 

ompound (414); air oxidation of such thiazolines is, unfortunately, a known problem 178
. 

However, w ith access to an amount of 414 suitable fo r testing, we were interested to see 

t 

F 

hat this compound di spl ayed biological activity nearly equal to that of largazole itself. 

ro m a synthetic po int of view, thi s fi nding might then permit us to cut the fo ur steps and 

ve days required fo r the synthesis of a -methyl cysteine from our route. fi 

Table 18: Biological data for cap region analogs. 
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More exciting still to us were the results pertaining to the oxazole-oxazoline ( 418) 

and thiazoline-pyridine ( 417). Both of these analogs are more active than the natural 
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product. Additionally, both showed a higher degree of selectivity for HDAC 1 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 Boe 

protection to give 425. 
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Scheme 81: Synthesis of pyridine nitrile. 
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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 . 
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Scheme 82: Des-methyl pyridine analog. 

1 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-methylcysteine 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. 

0 OEt 
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~oe, I /. OH EtOH , reflux 
N quant. 
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Scheme 83: Synthesis of nitrile 436. 
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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 
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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 
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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 

Table of Procedures and Spectra 

14-Acetoxygelsenicine project (114 -173) .............. ....... .......... .. .............. ... .. .. .. pp. 131 -1 92 

ent-Largazole (330-350) ...................... ....... ..... ................ .............. .................. .. . pp. 193-236 

Amide isostere core (354-364) .... .. ........... ... .... .. ... .......... .......... ............ ........ ... .... pp.237-261 

Vinyl depsipeptide core and metathesis substrates (373-365) ... ............ ............. . pp.262-286 

Ally! depsipeptide core (401-414) ........ .... ......... ....... .............. ............. .. ....... .. .... pp. 287-303 

des-Methyl pyridine analog ( 420-428) .... ............ .. ......... .. ... ....... ....... .... .... ..... .. ... pp.304-318 

Common intermediates : 

Thiazole nitrile 293 ........... ...... ..... ........... ... ........ .. .... .... ......................... ............. pp. 200-207 

Aldehyde 235 .. .. ... .. ...... ... ... ... .... ..... ....... ... ... ..... ...... ............ ............. .... .. ... ............. ....... p. 214 

a-Methylcysteine hydrochloride 292 ......... .... .... ........ ........................................ pp. 249-255 

Thiazoline-thiazole 294 ...... ................... .. ..... ... .. .. ... .. ................................................... p. 256 
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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 si lica gel 60F plates with fluorescent indicator 

(Merck). Plates were visualized by treatment with phosphomolybdic acid stain with 

gentle heating. Products were purified via colwnn chromatography using the solvent 

system(s) indicated. Silica gel 60, 230-400 mesh, was purchased from Sorbent 

Technologies. Tetrahydrofuran (THF), dichloromethane (DCM), acetonitrile (CH3C ), 

triethylamine (Et3N) , toluene, diethyl ether (Et20), and N,N-dimethylformamide (DMF) 

were passed through an alumina drying column (Solv-Tek Inc.) using argon pressure. All 

other reagents were purchased from Aldrich and used as received without additional 

purification. 1H NMR and 13C NMR spectra were recorded on Varian 300, 400, or 500 

MHz MR spectrometers. Chemical shifts are reported in ppm relative to CHC'3 at 8 = 

7.27 ( 1H NMR and 8 = 77.23 ( 13C MR) or tetramethylsilane (TMS) 8 = 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 III . 
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6.2 Experimental Procedures 

5-( 4-Methoxybenzyloxy)pentan-1-ol (114) 

To a stirred so lution of aH (3 .54 g of 60% NaH, 88.5 mmol) in THF (50 mL) at 0°C 

was slowly added 1,5-pentanediol (9.22 g, 88 .5 mmol). The mixture was brought to 

room temperature and stirred for 15 minutes, at which point a so lution 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 H4Cl (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 MgSO4 

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. 1H MR (300 MHz) 

(CDCl3) b TMS: 1.40-1.49 (2H, m); 1.53- 1.68 (4H, m); 3.45 (2H, 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 _24-3 6) 
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5-( 4-Methoxybenzyloxy)pentan-1-al (115) 

PMBO~OH 

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 

a2SO4 and concentrated to afford 115 (5 .25 g, 97%) as a yellow oil which did not 

require further purification. 1H NMR (300 MHz) (CDCb) 6 TMS : 1.58-1.78 (4H, m); 

2.47 (2H, td , J = 1.5, 6.9); 3.45 (3H, t, J = 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 (lH, t, J = l.8). (TL I-158) 
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a-(Triphenylphosphoranylidene )-y-butyrolactone (117) 

To a solution of triphenylphosphine (18 .3 g, 70 mmol) in THF (35 mL) at room 

temperature was added a-bromo-y-butyrolactone (1 1.5 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 aOH 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. 1H NMR (300 MHz) (CDCh) 6 TMS : 2.64 (2H, t, J =7 .5); 

4.30 (2H, t, J = 7.5); 7.45-7 .51 (6 H, m); 7.55-7.66 (9H, m). (TLNI-101 ) 

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

O~OPMB 

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 refl uxed under Ar for 16 hours. The mixture was cooled to room 

temperature and the vo latile organics removed under vacuum. The resultant black solid 

was taken up in EtOAc and purified via flash si li ca gel column chromatography (1 : 1 

EtOAc/hexanes) to give 118 as a dark ye llow oi l (1.05 g, 81 %) . 1H NMR (3 00 MHz) 

(CDCh) & 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); 4.42 (2H, s); 6.69-6.76 (lH, m); 6.89 (2H, d, J 

= 8.7) ; 7.26 (2H, d, J = 8.7) (TLNI-113pp) 
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2-(2-Hydroxyethyl)-N-(2-iodophenyl)-7-( 4-methoxybenzyloxy)hept-2-enam ide (119) 

