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Tricyclic Analogues of Epidithiodioxopiperazine
Alkaloids with Promising In Vitro and In Vivo

Antitumor Activity

Marcus Baumann,” André P. Dieskau,” Brad M. Loertscher,” Mary C. Walton,*
Sangkil Nam,b Jun Xie,b David Horne,*’b and Larry E. Overman***

Epipolythiodioxopiperazine (ETP) alkaloids are structurally elaborate alkaloids that show potent
antitumor activity. However, their high toxicity and demonstrated interactions with various
biological receptors compromises their therapeutic potential. In an effort to mitigate these
disadvantages, a short stereocontrolled construction of tricyclic analogues of
epidithiodioxopiperazine alkaloids was developed. Evaluation of a small library of such
structures against two invasive cancer cell lines defined initial structure-activity relationships
(SAR), which identified 1,4-dioxohexahydro-6H-3,8a-epidithiopyrrolo[1,2-a]pyrazine 3¢ and
related structures as particularly promising antitumor agents. ETP alkaloid analogue 3¢ exhibits
low nanomolar activity against both solid and blood tumors in vitro. In addition, 3¢ significantly
suppresses tumor growth in mouse xenograft models of melanoma and lung cancer, without
obvious signs of toxicity, following either intraperitoneal (IP) or oral administration. The short
synthesis of molecules in this series will enable future mechanistic and translational studies of

these structurally novel and highly promising clinical antitumor candidates.

Introduction

Epipolythiodioxopiperazines (ETPs) constitute a group of
structurally complex and biologically active fungal alkaloids
that are characterized structurally by a transannular polysulfide
unit joining carbons 3 and 6 of their 2,5-dioxopiperazine rings
(Fig. 1). A broad spectrum of biological activities is associated
with this family of natural products.' Two commercially
available members of this group, chaetomin (1) and chaetocin
A (2), have received extensive study. Early on, chaetomin was
identified as an inhibitor of HIF-1 transcriptional activity,
although its toxicity prevented its further development for
cancer therapy.” Chaetocin A continues to be actively
investigated as a potential cancer therapeutic, with good

activity registered in vitro'” and in animal models'?%*

against
blood and solid tumors. A number of molecular targets of
chaetocin A have been identified, and various mechanisms

d.3bes

contributing to its cytotoxicity are now recognize

Recently, several structurally simple analogues of ETP
alkaloids have been prepared and their in vitro cytotoxicity

registered against a few cancer cell lines.®
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Fig. 1. Two ETP alkaloids and structurally simplified tricyclic analogues 3.

The high cytotoxicity of ETP alkaloids 1 and 2,7 and their
promiscuous interactions with biological receptors, renders
these natural products unattractive candidates for further
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development as anticancer agents. Nonetheless, we anticipated
that less toxic and more selective antitumor agents could be
found by significantly simplifying the structure of these
alkaloids. As good in vitro cytotoxicity against several cancer
cell lines is maintained in natural product analogues of

6b—d
we

chaetocin A that contain a single ETP fragment,
investigated 1,4-dioxohexahydro-6H-3,8a-epidithiopyrrolo[1,2-
alpyrazines 3, analogues of chaetomin and chaetocin A that
retain only three of the natural products’ nine or ten rings.’

We report herein an expeditious synthesis of analogues 3
that allows easy introduction of substituents at four sites. The in
vitro antitumor activity of 19 molecules in this series was
evaluated against invasive human prostate cancer and
melanoma cell lines. ICsy values of 3¢, the most potent
compound in this series, were determined using nine additional
cancer cell lines, and 3¢ was evaluated also in xenograft tumor

models of human lung cancer and melanoma.

Results and Discussion

Synthesis of ETP Analogues 3

The general scheme used to prepare a library of 1,4-
dioxohexahydro-6H-3,8a-epidithiopyrrolo[1,2-a]pyrazines 3 is
outlined in Scheme 1. As the building blocks 4, 6, and 7 can be
varied widely, a diversity of structures is readily prepared, most
by way of only two isolated and purified intermediates
(pyrrolidine 5 and dioxopiperazine 8).

/'ze EWG 1. CICOCHRZ2CI (6),
HCI-H,N""COLEt Mo Me EtsN, CH,Cly, 0°C
R1CHO : COfEt — > 7Z2 7 7
EtNMeCN  LiBrEtN i o~N 2.R3NH (7), CHyCl,,
. 0t023°C  THF, 23°C H 23°C
we i) Sg, NaHMDS, 0 °C cwe
H then 8, NaHMDS
Me: 0 or Mer b\ O
a N)JN‘RS step ) RIZTNg SN-Rs
4 if) NaBH,,, MeOH, 23 °C 3
O ke i) Kl 23 °C O "R?

3
Scheme 1 Synthesis of ETP alkaloid analogues 3 (EWG = CO,Me or CN).

The synthesis begins with 1,3-dipolar cycloaddition of
azomethine ylides generated in situ by 1,2-protropic shifts of
glycine imines with a-methyl-substituted dipolarophiles in the
presence of LiBr and Et;N.%° It was found that imine formation
was most efficient in acetonitrile, whereas the cycloaddition
was cleanest in THF. In general, this two-step process delivered
the desired pyrrolidine products in useful yields (45-85%) and
As expected, this
cycloaddition took place with high endo stereoselectivity

high purity on multi-gram scales.
(>10:1) when methyl methacrylate was employed as the
dipolarophile. Cycloadditions employing methacrylonitrile took
place with lower endo stereoselectivity, which varied
considerably with the nature of the R' substituent (see Table 1
of the ESI). In some cases, the major endo cycloadduct 5 could
be separated in good yield from the cycloadduct mixture by its
lower solubility in 1:1 MeOH/CH,Cl,, although generally

2| J. Name.. 2012. 00. 1-8

higher yields of this adduct were realized by purification of the
crude product by flash chromatography on silica gel.

The relative configuration of the cycloadducts in the nitrile
series was assigned on the basis of their distinctive 'H NMR
chemical shifts (Fig. 2). In the exo cycloadducts, the C4 methyl
substituent was observed at a diagnostic upfield chemical shift
(® 0.95-1