O~ OPMB 

0 

r;Y' 0 

~~~OPMB 

OH 

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 Min 

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, fo llowed by lactone 118 (0.53 g, 1.8 mmol) in 

benzene (2 .5 mL). 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 HCl 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 MgSO4 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. 1H NMR (300 MHz) (CDCb) 6 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, s) ; 6.52 (lH, t, J = 7.5); 6.89 (2H, d, J = 8.4); 7.27 (2H, d, J 

= 8.4); 7.33-7.38 (lH, m); 7.78 (lH, d, J = 8.4) ; 8.06 (lH, s); 8.24 (lH, d, J = 8.4). 

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

methoxybenzyloxy)hept-2-enamide (119a) 

('YI 0 

~ ~~OPMB 

('YI 0 

~ ~~OPMB 

OH OTBS 

To a solution of 119 (0.59 g, 1.1 6 mmol) in DMF (7 mL) was added imidazole (0.18 g, 

2.6 mmol), then TBSCl (0.2 1 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 Na2SO4, and concentrated. The 

residue was purified via flash silica gel column chromatography (1: 1 EtOAc/hexanes), 

giving 119a as a dark red oil (0.6 1 g, 79% over two steps). 1H NMR (300 MHz) (CDCh) 

b TMS: 0.01 (5H,s) (major rotamer) ; 0.1 ( l H, s) (minor rotamer) ; 0.84 (7H, s) (major 

rotamer) ; 0.9 1 (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, J = 6.3); 3.77 (2H, t, J = 6.3); 3.80 (3H, s); 4.34 (2H, s) ; 6.61 (l H, 

t, J= 7.5); 6.81 -6.89 (3H, m); 7.31-7.37 (2H, m); 7.79 (lH, dd, J= 1.5, 7.8); 8.23 (2H, 

dd, J= 1.8, 8.4). (TLNI-1 86) 
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N-benzyl-2-(2-( tertbuty ldimethy lsily loxy )ethyl)-N-(2-iodophenyl)-7-( 4-

methoxybenzyloxy )hept-2-enamide (120) 

C( I 0 

~~OPMB 

OTBS 

CC I 0 

~~OPMB 
Bn \ 

OTBS 

To a stirred solution of aH (60% in mineral oi l, 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, fo llowed by 

extraction of the aqueous layer with EtOAc (3 x 15 mL ). The combined organics were 

washed with brine, dried over Na2SO4 , and concentrated, giving 120 as a light brown oil 

without need of further purification. 1H MR (300 MHz) (CDCh) 6 TMS: 0.05 (SH, s, 

minor rotamer) 0. 10 (SH, s, major rotamer) ; 0.88 (7H, s) (major rotamer) 0.9 1 (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 (IH, t, J = 7.2); 6.60-6.77 (IH, m); 

6.82-6.89 (3H, m); 7.05-7 .25 (SH, m); 7.29-7 .42 (3H, m); 7.62 (IH, dd, J = 1.5, 8.1); 

7.84 (lH, dd , J = 1.5, 7.8). (TLNI-1 66) 
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1-Benzyl-3-(2-( tertbuty ldimethy lsily loxy )ethyl)-3-(5-( 4-methoxybenzyloxy )pent-1-

enyl)indolin-2-one (121) 

C(IO 

~~OPMB 
Bn \ 

OTBS OPMB 

OTBS Bn 

A solution of 120 (0 .57 g, 0.8 mmol), Pd(OAc)2 (0.009 g, 0.04 mmol), P(o-tol)3 (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 aqueou layer was extracted with EtOAc (3 x 20 

mL) and the combined organic layers were washed with brine, dried over MgSO4 and 

concentrated. The residue was purified by silica gel chromatography (1: 1 

EtOAc/hexanes) to afford 121 (0 .38 g, 64%). 13C MR (CDCh) o -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, 

11 3.8 , 127.4, 127.6, 128.6, 128.8, 129, 129.2, 129.4, 129.6, 130.8, 132, 137.2, 140.4 
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(S)-tert-butyl 3-(lH-indol-3-yl)-l-(methoxy(methyl)amino )-1-oxopropan-2-

ylcarbamate (137) 

To a mixture of L-N-Boc-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 stiITed for a further ten minutes after which N,O-

dimethylhydroxy lamine hydrochloride (0. 19 g, 1.97 mmol) was added, fo llowed by 

diisopropylethylamine (0.31 mL, 1.8 mmol). The mixture was stirred for 18 hours at 

room temperature, after which the so lvent 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, dri ed 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. HRM S (FA B): mlz calcd. fo r C18H25N3Na04 (M + Na/ 370.17, found 

370.07. 
1H NMR (3 00 MHz) (CDCb) b TMS : 1.40 (9 H, s); 3.15 (3 H, s); 3.20 (lH, d, J 

= 6.0) ; 3.26 (lH, d, J = 6.0); 3.65 (3H, s); 4.95-5 .07 (lH, m); 5.21-5 .27 (lH, m); 7.05-

7.61 (5H, m) ; 8.03 (lH, s). (TL I-198_3-1 2) 
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(S) -tert-buty l 1-(lH-indol-3-yl)-3-oxopropan-2-ylcarbamate (138) 

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 (1 M in DCM, 0.68 mL, 0.68 rnmol). 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 (FA B): m/z calcd. fo r C 16H21N2O3 (M + H/ 

289. 15, found 289. 15. 1H MR (300 MHz) (CDCb) b TMS: 1.44 (9H, s); 3.21-3.38 (2H, 

m); 4.47-4.56 ( lH, m); 5.11 -5.20 (lH, m) ; 7.04-7.62 (SH, m); 8.10 (lH, s); 9.64 (lH, s). 

(TL I-201pp) 
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(S)-tert-butyl 1-(lH-indol-3-yl)but-3-en-2-ylcarbamate (139) 

o=f'H~,---
H 

A stirred solution of methyltriphenylphosphonium bromide (4.85 g, 13 .6 mmol) in THF 

(40 mL) was coo led to 0°, and aHMDS (IM 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°. 

ldehyde 138 (1.12 g, 3.88 mmol) in THF (10 mL) 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% Et2O/DCM) to 

give 139 as a yellow oil (0.70g, 63%) . HRMS (FAB): mlz calcd. for C1 1H23 20 2 (M + Hf 

289.15, found 286. 17, found 286.20. a 0 = +28, c = I in DCM). 1H MR (300 MHz) (CDCh) 

b TMS: 1.34 (9H, s) ; 2.99 (2H, d, J= l 2); 4.47-4.54 (lH, m); 4.56-4.68 (lH, m) ; 5.05 

(lH, dd, J = 1.2, 18.9) ; 5.08 (lH, dd, J = 0.9, 25 .7) ; 5.80 (lH, ddd , J =4.5, 21.6, 27.6); 

7.02-7.62 (SH, m); 8.25 (lH, s). (TL I-217pp) 
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1-(lH-indol-3-yl)but-3-en-2-amine (129) 

To a flame dried 50 mL round bottom flask under argon was added Boe-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 t-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 

di ssolved in methanol (25 mL) to which KF •2H20 (0.6 1 g, 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 lN 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%). a 0 = + 12 (c = 1 in DCM). 

1H MR (300 MHz) (CDCh) b TMS: 1.34-1.49 (2H, s); 2.73-2.81 (lH, dd, J =8.4, 14.1); 

2.98-3.05 (lH, dd, J = 5.1 , 14.4); 5.04 (I H, dt, J = 1.2, 10.2.) ; 5.17 (lH, dt, J = 1.5, 17.1); 

5.91 (JH, ddd, J= 6.3 , 10.2, 17.4); 6.94-7.65 (SH, m); 8.40 (lH, s). (TLNI-239a) 
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(Z)-4-(tert-butyldimethylsilyloxy) but-2-en-1-ol (141) 

HO_;=\_OH 

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), fo llowed by dry THF (20 mL). The 

stirred solution was cooled to 0 ° 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. TBSCl 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. 1H NMR (300 MHz) (CDCl3) b 

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_;=\__OTBS O~OTBS 
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 (5 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-(tert-butyldimethylsilyloxy)but-2-enal (143) 

The mixture ofE 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 oi l (71 % over 2 steps) 

which was carried on without further purification. 1H NMR (300 MHz) (CDCb) 6 TMS: 

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

6.89 (lH, dt, J = 3.3, 15 .3); 9.62 (lH, d, J = 8.1) . (TLNI-209pp) 
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(E)-4-(tert-butyldimethylsilyloxy)but-2-enoic acid (144) 

To a stirred mixture of aldehyde 143 (0.63g, 3.14 nunol) in tert-butano1 (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 

HCl (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. 

1H NMR (300 MHz) (CDCl3) 6 TMS : 0.09 (6H, s) ; 0.92 (9H, s); 4.37 (2H, dd, J = 2.1 , 

3.3); 6.12 (lH, dt, J = 2.4, 15 .3); 7.11 (lH, dt, J= 3.3 , 15.3). (TL I-21 lcr) 
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(E)-4-(tert-butyldimethylsilyloxy )but-2-enoic pivalic anhydride (145) 

O~OTBS 

OH 

0 0 

y a~ 
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, fo llowing 

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 ye llow oil (0. 17 g, 94%), which was used without further 

puriification. HRMS (FAB): m/z ca lcd. for C 15H28 aO4Si (M + af 323 .17, found 323. 164 . 1H 

MR (3 00 MHz) (CDCl3) o TMS : 0.09 (6H, s) ; 0.92 (9H, s) ; 1.27 (9H, s) ; 4.37 (2H, dd, 

J = 2.1 , 3.3); 6.12 (lH, dt, J = 2.4, 15 .3); 7.11 (lH, dt, J = 3.3 , 15.3). 
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(S,E)-N-(1-( lH-ind ol-3-y I) bu t-3-en-2-y 1)-4-( tert-b u ty I dim ethy lsily loxy) bu t-2-enam ide 

(146) 

0 

N OTBS H 

To a stirred solution of amine 129 (0.010 g, 0.054 mmol) in DCM (2 mL) was added 

pyridine (5 µL, 0.06 mmol), DMAP (1 mg, 0.01 mmol) and mixed anhydride 145 (0.016 

g, 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): mlz ca lcd. for C22H33N20 2Si (M+ Hf 385.22, found 385.22. 1H NMR (300 MHz) 

(CDCh) b TMS: 0.05 (6H, s); 0.92 (9H, s) ; 3.01-3.11 (2H, m); 4.25-4.3 5 (2H, m); 4.77-

4.90 (lH, m); 5.05 -5.21 (2H, m); 5.80-6.05 (2H, m); 6.81 (IH, dt, J = 2.4, 15.3); 7.01-

7.25 (3H, m) ; 7.35 (1 H, d, J = 10.5); 7.62 (1 H, d, J = I 0.5) ; 8.10 (IH, bs). 
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(S,E)-N-(l-(lH-indol-3-yl)but-3-en-2-yl)-4-hydroxybut-2-enamide (147) 

)o 
Oj ~\ TBS 

H 

A stirred solution of amide 146 (0.15 g, 0.39 mmol) in THF (5 mL) was cooled to 0°. 

TBAF (lM in THF, 0.58 mL) was added dropwise. The reaction mixture was stirred at 

0° fo r 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 (FA B): m/z calcd . fo r C 16H 19 20 2 (M + H f 

271. 14, found 271. 144. 1H NMR (300 MHz) (CDCh) & TMS: 3.09-3. 12 (2H, m); 4.25-4.35 

(2H, m); 4.91 -5.02 (lH, m); 5.08-5 .17 (2H, m); 5.50-5.56 ( lH, m); 5.81-6.05 (2H, m); 

6.81 (lH, dt, J = 2.4, 15 .3); 7.01-7.25 (3H, m); 7.35 (lH, d, J = 10.5); 7.62 (lH, d, J = 

10.5); 8.10 (lH, bs). 
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(S)-tert-butyl benzyl(l-(l-benzyl-lH-indol-3-yl)but-3-en-2-yl)carbamate (148) 

Q-0HBoc ----
N 
H 

Q-0,~, 
N Bn 
I 
Bn 

A suspension ofNaH (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 dropwi e. 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 so lution of ammonium chloride (15 mL) was 

added. The aqueo us 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%). 1H NMR (300 MHz) (CDCh) o TMS: 1.4 

(9H,S); l.66(1H, m); 3.0l (2H, d, J = 5.4); 4.51 (4H,s);5.l l (2H,dd,J = 5.l, 17.1 ); 

5.90 (IH, ddd J = 5.1 , 15.6, 22.2); 6.97 (lH, s) ; 7.08 - 7.42 (13 H, m); 7.65 (lH, d, J= 

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

Q-()_Boc 
N Bn 
I 
Bn 

Q-0HBo 
N 
I 

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 KP-H20 (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): mlz calcd . for C26 H27N 2 (M + Hf 

367.21 , found 367 .215. 1H NMR (300 MHz) (CDCh) 6 TMS: 2.97 (2H, t, J = 5.4); (3.41 -

3.48 (lH, m); 3.60 (lH, d, J = 13.5); 3.84 (lH, d, J = 13.5); 5.17 (2H, dd, J = 12.3, 22.2); 

5.27 (2H, s) ; 5.80 (lH, ddd, J= 7.8, 17.4, 25.2); 6.92 (lH, s); 7.06-7.25 (13 H, m); 7.61 

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

Q-0H,--
N 
H 

A stirred solution of amine 129 (0.1 g, 0.53 mmol) in THF (5 mL) was cooled to 0°. 

Triethylamine (0.11 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 hat 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). 1H 

NMR (300 MHz) (CDCl3) b TMS: 3.07 (2H, d, J = 4.8); 3.82 (2H, d, J = 2.1 ); 4.79-4.88 

(lH, m); (2H, dd, J = 6, 12.8, 24.3); 5.89 (lH, ddd, J= 5.7, 16.2, 22.8); 6.56 (lH, d, J= 

7.8); 7.06 ( lH, s) ; 7.11-7.23 (2H, m); 7.38 (lH, d, J = 7.8); 7.64 (lH, d, J = 7.8); 8.19 

(lH, s). (TLNI-377_8-10) 

169 



ppm 8 6 

. __,_, 

.J 

I, 

.__,' f'----'--~~- , ...___:___j ------- .._____,__ 

3 2 

170 



(S)-diethyl 2-(1-(lH-indol-3-yl)but-3-en-2-ylamino)-2-oxoethylphosphonate (152) 

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). 1H NMR (300 

MHz) (CDCh) b TMS: 1.21 (3H, t, J = 7.2); 1.27 (3H, t, 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 (lH, m); 5.20 (2H, ddt, J = 1.2, 

17.1 , 19.8) ; 5.88 (1 H, ddd, J = 5.4, I 0.2, 17.1); 6.76 (lH, d, J = 6.9); 7.08-7.23 (3H, m); 

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

OH o--\--
0~0 

~ O OH 

0 

2 H~O 01' 
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%). 1H 

MR (300 MHz) (CDCl3) o TMS: 1.49 (6H, d, J = 20.4); 4.15 (2H, ddd, J = 9, 16.2, 

23.4); 4.39 (IH, ddd, J = 1.8, 4.8 , 6.8) , 9.72 (IH, d, J = 1.8). (TLNI-357) 
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(E)-N-( (S)-1-(lH-indol-3-y l)but-3-en-2-y 1)-3-(2,2-dimethyl-1,3-dioxolan-4-

yl)acry lamide (155) 

To a stirred solution of aldehyde 154 (0.029 g, 0.223 mmol) in MeCN (1 .5 mL) was 

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 H20 (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). 1H NMR (300 MHz) (CDCb) c IMS : 1.41 (6H, d, J = 7.2); 3.07 (2H, t, J = 

4.8); 3.60 (1 H, t, J = 7.8); 4.08-4.15 (2H, m); 4.56-4.62 (lH, m); 4.95 (lH, s) ; 5.09-5.17 

(2H, m) ; 5.67 (lH, d, J = 8.1 ); 5.89 (lH, ddd , J = 5.7, 10.8, 16.2); 6.01 (lH, dd, J= 1.2, 

15.3); 6.75 (lH, dd, J = 5.7, 15.3); 7.02 (lH, s) ; 7.09-7.22 (2H, m); 7.37 (lH, d, J= 8.4); 

7.63 (lH, d, J = 7.8); 8.23 (lH, s). (TLNI-381 _6-13) 
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tert-butyl 3-( (2S)-2-( (E)-3-(2,2-dimethyl-1,3-dioxolan-4-yl)acrylamido) but-3-enyl)-

lH-indole-1-carboxylate (156) 

ru-l~a 
( >< 

Boe 0 

To a stirred solution of 155 (0.04g, 0.113 mmol) in THF (3 mL) was added Boc20 

(0 .027g, 0.124 mmol) fo llowed 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 %). 1H NMR (300 MHz) (CDCh) 6 TMS: 1.43 (6H, d, J = 8.7); 1.67 (9H, s); 3.00 

(2H, t, J = 4.8); 3.64 (lH,, dd, J= 7.5, 8.1); 4.16 (lH, dd, J = 6.6, 8.1); 4.63 (IH, q, J = 

6.6); 4.90-4.99 (lH, m) ; 5.14 (2H, ddt, J = 1.2, 4.5 , 11.4); 5.6 (lH, d, J = 8.4) ; 5.87 (lH, 

ddd, J = 5.4, 10.2, 15.9); 6.06 (IH, dd, J = 1.2, 15); 6.81 (IH, dd, J = 5.4, 15); 7.21-7.24 

(*lH, m); 7.29-7.34 (lH, m); 7.41 (IH, s) ; 7.62 (lH, d, J = 7.5); 8.12 (IH, d, J= 7.5). 

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

carboxylate (158) 

( )( 
Boe 0 

~½OH 
Boe 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 . Colum n chromatography (5% MeOH in EtOAc) gave diol 158 

(0.004 g, 26%). 1H NMR (300 MHz) (CDCl3) b TMS: 1.67 (9H, s); 3.01 (2H, d, J = 6.3); 

3.56 (lH, m); 3.74, lH, d, J = 8.1); 4.41 (lH, s) ; 4.92-4.98 (1 H, m); 5.14 (2H, dd, J = 3.6, 

10.8); 5.63 (lH, d, J = 8.1); 5.82-5.92 (lH); 7.42 (lH, s); 7.59 (lH, d, J = 6.9); 8.12 (lH, 

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

op½OH 
Boe OH 

To a stirred solution of diol 158 (5 mg, 0.012 mmol) in DCM (2 mL) was added a 

saturated aqueous solution of sodium bicarbonate (10 µL) followed by slow addition of 

sodium periodiate ( 4 mg, 0.019 mmol). The resultant suspension was stirred for 2 h, after 

which TLC showed complete consumption of starting material. Magnesium sulfate was 

added, and the mixture stirred for 10 minutes further, fo llowed by filtration. The fi ltrate 

was concentrated to give 159 (4 mg, 100%). 1H NMR (300 MHz) (CDCh) b TMS: 1.67 

(9H, s) ; 3.07 (2H, d, J = 6.6); 4.96 (1 H, m); %.18-5.23 (2H, m); 5.83-5.95 (2H, m); 6.70 

(lH, d, J = 15 .6); 6.93 (lH, dd, J = 7.5, 15.6); 7.27-7.36 (2H, m); 7.44 (lH, s) ; 7.60 (lH, 

d, J = 7.8); 8. 12 (lH, d, J = 7.8) (TLNI-41 4) 
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(S)-tert-butyl 1-(1-tosyl-lH-indol-3-yl)but-3-en-2-ylcarbamate (161) 

Q0HBoc 
N 
H 

Q0HBoc 
N 
I 
Ts 

To a stirred so lution of indole 139 (1.47g, 5.13 11111101) in toluene (15 111L) was added 

tosyl chloride (1.47g, 7.73 11111101) and tetrabutylammonium hydrogensulfate ( 0.26g, 0.77 

mmol). The mixture was cooled to 0°, fo llowed by the addition of a concentrated 

aq ueous solution of sodium hydroxide (15 111L). The mixture was warmed to room 

temperature and stirred for a further 16 h. The organic layer was washed with I HCl (2 

x 15 mL), then a saturated solution of sodium bicarbonate (2 x 15 mL), water (1 x 20 mL) 

and brine (1 x 20 111L). The organic layer was dried over sodium sulfate and concentrated 

to give 161 as a light yellow oil (1.96g, 87%). %). 1H NMR (300 MHz) (CDCb) 6 

TMS: 1.42 (9H, s); 2.33 (3H s) ; 2.92 (2H, m) ; 4.42-4.55 (2H, m) ; 5.09 (2H, dd, J = 2.4, 

13.5); 5.75 (lH, ddd, J = 5.7, 10.5, 15.9) ; 7.18-7.23 (3H, m); 7.28-7.33 ( l H, m); 7.37 

( IH, s) ; 7.54 (lH, d, J = 7.5); 7.72 (2H, d, J = 8.4) ; 7.95 (lH, d, J = 7.5) (TL 1-465_3-7) 
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(S)-1-(1-tosyl- lH-indol-3-yl)but-3-en-2-amine (162) 

Q-0HBoc 
N 
I 
Ts 

Q-0H, 
N 
I 
Ts 

To a stirred solution of Boe carbamate 161 (0.045 g, 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, fo llowed by removal of the so lvent under reduced pressure. The 

residue was di sso lved in MeOH (2 mL) and KFH20 (0.04 g, 0.4 mmol) was added. 

After 1 h 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 so lution of 

sodium bicarbonate was added unti l the pH reached ~8. The aqueous layer was then 

extracted into EtOAc (3 x 20 mL). The combined organic layers were washed with brine, 

dri ed over sodium sulfa te and concentrated to give 162 as a pale yellow oil (0.02g, 59%), 

with a small amount of residual t-butanol. 1H MR (3 00 MHz) (CDCh) & TMS: 2.32 

(3H, s); 2.73 ( lH, dd, J = 7.8, 14.4); 2.87 (lH, dd, J = 5.7, 14.4); 3.67, l H, q, J = 6.6); 

5.08 (2H, ddt, J = 1.2, 2.7, 10.2, 20.1); 5.85 ( IH, ddd, J = 6.3, 10.2, 16.8); 7.18-7.23 (3H, 

m); 7.29-7.34 ( lH, m); 7.4 1 (1 H, s); 7.75 (2H, d, J = 8.4); 7.98 (l H, d, J = 8.4) (TLNI-

460) 
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(S)-N-( 4-methoxybenzyl)-1-(1-tosyl-lH-indol-3-yl)but-3-en-2-amine (163) 

Q0H,--
N 
I 
Ts 

~-PMB 
N 
I 
Ts 

Amine 162 (0.02g, 0.06 mmol) was dissolved in DCM (I mL) and cooled to 0°. Cesium 

carbonate (0.017g, 0.09 mmol) was added, followed by dropwise addition of freshly 

prepared PMBBr (0.0 18g, 0.09 mmol) in DCM (1 mL). 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 (0.01 2 g, 99%). 1H MR (300 

MHz) (CDCh) 6 TMS: 2.30 (3H, s); 2.80 (lH, dd, J = 7.5, 14.1); 3.04 (lH, dd, J = 6.9, 

15 .3); 3.35 (lH, d, J = 13 .5); 3.42 (lH, q, J = 6.9); 3.77 (SH, 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 (lH, m)· 7.14-7.24 

(SH, m); 7.30 (lH, s); 7.7 1 (2H, d, J = 8.4); 7.92 (1 H, d, J = 8.7). (TLNI-462) 
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(S)-4-nitro-N-(1-(l-tosyl-lH-indol-3-yl)but-3-en-2-yl)benzamide (164) 

en-t 
N 
I 
Ts 

Q-()H 
N PNB 
I 
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, P BBr 

(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 ammoniwn chloride (5 mL) was 

then added, and the aqueous layer was extracted into DCM (3 x 10 mL). The combined 

organ ic layers were washed with brine, dried over sodium sulfate and concentrated. The 

re idue was purified by column chromatography (7:3 hexanes/EtOAc) to give 164 as a 

brown oil (0.06 g, 65%). 1H NMR (300 MHz) (CDCl3) 6 TMS: 2.28 (3H, s) ; 2.81 -2.85 

(2H, m) ; 3.28 (lH, q, J = 7.8); 3.70 (I H, d, J = 14.7); 3.88 ( lH, d, J = 14.4); 5.16 (2H, 

dd , J = 1.8, 10.5); 5.67 (lH, 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 (3 H, m) (TLNII-33pp) 
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(S)-N-acetyl-4-nitro-N-( 1-(1-tosyl- lH-indol-3-y l)bu t-3-en-2-yl) benzam ide (168) 

~ . N PNB 
I 

Q-Q_z 
N PNB 

Ts I 
Ts 

To a stirred solution of amine 164 (0.03 g, 0.06 mmol) in THF (2 mL) at 0° was added 

triethylamine (17 µL, 0.12 mmol) fo llowed by acety l chloride (5 µL, 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%). 1H MR (300 MHz) (DMSO, 

80°C) o TMS: 1.97 (3H, s) ; 2.34 (3H, s) ; 3.08 (2H, m); 4.63 (2H, q, J = 17.4); 5. 16 (lH, 

d, 10.2); 5.95 (lH, ddd, J = 6.3 , 10.2, 16.8); 7.2 1 (I H, t, J = 7.2); 7.292-7.40 (6H, m); 

7.53 (1H, s) ; 7.77 (2H, d, J = 8.4) ; 7.88-7.93 (3H, m). (TL II-38.353K) 
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(£)-ethyl 3-(2,2-dimethyl-l,3-dioxolan-4-yl)acrylate (173) 

0 

/'-o~ o-j 
To a solution of ylide 172 (0 .40g, 1. 15 mrnol) in THF (6 mL) was added aldehyde 154 

(0 .07g, 0.57 mrnol). After 4h, TLC showed compl ete consumption of starting material. 

Water ( 10 mL) was added, and the aqueous layer was extracted into EtOAc (3 x 10 rnL). 

The combined organic layers were was hed with brine, dried over sodium sulfate and 

concentrated. The residue was purified by co lumn clu·omatography (5% EtOAc in DCM) 

to give 173 as a clear oil (0.09 g, 79%). 
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( 4R)-methyl 2-tert-butylthiazolidine-4-carboxylate (330) 

0 
HO~NH2 HCI __ 

' SH 

To a solution of o-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, fo llowed 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 fi ltrate was concentrated to give 1.2 

g (42%) of 330 as a mixture of diastereomers. 1H NMR (300 mHz, CDCl3) 6 TMS: 

(major diastereomer) 1.07 (9H, s) ; 2.68 (lH, app. t, J = 9.9); 3.26 (lH, dd, J = 6.6, 10.2); 

3.78 (3H, s) ; 3.82 (lH, dd, J = 6.9, 9.9); 4.47 (lH, s) : (minor diastereomer) 0.98 (9H, s) ; 

3.09 (2H, dq, J = 6.3 , 10.5); 3.76 (3H, s) ; 4.15 (1 H, t, J = 6.0); 4.53 (lH, s) . 
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(2R,4R)-methyl 2-tert-butyl-3-formylthiazolidine-4-carboxylate (331) 

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 

al lowed to come to room temperature over 15 h, after which the so lvent was evaporated 

under reduced pressure. The residue was cooled to 0° and neutralized with a saturated 

aqueous solution of sodi um bicarbonate. The resultant aqueous mixture 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 further purified by 

recrystallization (EtOAc/hexanes) to give 331 as light purple crystals (1.09 g, 79%). 1H 

NMR (300 mHz, CDCh) o TMS: (major) 1.03 (9H, s); 3.23-3.36 (2H, m); 3.77 (3H, s) ; 

4. 74 (lH, s); 4.89 (lH, t, J = 8.7); 8.36 (1 H, s) . 
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(2R,4R)-methyl 2-tert-butyl-3-formyl-4-methylthiazolidine-4-carboxylate (332) 

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. Fo llowing removal of the solvent under reduced 

pressure, the residue was di ssolved 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 

re idue was further purified by column chromatography (10% EtOAc/hexanes) to give 

332 as a light yellow oil (0.5 g, 46%). 1H MR (300 mHz, CDCh) b TMS : (major) 1.06 

(9H, s); 1.75 (3H, s); 2.70 (lH, d, J = 11.7); 3.30 ( I H, d, J = 11.7); 3.77 (3H, s); 4.66 

( lH, s); 8.28 (lH, s); (minor) 0.95 (9H, s) ; 1.78 (3H, s) ; 2.84 (lH, d, J= 12.3); 3.62 (lH, 

d, J = 12.6); 3.82 (3H, s) ; 5.30 (lH, s); 8.40 (lH, s) . 
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(R)-2-amino-3-mercapto-2-methylpropanoic acid hydrochloride (333) 

Aldehyde 332 (0.5 g, 2.16 mmol) wa dissolved in 5 HCl (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 layer was concentracted under reduced pressure to give 

333 as a light brown, amorphous solid in quantitative yield (0.37 g). a 0 = +8.4 (c = 1 in 

H20). 1H MR (300 mHz, 0 20) 6 TMS: 1.44 (3H, ); 2.72 (lH, d, J= 15); 3.00 (lH, d, 

J = 15). 

-------~ -

ppm 6 5 3 2 
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tert-butyl 2-amino-2-oxoethylcarbamate (335) 

0 
BocHN~NH

2 

A stirred solution of glyc ine (20 g, 0.266 mo!) in I aOH (3 00 mL) was cooled to 0°. 

A solution of Boc2O (69.8 g, 0.320 mo!) in dioxane (200 mL) was added over ~ l h via 

add ition 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 (lM) was added to pH 3. The 

aq ueous layer was extracted into EtOAc, and the organic layers were dried over sodium 

sul ffate and concentrated . The resulting N-Boc glycine (16.67 g, 0.222 mo!) was then 

di ssolved in THF (450 mL) and triethylamine (3 1 mL, 0.222 mol) was added. The 

mixture was cooled to -1 0°, and methylchloroformate (22 mL, 0.222 mo!) was added 

dropwise over 30 min. The reaction was warmed to room temperature, and ammonium 

hydroxide (30% olution, 58 mL) was added. The mixture was stirred for 1 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%). 1H NMR (300 MHz) (CDCh) o TMS: 1.46 (9H, s); 

3.81 (2H, d, J = 5.7) (TL II-1 21a) 
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tert-butyl 2-amino-2-thioxoethylcarbamate (336) 

0 
BocHN~NH

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%).%). 1H NMR (300 MHz) (CDCh) & TMS: 1.46 (9H, s); 4.16 (2H, s); 5.30 (lH, s). 

(TL II-183) 

ppm a 
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ethyl 2-((tert-butoxycarbonylamino)methyl)thiazole-4-carboxylate (337) 

OrOEt 

w) 
BocHN ~ s 

To a stirred solution of 336 ( 4.07 g, 21.39 mrnol) 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 %). 

1H MR (300 MHz) (CDCh) o TMS: 1.40 (3H, t, J = 6.9); 1.46 (9H, s); 4.41 (2H, q, J = 

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

O)-OEt 

w-~ 
BocHNJs 

O)-NH2 

W) 
BocHN__)Ls 

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%). 1H MR (300 MHz) (CDCl3) & TMS: 1.47 (9H, s) ; 4.60 

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

/2 N BocHN~J 
s 

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

triethylamine (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%). 

1H MR (300 MHz) (CDC l3) & TMS: 1.47 (9H, s); 4.6 1 (2H, d, J = 6.0); 5.29 (IH, s) ; 

7.95 (I H, s) . 
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methyl 2-((tert-butoxycarbonylamino)methyl)-4,5-dihydrothiazole-4-carboxylate 

(340) 

A solution of aminoacetonitrile (5g, 54.04 mmol) and Boc20 (11.79 g, 54.04 mmol) in 

DCM (250 mL) was cooled to 0°. Triethy lamine (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 vo lume, and to luene (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%). 1H NMR (300 MHz) (CDCh) & TMS: 1.47 (9H, s) ; 3.60 (2H, 

app. t, J = 9.0); 3.83 (3H, s) ; 4.22 (2H, d, J = 5.4); 5.12 (lH, t, J = 10.8); 5.23 (IH, s) . 

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

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 o0 for 3 h, then warmed to 

room temperature and stirred for a further 15 h. IN 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. 1H NMR 

(300 MHz) (CDCh) b TMS: 1.45 (9H, s) ; 3.94 (3H, s); 4.65 (2H, d, J = 6.3); 8.13 (lH, s). 

(TLNII-4 3 7) 
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(S)-2-(2-( ( tert-bu toxy ca rbony la min o )m ethy l)thiazol-4-y 1)-4-m ethy 1-4,5-

d ihyd roth iazole-4-ca rboxy lic acid (328) 

N ~ 

( N;>-/NHBoc 

s 

sr1(s 
Me ,, ( ~ N~ 

O
J_~ NHBoc 

OH 

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 3 

HCl. The aqueous layer was then extracted into EtOAc. The combined organic layers 

were washed with brine, dried over sodium sul fate and concentrated to give 328 as a light 

brown oil (1.3 g, 70%) [a]o = + 22, c = 1 in methanol. 1H NMR (300 MHz) (CDCh) b 

TMS : 1.45 (9H, s) ; 1.68 (3H, s); 3.30 (lH, d, J = 11.07); 3.90 (lH, d, J = 11.4); 4.62 

(2H, d, J = 6.0); 4.89 (1 H, s); 8.02 (1 H, s); 9.91 (1 H, s) . (TL II-146a) 
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(E)-5-( tritylthio )pent-2-enal (235) 

0 

H~ 

0 

H~STrt 

To a stirred solution of triphenylmethane thiol (4.0 g, 14.47 mrnol) 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% Et2O/hexanes) to give 235 as a light brown solid (3.6 g, 

70%). 1H MR (300 MHz) (CDCh) b TMS: 2.29-2.34 (4H, m); 5.99 (lH, dd, J= 8.1 , 

15.6); 6.64 (lH, dt, J = 6.3 , 15.9); 7.20-7.25 (5H, m); 7.27-7.32 (5H, m); 7.42 (5H, d, J = 

8.1) ; 9.44 (lH, d, J = 8.1). (TLNII-75bpp) 
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(S)-2-amino-3-phenylpropan-1-ol 

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°. 

Fo llowing 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 ~ l /2 its original volume. SM NaOH 

(120 mL) was then added . The resultant mixture was heated, and everything which 

disti lied at .:S 60° was discarded, after which the reaction was heated to reflux for 3 h. 

After cooling to room temperature, the mixture was fi ltered 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%). 1H NMR (300 MHz) (CDCh) b TMS: 2.87 (2H, dd, J = 

3.0, 6.6); 4.04-4.20 (2H, m); 4.23 (lH, 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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(S)-4-benzylthiazolidine-2-thione 

To a solution of L-phenylalanol (7.2 g, 47.62 mmol) in IM KOH (217 rnL) was added 

carbon disulfide (14.4 rnL, 23 8.1 mmol ). The mixture was stined 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%). 1H NMR (300 MHz) (CDCl3) b TMS: 3.01 (2H, dd, J = 3.9, 10.8); 3.33 

(IH, dd, J = 6.9, 11.4); 3.60 (lH, dd, J = 7.8, 11.4); 4.58 (lH, m); 7.19-7.22 (2H, m); 

7.29-7.39 (3H, m). (TLNII-461). 13C NMR (170 MHz) (CDCb) b TMS: 38.52, 40.34, 

65 .30, 127.75, 129.25, 129.44, 136.09, 201.25 . (TLNII-46l_cl3) 
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(S)-1-( 4-benzyl-2-thioxothiazolidin-3-yl)ethanone (343) 

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 rnL, 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%). 1H NMR (300 MHz) (CDCh) o TMS : 

2.79 (3H, s); 2.88 (lH, d, J = 11.7); 3.03 (1 H, dd , J = 10.5, 12.9); 3.23 (lH, dd, J = 3.9, 

13.2); 3.38 (1 H, dd, J = 7.2, 11.7); 5.37 (1 H, dddd, J = 3.9, 7.2, 10.8); 7.28-7.37 (SH, m). 

(TLNII-462). 13C NMR (170 MHz) (CDCh) o TMS: 27.36, 32.07, 38.90, 68.46, 127.47, 

129.16, 129.71 , 136.74, 170.94, 201.80 . (TLNII-462_c l 3) 
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(R,E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-3-hydroxy-7-(tritylthio )hept-4-en-1-

one (ent-290a) 

0 

H~STrt 

S O OH 

SAN~STrt y 
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 rnL, 

2.16 mmol) was added dropwise. After stirring for a further 2 h, (E)-5 -(tritylthio )pent-2-

enal 1 (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]24
0 : 

+40.4, c=5 CHCh 1H NMR (300 MHz, CDCh) d TM: 2.20 (4H, m) ; 2.7 (lH, d, J= 4.2); 

2.87 (lH, d, J= 10.7); 3.03 (lH, t, J = 10.5); 3.22 (lH, m); 3.33 (2H, m); 3.55 lH, dd, J= 

3, 17.7); 4.58 (lH, bs); 5.35 (lH, dt, J = 6.2, 15.2); 5.63-5.45 (2H, m); 7.24-7.17 (4H, m); 

7.30-7.27 (10 H,m); 7.41-7.40 (6H, dd, J = 1, 8.8) . (TLNII-291pp) 13C NMR (75.5 MHz, 

CDCb) 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, 

199.0. 
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(R,E)-2-(trimethylsilyl)ethyl 3-hydroxy-7-(tritylthio )hept-4-enoate (344) 

S O OH 

Sjl_N~ STrt y 
0 OH 

TMS II I 0 ~ O~STrt 
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 so lvent was evaporated and the residue 

purified by column chromatography (10 :1 to 4:1 hexanes/ethyl acetate) to give 344 as a 

clear oi l (0.34 g, 45%). [a]24
0 : +5, c=2 CHCb. 1H MR (300 MHz, CDCl3) o TMS: 0.02 

(9H, s) ; 0.93-1.01 (2H, m); 1.58 (2H, m) ; 2.08 (1H, t, J= 6.3); 2.20 (lH, t, J= 6.3); 2.44-

2.47 (lH, m) ; 2.99 (2H, d, J = 7.2); 3.40 (lH, dd, J = 6.9, 11.1 ); 3.60-3.77 (2H, m); 4.16-

4.2 1 (lH, m); 4.45 (lH, q, J = 6.9); 5.30-5 .62 (2H, m); 7.18-7.22 (SH, m); 7.27-7 .42 

(l0H, m). (TLNII-325). 13C MR (75 .5 MHz, CDCl3) 8 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_c13) 
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(R,E)-2-( trim ethy lsily l)ethy I 3-( (R)-2-( ( (9 H-fl u o ren-9-y l)m eth oxy )carbony lamino )-3-

m ethy lbu tanoy loxy )-7-(tritylthio )hept-4-enoate (345) 

0 OH 
TMS II I 

ST rt 

"):NHFmoc 
0 0 0 

TMS~O~STrt 

To a solution of alcohol 344 (0.35g, 0.67 mmol) and N-Fmoc-o-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 oi l (0.42 g, 75%). 1H 

NMR (300 MHz, CDCl3) o 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 (2H, m); 7.19-7.24 (2H, m) ; 7.27-7.35 (6H, m) ; 7.40 (5H, d, J = 7.2); 7.61 (2H, 

d, J = 6.9) ; 7.77 (2H, d, J = 7.5). 13C MR (75.5 MHz, CDC'3) 8 TMS: -1.28, 17.51 , 

19.23 , 3 1.31 , 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, 134.3 1, 141.52, 144.01 , 144.16, 145.03 , 156.37, 

169.88, 171.1 4. 
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(R,E)-2-(trimethylsilyl)ethyl 3-((R)-2-((R)-2-(2-((tert-

butoxyca rbony lam ino) m ethy l)th iazo 1-4-y 1)-4-m ethy 1-4,5-dihyd rothiazole-4-

ca rboxam ido )-3-methylbutanoyloxy)-7-(tritylthio )hept-4-enoate (347) 

~:HFrnoc 
9 0 

TrtS~o~TMS 

H 0 
N t,,le 

0 0l>fs 
: 0 S N=-f 
: II \_NHBoc 

TrtS~O 

TMS 

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, fo llowed 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, fo llowed by removal of the 

so lvent under reduced pressure. The residue was purified by column chromatography 

(1:1 EtOAc/hexanes) to give 347 as a clear oil (0.34 g, 77%). [a ]0 = +20, c=0.2 in 

I CHCh. H NMR (300 MHz, CDCl3) o 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 (lH, dd, J= 6.9, 11.7); 

3.77 (1 H, dd, J = 8.7, 11.7); 4.06-4.26 (3H, m); 4.46-4.5 1 (lH, m); 4.63 (lH, bs); 5.25-

5.40 (2H, m); 5.59-5.73 (lH, m); 7.19-7.26 (SH, m); 7.26-7.29 (SH, m); 7.37-7.39 (SH, 

m); 7.90 (lH, d, J = 19.8). (TLNII-469a) 13C NMR (75.5 MHz, CDCh) 8 TMS : -1.28, 
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128 .08, 129.76, 134.14, 145 .02, 174.65. (TLNII-469_c13) 
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S-trityl protected macrocycle (348) 

Me _.- N 
Me ~to Me 

'L~s 
o ? o s/ 1=1 

\_NH Boe 
TrtS '::::: 0 

\ 
TMS 

Me ,,,rs 
o={'NYs 

Me NH N~ 

Me>--;,-0,'j _ _)-NH ;r· 
TrtS 

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 so lvent again evaporated. The residue was then taken up in dichloromethane (5 mL) 

and added dropwise to a solution of diisopropy lethylamine (0 .13 mL, 0.75 mmol) in 

acetonitrile (125 mL). After stirring for ~ 10 min , a solution of HA TU (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] 0 = -6, c=0.0.1 in methanol. 1H MR (400 MHz, CDCl 3) o TMS: 0.49 

(3H, d, J = 6.8); 0.66 (3H, d, J = 6.8); I .82 (3H, s); 1.98-2.10 (3H, m); 2.15-2.22 (2H, m); 

2.65 (lH, dd , J = 3.2, 16.0); 2.79 (lH, dd , J = 9.6, 16.4); 3.27 (lH, d, J = 11.2); 4.02 (1 H, 

d, J = 11.2); 4.12 (lH, dd J = 3.2, 17.6); 4.55 ( lH, dd , J = 3.6, 9.2) ; 5.19 (lH, dd, J = 

9.2 , 17.6); 5.39 (lH, dd, J = 6.8, 15 .6) · 5.58-5.62 (lH, m); 5.68-5.73 (lH, m); 6.53 (lH, 

d, J = 6.8); 7.13 -7.20 (3H, m); 7.23-7.29 (7H, m); 7.34-7.36 (SH, m) (TL II-311_ 400) 

13C NMR (100.6 MHz, CDCh) 8 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 (TL II-3 l l_c13) 
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ent-largazole thiol (349) 

Me,,,r s o=<'NY s 
Me NH N~ 

Me~Q->NH ;r· 
TrtS 

Me,,,r s o=<'NYs 
Me NH N~ 

Me~Q>NH ;r· 
HS 

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 µl, 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 (0.0 15 g, 90%) as a clear oi l. [a] 0 = -21, c=0.0.1 in chloroform. 1H MR (300 MHz, 

CDCl3) b TMS: 0.50 (3H d, J = 6.9); 0.68 (3 H, d, J = 6.9); 1.87 (3H, s); 1.43 (lH, t, J = 

7.8); 2.07-2.13 (lH, m); 2.32-2.40 (2H, m); 2.56 (2H, q, J = 7.2); 2.68 (lH, dd, J = 3.0, 

16.2); 2.88 (2H, dd, J = 9.9, 16.2); 3.26 (lH, d, J = 8.7); 4.02 (lH, d, J = 11.5); 4.30 (lH, 

dd, J = 3.0, 17.4); 4.62 (lH, dd, J = 3.3 , 9.3); 5.29 (1 H, dd, J = 9.3, 17.7); 5.46 (lH, dd, J 

= 6.9, 15 .6); 5.65-5.72 (lH, m); 5.82 (lH, dt, J = 7.2, 15.3); 6.49 (IH, d, J = 7.5); 7.19 

(lH, d, J = 9.9); 7.77 (lH, s) (TLNII-380) 
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(-)-largazole (350) 

Me,,,r s 
o=<'NYs 

Me NH N~ 

Me~O,->NH /' 
HS 

Me,,,r s 
o=<'NY s 

Me NH N~ 

Me~~ -- O NH 0 , 

V 
0 

A solution of 349 (0.027 g, 0.054 mmol) in DCM (3 mL) was cooled to 0°, 

Triethylamine (15 µl , 0.108 mmol) was added dropwise, followed by dropwise addition 

of octanoyl chloride (47 µl, 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] 0 = -20.5 , c= l in methanol (lit value for(+) -

largazole =+22) . 
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(S)-tert-butyl 3-(tert-butoxycarbonylamino)-4-hydroxybutanoate (354) 

0 
) I H 

HO '• ,,1goy: 
NHBoc 

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, fo llowed 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 w ith brine, dried over sodium sulfate and concentrated. The 

residue was purified by column chromatography ( 1 :4 Et20 /DCM) to give 354 (3 .18 g, 

67%). 1H NMR (300 MHz, CDC'3) o TMS: 1.44 (9H, s) ; 1.45 (9H, s); 2.52 (lH, dd, J = 

4.8, 6.0) ; 3.77 (2H, d, J = 4.8); 3.95 (1 H, bs); 5.19 ( I H, bs). (TL 11-178) 
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(S)-tert-butyl 3-(tert-butoxycarbonylamino )pent-4-enoate (356) 

H ~-•,,nro)< 
NHBoc 

A solution of freshly di tilled 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, triethy lamine (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 1 KHSO4 (100 mL). The 

aqueo us 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 (IM 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 (3 0 

mL) was added dropwi e. 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 aq ueous 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%). 1H MR (300 MH z, CDC13) 6 TMS: 1.44 

(18H, s); 2.50 (2H, dd, J = 2.7, 5.7); 4.46 ( lH, bs) ; 5.16 (2H, dddd, J = 1.2, 1.8, 2.7, 

17.1); 5.83 (lH, ddd , J = 5.1 , 15 .6, 17.1) (TLNII-202pp) 
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(S)-tert-butyl 3-aminopent-4-enoate (357) 

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%). 

1H MR (300 MHz, CDCl 3) 6 TMS: 1,45 (9H, s); 2.32-2.50 (4H, m); 3.74 (lH, m); 5.07-

5.30 (2H, m); 5.86 ( l H, ddd , J = 6.6, 10.5, 16.8). (TLNII-166) 13C NMR (75.5 MHz, 

CDCh) 8 TMS: 28.3 , 43.2, 51.5, 81.1 , 114.6, 171.4. (TLNII-182_cl3) 
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(S)-3-(tert-butoxycarbonylamino )pent-4-enoic acid (359) 

H ~••,,rrOH 
NHBoc 

A solution of 356 (3 .52 g, 12.97 mmol) in methanol (119 mL), THF (119 mL) and IM 

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 lN HCl, 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). 1H NMR (300 MHz, 

CDCb) 6 TMS : 1.34 (9H, s); 4.41 (lH, bs); 5.04 (2H, dd, J = 10.2, 17.1 ); 5.72 (lH, ddd, J 

= 5.1 , 16.5, 17.1 ); 10.06 (lH, bs). (TL II-206) 
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(S)-methyl 3-(tert-butoxycarbonylamino )pent-4-enoate (360) 

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, fo llowed 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%). 1H NMR (300 MHz, CDC l3) o TMS: 1.44 (9H, s); 2.61 (2H, d, J = 5.7); 3.68 

(3H, s); 4.51 (lH, bs) ; 5.17 (2H, dddd, J = 1.2, 1.8, 2.7, 17.4); 5.84 (lH, ddd, J= 5.4, 

10.5, 17.4). (TL II-214_ 2) 

245 



lil1 ,..,_},4.-_________ _,,, ____ ,'----------- ---lo-J'---'----",.____,,:;,___ 

ppm 7 6 s 3 2 

246 



methyl 3-( (S)-2-(tert-butoxycarbonylam ino )-3-methylbutanamido )pent-4-enoate 

(361) 

H 
,::1/ '',,r10Me 

NHBoc 

A solution of 360 (0.05 g, 0.218 mmol) in DCM (7 mL) was cooled to o0
. 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): mlz cal ed. for C1 6H28N2NaO5 (M + at 351. 189, fou nd 351.189. 1H NMR 

(300 MHz, CDCl3) o TMS: 0.88 (3H, d, J = 6.6) ; 0.95 (3H, d, J = 6.9); 1.44 (9H, s); 2.10-

2.12 (lH, m) ; 2.63 (2H, d, J = 5.4); 3.68 (3H, s) ; 3.90-3.94 (lH, m); 4.82-4.86 (lH, m); 

5.06 (lH, bs); 5.16 (2H, dddd, J = 0.9, 1.5, 10.5, 17.1); 5.84 (lH, ddd, J = 5.4, 10.5, 

17.4); 6.68 (lH, d, J = 8.4). (TLNII-217_4) 
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( 4S)-methyl 2-tert-butylthiazolidine-4-carboxylate (363) 

0 
~ NH2HCI 

Meo l 
SH 

To a so lution of L-cysteine methyl ester hydrochloride (10 .8 g 62.0 mmol) in pentane 

(120 mL) was added pivaldehyde (7.5 rnL, 68.2 rnmol), followed by dropwise addition of 

triethylamine (9.5 mL, 68.2 mmol). The flask wa 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 tlu·ough 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%). 1H NMR (300 mHz, CDCI]) & TMS: (major diastereomer) 1.07 (9H, s); 

2.68 (IH, app. t, J = 9.9); 3.26 ( lH, dd , J = 6.6, 10.2); 3.78 (3H, s); 3.82 (IH, dd, J= 6.9, 

9.9); 4.47 (IH, s): (minor diastereomer) 0.98 (9H, s); 3.09 (2H, dq, J = 6.3 , 10.5); 3.76 

(3H, s); 4. I 5 (1 H, t, J = 6.0); 4.53 (lH, s) . 

249 



........ __ _ 
ppm 7 6 s 2 0 

250 



(2S,4S)-methyl 2-tert-butyl-3-formylthiazolidine-4-carboxylate (364) 

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. Fallowing evaporation of the solvent under reduced pressure, 

the residue was neutrali zed 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 

g, 56%). 1H MR (300 mHz, CDC'3) 6 TMS: (major) 1.03 (9H, s); 3.23-3.36 (2H, m); 

3.77 (3H, s) ; 4.74 (1 H, s); 4.89 (lH, t, J = 8.7); 8.36 (lH, s). 
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(2S,4S)-methyl 2-tert-butyl-3-formyl-4-methylthiazolidine-4-carboxylate (365) 

A solution of diispropylamine (3.12 mL, 22.19 mmol) in THF (70 mL) was cooled to -

78°. n-Butyll ithium (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. I mL, 17.75 mmol). After a further 2 h of stirring, methanol (10 mL) 

was added. The mixture wa 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%). %). 1H NMR (300 

mHz, CDC'3) 6 TMS: (major) 1.06 (9H, s) ; 1.75 (3H, s) ; 2.70 (lH, d, J= 11.7); 3.30 (lH, 

d, J = 11.7); 3.77 (3H, s) ; 4.66 (lH, s); 8.28 (I H, ); (minor) 0.95 (9H, s) ; 1.78 (3H, s); 

2.84 (lH, d, J = 12.3); 3.62 (lH, d, J = 12.6); 3.82 (3H, s) ; 5.30 (lH, s) ; 8.40 (lH, s). 
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(S)-2-amino-3-mercapto-2-methylpropanoic acid hydrochloride (292) 

HCIH2N, fl0 2H j"Me 
HS 

365 (2.45 g, 9.99 mmol) was dissolved in SN HCI (3 8 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%). a 0 = -8.2 (c = 1 in H20). 1H NMR (3 00 rnHz, D20 ) b 

TMS: 1.44 (3H, s); 2.72 ( IH, d, J = 15); 3.00 (lH, d, J= 15). 

ppm s 
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(R)-2-(2-( (tert-butoxycarbony lam in o )m ethyl)th iazo 1-4-y 1)-4-m ethy 1-4,5-

d ihyd rothiazo le-4-ca rboxy lic acid (294) 

HCI H2N '1l02H j"Me 
HS 

_.....s, 1;s 
Me+~~N~ 

Q
A _ NHBoc 

OH 

To a solution of nitrile 293 (0.81 g, 3.39 mmol) and a-methyl 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 HCl, 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 (0.6 1 g, 51 %). 

(TL II-169) [a] o = - 21 , c = 1 in methanol. 1H NMR (300 MHz) (CDCl3) b TMS: 1.45 

(9H, s) ; 1.68 (3H, s); 3.30 (1 H, d, J = l 1.07); 3.90 (1 H, d, J = 11 .4); 4.62 (2H, d, J = 6.0); 

4.89 (lH, s); 8.02 (lH, s); 9.91 (lH, bs). 
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(S)-methyl 3-((S)-2-((R)-2-(2-((tert-butoxycarbonylamino)methyl)thiazol-4-yl)-4-

m ethy 1-4,5-dihydrothiazo le-4-ca rboxam id o )-3-m ethy I butanam id o )pen t-4-enoa te 

(362) 

Me 
),,,,( NHBoc 

Me 
0 NH 0 

~---·~oMe 

_..-S, f;S 
\ 1,>----<:. •. ~NH Boe 

Me1 N N oANH yo OMe 

Me , ( -~~ 
Me O 0 

A solution of N-Boc amine 361 (0.18 g, 0.548 mmol) in DCM (18 mL) was cooled to 0°. 

TF A (1.8 mL) was added dropwise. The mixture was stined 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 (I: 1 to 2: 1 EtOAC/hexanes) to give 362 as a 

light yellow foam (0.17 g, 55%). HRMS (ES l): mlz calcd. for C25H37N5Na06S2 (M + Naf 

590.2077, found 590.207. 1H NMR (300 MHz) (CDCl3) b 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 (IH, d, J= 11.7); 3.69 (3H, s); 

3.77 (lH, d, J = 11.7); 4.19-4.24 (2H, m); 4.63 (2H, d, J= 5.4); 4.85 (lH, bs); 5.14-5.30 

(3H, m); 5.85 (H, ddd, J = 5.7, 10.5, 15.9); 6.81 (lH, d, J = 8.7); 7.99 (lH, s) . (TLNII-

228pp) 
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Amide isostere core (364) 

__.s, 1;s 
( 1,>-----<Z.,~NHBoc 

Me1 N N 

O~ NH lo OMe 

Me, (-~~ 
Me O 

___. s, 1;s 
Me ' :_>--<(N~ J:. 0 NH 

0 NH l Me,( ,~~ 
Me O .o 

To a solution of methyl ester 362 (0.05 g, 0.088 rnmol) 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 lN HCI. 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 mL) was added and the so lvent 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 rnmol) 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 rnmol) , 

HATU (0.067 g, 0.176 rnmol) and diisopropy lethylamine (0.09 mL, 0.53 rnmol) 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 (ES I): mlz calcd . for C22 H21N 5NaO3S (M + Naf 458 .1257, found 458.1259 . 1H 

NMR (400 MHz) (CDCl3) b TMS : 0.30 (3H, d, J = 6.8); 0.74 (3H, d, J = 6.8); 2.55-2.75 

(3H, m); 3.35 (lH, d, J = 11.6); 3.72 (3H, s) ; 3.89 (lH, d, J = 11.6); 4.27 (lH, dd, J = 3.2, 
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17.6); 4.55 (lH, dd, J= 3.2, 10.8); 4.80-4.86 (lH, m); 5.00 (lH, bs); 5.12-5 .32 (3H, m); 

5.85 (lH, dd, J = 5.2, 15 .6, 17.2); 6.47-6.59 (3H, m); 6.73 (lH, m); 7.77 (lH, s) . (TLNII-

236_ 400) 
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(S)-1-( (R)-4-benzyl-2-thioxothiazolidin-3-yl)-3-hydroxypent-4-en-1-one (3 73) 

0 

H~ 

S O OH 

SAN~ 
'-< ·sn 

Thiazolidinone-thione 372 (LO g, 3.98 mmol) in DCM (25 mL) was cooled to o0
_ 

Titanium tetrachloride (0.46 mL, 4.3 mmol) was added dropwise. After 5 min, the 

reaction was cooled to -78°, and diisopropylethy lamine (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%), 1H NMR (300 MHz) (CDCh) 

6 TMS: 2.77 (lH, d, J = 4-2); 2.89 (lH, d, J = 11.4); 3.05 (lH, m); 3.20-3.44 (3H, m); 

3.65 (lH, dd, J = 3.0, 17.7); 4.69 (lH, 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) 

S O OH 
)( II = .o 

S N~ 
L-{ 

·sn 

0 OH 
TMS~O~ 

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%). 1H NMR (300 MHz) (CDCh) 

& 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 )lH, m); 5.29 (2H, ddt, J = 1.5, 10.5, 17.1); 5.88 (lH, 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) 

0 OH 
TMS~O~ 

),,,,(NHFmoc 

-- oAo o 
~O~TMS 

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 (0.0 15 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) 1H NMR 

(300 MHz) (CDC'3) b TMS: 0.03 (9H, s); 0.88-1.03 (9H, m); 2.15-2.26 (lH, m); 2.70 

(2H, dq, J = 7.8, 15.9); 4.11-4.41 (6H, m); 5.23-5.39 (2H, m); 5.72 (lH, q, J = 6.6); 5.84 

(]H, ddd, J = 6.9, 10.5, 17.1); 7.32 (2H, t, J = 7.5); 7.40 (2H, t, J = 7.5); 7.62 (2H, d, J= 

7.2); 7.78 (2H, d, J = 7.8). (TLNII-267 _end) 
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(S)-2-(trimethylsilyl)ethyl 3-((S)-2-((R)-2-(2-((tert-

b u to xycarbo ny lam in o )m ethy l)thiazo 1-4-y 1)-4-m ethy 1-4,5-dihyd roth iazole-4-

ca rboxam ido )-3-methylbutanoyloxy)pent-4-enoate (376) 

N-Fmoc amme 375 (0 .29 g, 0.54 mmol) was dissolved m 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 mrnol) was dissolved in DCM (9 mL). PyBop (0.56 g, 1.08 

mmol) was added , fo llowed by diisopropylamine (0.28 mL, 1.62 mmol) . After 5 min, the 

amine in MeC (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%). 

1H NMR (300 MHz) (CDCh) b 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 .1 3-2.23 (lH, m) ; 2.65 (2H, dq, J= 

7.5, 15.9); 3.31 (lH, d, J = 11.7); 3.76 (lH, d, J = 11.7); 4.15-4.20 (2H, m) ; 4.51 (lH, dd, 

J = 4.8 , 9.0); 4.62 (2H, d, J = 6.3) ; 5.23 -5.39 (3H, m); 5.68 (lH, q, J = 6.9) ; 5.84 (lH, 

ddd , J = 6.9, 10.5, 17.1); 7.19 ( lH, d, J = 8.7); 7.97 (lH, s) . (TLNII-273pp) 
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2-( tritylthio )acetic acid (3 78) 

0 

HO~ 
SH 

0 

HO~ 
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). 1H NMR (300 MHz, CDCl3) 6: 2.36 (2H, s); 7.17-7.24 (4H, m); 7.28-7.43 

(11 H, m). (TLNII-3 37) 
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N-allyl-2-( tritylthio )acetamide (370) 

0 

HO~ 
STrt 

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): 

mlz calcd. for C24H23NNaOS (M + Naf 396.1393, found 396.1383 . 1H NMR (300 MHz, CDCl3) 

o TMS: 3.16 (2H, s) ; 3.57 (2H, m); 5.05 (2H, dd, J = 7.2, 10.5); 5.64 (lH, ddd, J= 5.7, 

11.1 , 27.3); 6.08 (lH, bs); 7.21-7.23 (2H, m); 7.28-7.32 (7H, m); 7.40-7.43 (6H, m). 

(TLNII-41 7 pp) 
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2-(bu t-3-eny l)isoindoline-1,3-dione (380) 

~ Br 

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). 1H MR (300 MHz, 

CDCl3) o TMS: 2.20 (2H, q, J = 6.9); 3.49 (2H, t, J = 7.2); 4.77 (2H, dd, J = 11.4, 18.0); 

5.47-5 .61 ( lH, m) ; 7.53 (4H, d, J = 16.2). (TL II-356_2-4) 
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but-3-en-1-amine (381) 

~NH2 

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%). 1H NMR (300 MHz, DMSO) 6 

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 

(lH, m) ; 8.44 (2H, bs). (TLNII-359pp) 

--··-----.. ---.k__ 

9 8 7 6 5 3 

276 



N-(but-3-enyl)-2-(tritylthio )acetamide (367) 

0 

~ NH2 
H 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) fo llowed 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 so lvent 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%). 1H NMR (300 MH z, CDC'3) 6 TMS : 2.86-2.92 (2H, m); 2.44 (2H, q, J = 

6.9); 3.77 (2H, t, J = 6.9); 5.00-5.10 (2H, m); 5.72-5 .86 (l H, m); 7.19-7.25 (4H, m); 7.3 1-

7.50 (7H, 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) 

0 

HO~ 

0 
MeO,N~ 

I 

To a stirred so lution ofpentenoic acid (2.0 mL, 19.6 mmol) in DCM (100 mL) was added 

EDCI (6.25 g, 32.6 mmol), fol lowed 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%). 1H MR (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 

(lH, m). (TL II-419) 
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1-chlorohex-5-en-2-one (384) 

0 
MeO,N~ 

I 

0 
Cl~ 

A solution of 383 (1.06 g, 7.4 mrno l) 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 mrnol) 

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%). 1H NMR (300 MHz, CDCl3) 6 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 (lH, 

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

0 
Cl~ 

0 
TrtS~ 

To a solution of triphenylmethanethiol (1.1 g, 4.0 mmol) in DMF (10 mL) was added 

potassium t-butoxide (0.45 g, 4.0 mmol). This mixture was then added dropwise to a 

so lution of 384 (0. 53 g, 4.0 mmol) in DMF (30 mL) . The mixture was stirred for 3 h, 

then poured onto H20 (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. 1H NMR (300 MHz, CDCh) o 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 (lH, 

m); 7.21-7.32 (l0H, m); 7.42-7.44 (SH, m). (TLNII-420a) 13C NMR (75.5 MHz, CDCh) 

o 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_cl 3) 
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tert-butyl 2-aminophenylcarbamate (386) 

r(YNHBoc 

~NH2 

To a solution of benzene-1,2-diamine 385 (1.0 g, 9.24 mmol) in THF (92 mL) was added 

Boc20 (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%). 1H NMR 

(300 MHz, CDC l3) 6 TMS: 1.51 (9H, s) ; 3.75 (2H, bs) ; 6.20 (lH, bs); 6.79 (2H, t, J = 7.5); 

7.00 (lH, t, J = 7.8). (TL II-418_recrys) 
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tert-butyl 2-pent-4-enamidophenylcarbamate (365) 

r(YNHBoc 

~NH 2 

Boe~~~ 

vo 
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. 

Fol lowing removal of the so lvent under reduced pressure, the residue was purified by 

column chromatography (1: 1 EtOAc/hexanes) to give 365 as a white solid. 13C MR 

(75 .5 MHz, C DC13) 6 TMS: 28.6, 36.2, 80.6, 117.7, 11 9.6, 124.9, 126.3, 137.0, 140.3 , 

154.3. (TL II-426_c l 3) 
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3-(tert-butyldimethylsilyloxy)propan-1-ol ( 401a) 

A suspension ofNaH (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, TBSCl (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%). 1H NMR (3 00 MHz, CDC l3) 6 TMS: 0.07 (6H, s); 0.90 (9H, s); 1.78-1.85 (2H, 

m); 3.74-3.89 (4H, m). (TL 11-399) 
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(R)-1-( (R)-4-benzy 1-2-thioxo th iazo lid i n-3-y 1)-5-(tert-bu ty I dim ethy lsily loxy )-3-

hyd roxype n ta n-1-o ne ( 403) 

TBSO~O 

H 

S O OH 

S)lN~OTBS 
W_ 

'sn 

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 dii sopropylethylamine (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 l h, a saturated aqueous solution of 

ammonium chloride (40 mL) was added. The reaction was wanned 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%). %). 1H MR (300 MHz, CDCl3) 6 TMS: 0.08 (6H, s); 0.89 (9H, s); 1.73-

1.83 (2H, m); 2.87 ( lH, d, J = 11.4); 3.00-3.08 (lH, m); 3.22-3.51 (4H, m); 3.81-3.94 

(2H, m); 4.40-4.48 (lH, m); 5.40 (lH, ddd, J = 4.2, 7.2, 11.1); 7.27-7.37 (SH, m). 

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

~OH 
S O OH 

SAN~ 
\--{ 

'sn 

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 mL) 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 so lution (2 x 10 mL) and dried over magnesium 

sulfate for 1 min. This solution containing aldehyde 408 was used immediately. 

This so lution of aldehyde 408 was added dropwi se to the above described mixture of 

chiral auxilary , titanium tetrachloride and dii sopropylethylamine. The reaction was 

stirred for 1 h, after which a saturated aqueo us 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%). 1H NMR 

(300 MHz, CDCl 3) o TMS: 2.34 (2H, t, J = 6.9); 2.76 (IH, d, J = 3.9); 2.88 (lH, d, J = 

11 .4) ; 3.00-3.25 (3H, m); 3.40 ) 1 H, dd, J = 7.2, 11 .4); 3.62 (lH, dd, J = 2.4, 17.7); 4.20-

4.29 (lH, m); 5.13-5.20 (2H, m); 5.39 (lH, ddd , J = 4.2, 7.2, 11.1); 5.78-5.92 (lH, m); 
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7.28-7.37 (5H, m). (TLNII-460_3) 13C NMR (75.5 MHz, CDCl3) o 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_c13) 
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(R)-2-(trimethylsilyl)ethyl 3-hydroxyhex-5-enoate ( 410) 

S O OH 

SAN~ 
'-----{ 

·sn 

0 OH 

TMS~O~ 

To a stirred solution of 409 (0.3 I 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 .1 3 g, 59%). [a]240 : -7.0 (c=5 in 

CHCh). 1H NMR (300 MHz, CDCl3) o 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 (lH, d, J = 3.6); 4.02-4.11 (lH, m); 4.15-4.21 (2H, m); 

5.08-5. 17 (2H, m); 5.74-5.88 (IH, m). (TLNII-464a) ). 13C MR (75.5 MHz, CDCl3) o 

TMS: -1.3 , 17.5, 40 .9, 41.1 , 63.2, 67 .5, 11 8.3, 134.2, 173.2. (TL II-464a_c13) 
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(R)-2-( trimethylsilyl)ethyl 3-( (S)-2-( ( (9 H-fluoren-9-yl)methoxy )carbonylamino )-3-

methylbutanoyloxy )hex-5-enoate ( 411) 

0 OH 
TMS~ O~ 

To a so lution 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) : mlz calcd . for C31H 41NNaO6Si (M + Nat 

574.2595, found 574.259 1. 1H NMR (300 MHz, CDCl 3) o TMS: 0.87 (3H, d, J = 6.9); 0.94-

1.02 (4H, m); 2.25 -2.3 1 ( lH, m); 2.37-2.49 (2H, m); 2.60 (2H, t, J= 7.2); 4.03-4.44 (6H, 

m); 5.09-5.16 (2H, m) ; 5.29-5 .39 (2H, m); 5.69-5.09 (lH, m); 7.32 (2H, t, J = 7.2); 7.40 

(2H, t, J = 7.5); 7.59 (2H, d, J = 7.2); 7.75 (2H, d, J = 7.2). (TL II-468rep) 13C NMR 

(75.5 MHz, CDCl 3) o 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_cl 3) 
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(R)-2-(trimethylsilyl)ethyl 3-( (S)-2-( (R)-2-(2-( (tert-

bu toxy ca rbony lam in o )m ethy l)th iazo 1-4-y 1)-4-m ethyl-4,5-d ihyd roth iazo le-4-

ca rboxam ido )-3-methylbutanoyloxy)hex-5-enoate ( 412) 

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 oil (0.08 g, 32%). HRMS (ESI ): mlz ca lcd. for C30H48N4NaO1S2Si (M + Naf 691.2626, 

found 691.263. 1H NMR (300 MHz, CDCl3) 6 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 (lH, m); 

2.41 (2H, t, J = 6.9); 2.52-2.67 (2H, m); 3.31 ( lH, d, J= 11.4); 3.75 (lH, d, J = 11.7); 

4.13-4.18 (2H, m); 4.48 (lH, 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 (lH, m); 7.17 (1 H, d, J = 9.0) ; 7.97 (1 H, s). (TLNII-473pp) 13C 

NMR (75 .5 MHz, CDCb) 6 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_c13) 
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ally I depsipeptide core ( 413) 

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 

diisopropylethylarnine (0.06 mL, 0.36 rnrnol ) in MeC (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 5% methanol/DCM). HRMS (ES !): mlz calcd. for 

C20H26N4Na04S2 (M + Na/ 473.1288, found 473. 1281. 1H NMR (300 MHz, CDCl3) 6 TMS: 

0.46 (3H, d, J = 6.9); 0.67 (3 H, d, J = 7.2); 2.71-2.75 (2H, m); 2.79 (3H, s); 3.13-3.21 

(lH, m); 3.25 (lH, d, J = 11.4); 3.64-3.76 (lH, m); 4.01 (lH, d, J = 11 .4); 4.26 (lH, dd, J 

= 3.3 , 17.4); 4.61 (lH, dd , J = 3.3, 9.3); 5.09-5.27 (4H, m); 5.31-5.36 (lH, m); 5.65-5.79 

(lH, m); 6.39 (lH, dd , J = 3.3 , 9.3); 7.10 (lH, d, J= 9.6); 7.76 (lH, s). (TL II-485pp) 

13C MR (75.5 MHz, CDCl3) 6 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 (TL II-485c13) 
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Trityl-protected macrocycle (414) 

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 futiher 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%). 1H NMR (300 MHz, CDCh) 6 TMS: 0.38 (3H, d, J = 6.9); 0.64 

(3H, d, J = 7.2) ; 1.78 (3H, s) ; 2.23 (2H, d, J = 6.0); 2.44-2.45 (2H, m); 2.62-2.65 (lH, m); 

2.74 (lH, d, J = 6.0); 3.25 (lH, dd, J = 3.0, 11.4); 3.68 (lH, m) ; 4.03 (lH, dd, J = 3.6, 

11.4); 4.17-4.28 (2H, m) ; 4.61 ( l H, dd, J = 3.3 , 9.6); 5.20-5.27 (2H, m) ; 5.34-5 .39 (2H, 

m); 6.27-6.29 (lH, m); 7.05 (lH, d, J = 9.3); 7.19-7.23 (3H, m); 7.27-7.33 (6H, m); 7.39-

7.43 (6H, m) ; 7.75 (lH, s). 
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Olefin-migration analog (394) 

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 trii sopropylsilane (4.0 µL, 0.02 mmol) were added. The mixture was 

sti rred at room temperature for 2 h, after which the so lvent 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) 

HOAOH 
0 0 

EtOAOEt 
0 0 

To a solution of 2,6-pyridine dicarboxylic acid (5 .55 g, 33.21 mrnol) in EtOH (250 mL) 

was added para-toluenesul fonic acid (13.3 g, 69 .74 mrnol). The mixture was heated to 

reflux for 24 h, after which the so lvent was removed under reduced pressure. The residue 

was disso lved 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%). 1H MR (300 MHz, 

CDCl3) 6 TMS : 1.36 (6H, t, J= 7.2); 4.41 (4H, q, J= 7.2); 7.95 ( IH, t, J = 8.1); 8.22 (2H, 

d, J = 7.8). (TLNIII-18c) 13C NMR (75 .5 MH z, C DCl 3) c TMS: 14.4, 62.5 , 128.0, 138.5, 

148 .7, 164.7. (TLNIII-18c_c13) 
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ethyl 6-(hydroxymethyl)picolinate (421) 

EtOAOEt 

0 0 
EtOAOH 

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%). 1H NMR (300 MH z, CDCl3) 6 TMS: 1.29 (3H, t, J = 6.9); 4.30 (2H, q, J 

= 6.9); 4.77 (2H, s) ; 7.49 (1 H, d, J = 7.8) ; 7.71 (IH, t, J = 7.8) ; 7.85 (IH, d, J = 7.8). 

(TL III-23) . 13C MR (75.5 MHz, CDCl3) 6 TMS : 14.4, 62.1 , 64.8, 123.7, 124.2, 137.8, 

147.1 , 161.2, 165.2. (TLNIII-23_c13) 
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6-(hydroxymethyl)picolinamide ( 422) 

EtOAOH 
0 

H2NAOH 
0 

Alcohol 421 (2.5 g, 13.8 mmol) waws dissolved in ethanol (48 mL), and conentrated 

ammonium hydroxide (7 1 mL) was added. The mixture was stirred for 15 h, after which 

the so lvent was evaporated to give 422 . (2.0 g, 95%). 1H MR (300 MHz, CD3OD) 6 

TMS: 4.75 (2H, s); 4.9 1 (2H, bs); 7.63 (lH, t, J = 7.2); 7.90-8 .02 (2H, m). (TLNIII-24) 

13C MR (75.5 MHz, C DC1 3) 6 TMS : 64.4, 120 .5, 123.4, 138.1 , 149.0, 160.5, 168.2. 

(TL III-24_cl3) 
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6-( chloromethyl)picolinonitrile ( 423) 

~Cl 
N~ N 

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. Them ixture was 

stirred at 0° for 6 h, after which the solvent was evaporated. The resulting solid was 

cooled to o0 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%) 1H MR 

(3 00 MHz, CDCl3) o TMS: 4.69 (2H, s); 7.64 (lH, d, J = 7.8); 7.74 (lH, d, J = 8.1); 7.90 

( lH, t, J = 7.8). (TLNIII-27) 
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6-((1,3-dioxoisoindolin-2-yl)methyl)picolinonitrile (424) 

~Cl 
N~ N 

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 fo r 5 h, after 

which the solvent was removed under reduced pressure. Water (100 rnL) was added, and 

the resultant suspension was filtered through Celi te to remove the precipitate. The water 

was then removed under reduced pressure to give 424 as an off-white solid. (2.7 g, 81 %). 
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tert-butyl (6-cyanopyridin-2-yl)methylcarbamate (425) 

n NHBoc 
N~ N~ 

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 HCI (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 so lid (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 Boe 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. 1H NMR (300 MHz, CDCb) b TMS : 1.36 (9H, s) ; 4.37 (2H, d, 

J= 5.7); 5.83 (lH, bs); 7.48 (lH, d, J = 8.1); 7.50 (lH, d, J = 7.8); 7.74 (lH, t, J = 7.8). 

(TL III-43) 
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(S)-2-(6-((tert-butoxycarbonylamino)methyl)pyridin-3-yl)-4,5-dihydrothiazole-4-

carboxylic acid ( 426) 

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 nitrite 425 (0.49 g, 2.10 mmol) and a -

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 HCI. 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%) . a 0 = -4.0, c=0.5 in MeOH. 1H NMR (300 MHz, 

CDCh) b TMS: 1.46 (9H, s) ; 3.63 (2H, d, J = 9.6); 4.47 (2H, d, J= 5.1) ; 5.43 (lH, t, J= 

9.6); 5.59 (lH, bs); 7.36 (lH, d, J= 7.5); 7.73 (lH, t, J = 7.8); 7.96 (lH, d, J = 7.8); 10.47 

(lH, bs). (TLNII-438a). 13C NMR (75 .5 MHz, CDCh) c TMS: 26.6, 34.3, 45.6, 80.1 , 

120.75, 124.4, 137.6, 149.6, 157.8, 173 .8, 174.9. (TLNII-438cl3) 
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(S,E)-2-(trimethylsilyl)ethyl 3-((S)-2-((R)-2-(6-((tert-

bu toxy ca rbo ny lam in o )m ethy l)py ridin-2-y 1)-4,5-dihyd ro th iazo le-4-ca rboxa m ido )-3-

m ethy I bu tanoy loxy )-7-( tri ty lthio )hept-4-enoate ( 428) 

s o;.£;~ 
),,X' NH N) 

BocHN 
0 0 0 

O~STrt 

\ 
TMS 

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 so lvent again removed to give free amine 427. 

To a solution of acid 426 (0.1 7 g, 0.5 mmol) in DCM (10 mL) was added Py Bop (0.26 g, 

1.0 mmol), followed by diisopropylethylamine (0.26 mL, 1.5 mmol). After IO 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%), 

1H NMR ( CD3OD, 300 MHz) 6 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 (lH, 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) 13C NMR ( CD3OD, 75.5 MHz) 6 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-4 76c 13) 
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diethyl pyridine-2,4-dicarboxylate ( 431) 

O~OH 

I /. OH 
N 

0 OEt 

~DEi 
0 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%). 1H NMR ( CDCh, 300 

MHz) 6 TMS: 1.28 (3H, t, J = 6.9); 1.31 (3H, t, J = 7.2); 4.29 (2H, q, J = 7.2); 4.35 (2H, 

q, J = 7.2); 7.88 (lH, dd, J = 1.5, 4.8); 8.48 (lH, m); 8.75 (lH, d, J = 4.8) . (TLNIII-7a). 

13C NMR ( CDCb, 75.5 MHz) 6 TMS: 14.4, 62.3 , 124.3, 126.1 , 139.1 , 149.3, 150.8. 

164.3, 164.6 (TLNIII-7c13) 
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4-( ethoxycarbonyl)picolinic acid ( 432) 

O~OEt 

I /, OEt 
N 

O~OEt 

I /, OH 
N 

0 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%). 1H NMR ( CDC'3, 300 MHz) 6 TMS : 1.42 (3H, t, J = 7.2); 2.96 (lH, bs); 

4.34 (2H, q, J = 7.2); 4.82 (2H, s) ; 7.48 (lH, d, J = 4.2); 8.09 (lH, s) ; 8.65 m(lH, d, J= 

4.5). (TL 111-11 _ 4) 13C NMR ( CDC'3, 75 .5 MHz) 6 TMS : 14.5, 62.3 , 63 .3, 122.7, 

124.4, 148.3, 150.0, 152.1 , 165.4. (TLNIII-11 _4c13). 
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2-(hydroxymethyl)isonicotinamide ( 433) 

O~OEt 

I /, OH 
N 

O~NH2 

I /, OH 
N 

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%). 1H NMR ( CD30D, 300 MHz) o TMS: 4.71 (2H, s); 4.94 (2H, s); 7.52 

(lH, s); 8.09 (lH, s); 8.55 (lH, s). (TLNIII-31). 13C MR ( CD30D, 75.5 MHz) o TMS: 

61.2, 119.5, 123.9, 148.6, 149.8, 153.2, 168.3 . (TLNIII-31c13). 
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Discovery. Biological Activity, Synthesis :w rJ P otentil'i ThcraJ)OLJric Utill ry of 
Naturally Occurring Hisro110 DrMcel,vfase Inhibitors 
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ristone detcetfl~&e (HDi,C) enz:y n:~s pl3 1 P.1' 1r11port;;rt r :::·e i1 Ghrc m.itrn re1n ,d1eh·,0 .;11d tner etor;; in 

the reg;.i ie1tion uf ger: t? Gx-p •P.~si on · Dys!,1nc: or cf KC:AC ~1:zy rr 1c3 r -l!!s h?.;;r. i.v :ec: w th •,1<1d1;~v of 
t--i;man (lrs':!sse~ . h ~lucl'ng <:«ncer. s1d . e cell anem1e. rr P,Lrn,1:~ J 'thri: is ar c c .irwi~c : ryµert10~'1\' " · ·· Wiit-
U: e d:sc.c-ver;· vi mvls!Cll les th?.t a:: .. s HDAC ir,.-11b1:'1 r.; ;HD.A.Ci;, a subs'.a, t i,:i" a1r -0Lrn d :i:s,g ~t int~ ·,-,;; 
fun:::c,::: r of these 1or 1.2: ~•r1e~ h::i~ ~i;-en J c: i ied . rL.rtl:e rrr.c ro p2rticul::irl>' witr r,;~ r,ect to cancer. HO/\C: Drs 
t! J<.lr2n~P.l"f prc,rr is 'ng c r, 19 t.:irge,s. Througn the sh;c)' c.f nr,1'. ,1·,:;,ly o curing HD,'.Ci"~ ""~ n,., r ~ynth et:c~ll1 

<1na1C!fS muc.h p :og :e~s , iis ~e ;;r. 1:-iade t-.:wa rds this goa· 

2 Overview of H,st one Deacetyl asc Enz~1t1eS 
If• ·na:n ,i ,~lic111 c;;lls, DNA i;; ;:;ar::kaged in o ch~on·stiri ;; ··, gtity !'.ri.,.;t,;r~ed :,.trL. :'., r'I: wh:,; :, l,,:,its a ,:er.;ss 
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0c tr1111i'!:. '~ T~ is ,r.ter~ c,•or- il'- :-i ade fa·,1or~ble ltv wh,e ot pc,z1ti·Jedy cl·arg,;,d l"{!; :n~ ' "'~•~·1:es 0,1 the 1•iHC1l'P. 
pn; tei'ls. whir;t· ~l'.' act the ·11c>yc1t -1,E:i· 1;ir9e.;1 DI~,~ bar::k:Jc ne~7 Tl11s slr,:r.9 e:ectrcst;;:uc 'n ur~dion ~'l~ers 
1~,e D NA inac:ti·.' P. \' th re~pcc t to :~ans::: -i :~iott as :el'd,J' 1!"IC1Ch i:1c:y res~,L,11sit-lll tor tre'l,,r;•ic'. iei.1 ca :111 01 
.:ICCE:SS th e DNA in u,, ~ c.ond,rn$ed or closed S!ato.' , ,'Ir.en lr;i nsc r pt,c r is re oL;1:<':d , i i-r9 ;nter; r. t ::1~ r.,ust 
be l~ssened tc permi t occess to the ON.A.. Hii;~on~ .;c.,'.yl tro:,sferase (HAT; i r.~t;; l!s ~., i'!C;;t i'i ;ro t,:> c•r-to t11e 
H~i~·o9e, o" ly;<; ;ne resi :-ives . reu:;--.:ilizing thei, pos 'tive c,1;n;;il -:1nu atte,~u .. t:,, y t: 1"1 ·rte•t1r,: or be,tv.-eer t11e 
DNA "''cl t<1~ histo1~e '· c Cri,, ;, ' oep:ic ;;tic r 1~ 5 Jaen ,:;or,1plets ::i . H::)AC er.zymF. ~ r,;-,r r.,v-, tile .'·,'-«c9t~ I 9r :;i.;µ 
!p:,1·1 the ty:; •n(;! ,e.s•dJe, ' F.;Stcri1g po.sitiv.;; c l·-ar -;i~ t:J rr . .a r i~tor-,; ~nd retL.rt. ing 1;•,.; _1NA ,~ it ; 11 oche 
state. ,:. , ·1

-

Tha:e Bre c.ne.r.tli' oigh7€,>t?I' · new, I-ID.",::; enzy.n.;s ·,vhi:.1 ar o d ,,.deci in;c 'o;;• c)(;sses C',1 ti; :, ~Mis Jf 
tt ·:11 !it1L~t1.1rc!I ho irc!ogy -11ich yeast p1 ~tc1:1::;.'' 1' C.: l.;1:n I enzymes (HDA C~ ·· ;'. an c' ei are- Z;1 : , 
Je cencel'-l. as ar1; ci.1:,; s II ,:HDA C;; 4 5 .i:.7. ':l .:ir,cl ·o:i rn1d :;1~i;i; !V ,:HnAG 1 i:, .:.·,. ~-•~ :.1 con~ tfc1sl , -~las~ I, 
e-12,·me~ ,:SirT1 • 7. ::-ilsc- kr-o·i/11 <JS Si •t1ur-~;- are 'AD ' :1ei,e1: denc .i r. o z1,p;;~ r to l~;; re.,-ist:anc :o m~:L•C:11,:,~ 

caJ:<lble af inhi~ i!1n1; ~'f>s~ i a11d II enzyrnas ; ~n(;! Iii e11z i 11e~ ,,.-i :I tl:c, efu1"' , ,c,: t e ,-,,;n:ic,r eci :urtl1cr 
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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 1

• Many of these 
unwanted side effects are caused by the mode of action of both traditional and atypical 
antipsychotic 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 D 1 receptor agonism2

. However, anti psychotics currently in use 
function either exclusively as dopamine D2 receptor antagonists or effect many 
neurotransmitters3. (-)-Stepholidine is a natural product capable of acting as both a 
dopamine D2 receptor antagonist and a partial D 1 receptor a~onist, making it the first 
known natural product with this dual biological activity4

•
5
• . We therefore aim to 

synthesize analogs of the natural product in order to improve its D 1 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 D 1 agonsim and D2 antagonism through 
biological assays. 
4. Use these preliminary data to further refine the Dl agonist/D2 antagonist 
pharmacophore. 

Background and Significance: 
Schizophrenia is a severe mental illness affecting 0.5-1.5% of the world 

population7
. 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)7,8•

9
. 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 1°. 

360 



Figure 1: Known antipsychotics and l-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' 1• One of the most common side 
effects of antipsychotic medications is tardive 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 
anti psychotic medications 12

. 

So-called traditional anti psychotic 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 12

. Additonally, both traditional and atypical antipsychotic drugs have 
been associated with severe and fatal side effects, including sudden death from cardiac 
events and agranulocytosis 13

•
14

. 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-0-methyl 
transferase) protein is predictive of schizophrenia15

. This enzyme inactivates dopamine 
via methylation; however, the valine allele has a four-fold greater capacity for dopamine 
methylation in comparison to the methionine allele9

•
16

•
17

. This leads to hypodopaminergia 
in the dorso-lateral prefrontal cortex (dlPFC), and is predictive of poor working memory 
and lowered central executive function, both of which are noted among the negative 
symptoms of schizophrenia8

. 

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 dlPFC. Specifically, it 
appears that different types of dopamine receptors play distinct roles in the progress of 
schizophrenia. Dopamine receptors are divided into two subfamilies: Dl-type (including 
D 1 and D5 receptors) and D2-type (including D2, D3 and D4 receptors) 12

. 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 studies9

•
18

•
19

. In contrast, lower 
than normal D 1 binding has been noted in schizophrenic patients, and is correlated with 
poor workin~ memory and other cogniti ve defects seen in conjuction with 
schizophrenia 0

. Overall, the currently accepted dopaminergic model for schizophrenia 
suggests that lower Dl binding gives rise to the negative symptoms associated with the 
illness while overactivity in D2 receptors leads to the positive or psychotic symptoms21

. 
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These findings suggest that better treatments for schizophrenia might rely upon a 
combination of D2 antagonism and D 1 agonism; this hypothesis has been supported by 
supplemental treatment with D 1 agonists for patients receiving anti psychotic medications 
(D2 antagonists)9. 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 D 1 agonist was therefore an extremely important advance in possible 
treatment for schizophrenia2

'
4

. (-)-Stepholidine belongs to the tetrahydroprotoberberine 
(THPB) class of alkaloids, and was isolated from Stephania glabra in 1968 by 
Weisbach22

. 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 S-3

'
24

'
25

. 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 effects26

. However, the partial agonistic effect seen with Dl 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 
D 1 agonists27

. 

Previous studies: 
(±)-Stepholidine has been synthesized three times, utilizing the same approach 

(Scheme 1 )28
'
29,3 o_ 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 nitrite (2)3 1

• 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 
discussed, although these workers were able to access usable quantities of both racemic 
products28

. 
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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 
product32

. 

MeO~ 

MeO~N 

9 

Scheme 2: Synthesis of (±)-xylopinine 
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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 enantiomers33

. 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 profile34

. 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 
profiles34 . Table 1 shows the binding affinity for several of these compounds in 

. d . . lfJ4 3s 36 companson to opamme 1tse ' ' . 

Figure 2: Selected tetrahydroprotoberberines 
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Table 1: Biological activity of selected tetrahydroprotoberberines* 

Substituents Compound Dl, Ki nM D2,K1nM 
nonhydroxy THPB l-THP 754 0.85 

monohydroxy THPB l-corydalmine 80 0.65 
l-xylopinine NT** 7.5 

dihydroxy THPB /-stepholidine 280 0.08 
/-chloroscoulerine 5.7 0.0057 

l-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 considerab ly with the assay in use ; therefore, these data 
are not included. 
* * T: not tested 

Research Design and Methods: 
Given its unique biological act1v1ty 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 
D 1 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 Chiang28

. 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. 

MeO:cn 
I a NH + 

HO 2 

12 

16 

Scheme 3: Proposed synthesis of (-)-stepholidine 

HOm 

O yoH 
OMe 

13 

MeO 

HO 

17 

I "" 
0 OH 

OMe 

MeO~ 

HNg(XOMe HO I 
0 OH 

14 

MeO~ I /2 N 
HO H ... 

7 OMe 
I 

OH 

1-stepholidine 

-~'?-~I~--M:~: 
1"" 

0 OH 
OMe 

15 

l·discretamine 

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 groups37

. 

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 D 1 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 below38

•
39

. 

Scheme 4: Synthesis of chiral reducing agent 
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Furthermore, this reagent has been used in the preparation of a related alkaloid, 
( + )-nor-roefractine with success (Scheme 5)40

. Given their results, it is anticipated that 
the use of L-proline will give the desired stereochemistry. 

Scheme 5: Synthesis of ( + )-nor-roefractine 
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Much of the information regarding the pharmacophore model for (-)-
h l.d. f · · d l l d 1- 2 1414243 step o 1 me comes rom mutagenes1s expenments an mo ecu ar mo e mg ' ' ' . 

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 Dl receptors), this interaction is not present when 
stepholidine is bound to D 1. However, the hydroxyl group on ring A does form a 
hydrogen bond with W-3.28 when bound to the Dl receptor; these data suggest that the 
A-ring hydroxyl group is necessary . Furthermore, when bound to the D1 receptor, the A 
ring participates in n-stacking interactions with three tryptophan residues, suggesting the 
necessity of an aromatic ring at this position for optimal D1 binding21

. It has been 
proposed that two hydroxyl groups on the D ring may improve interactions with the D 1 
receptor, as this type of structure would more closely correspond to the dopamine 
pharmacophore (Figure 3). 

Figure 3: Structural correlations between dopamine and tetrahydroprotoberberines 
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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 D 1 
binding42

. 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 344

. 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 configuration23

•
45

•
46

•
47

•
48

•
49

. 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. 

Fallowing the synthesis of these analogs, assays for D 1 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 gene50

. 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 ~-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 
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The optimal compound will show D2 antagonist and D 1 agonist properties; 
ultimately, a full D 1 agonist (as determined by comparison with dopamine itself) while 
maintaining stepholidine's inherent D2 antagonist activity is the goal. It 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 
coworkers51 

•
52

. 

2. It is possible that none of the proposed analogs will display any increased activity over 
the natural product with respect to D 1 receptors. Other ring systems (notably 
piperazines) have shown promising activity; making this substitution may improve D1 

• • 4 1 agomst 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 precedented53 . 

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 units54

. 
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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 D 1 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 D 1 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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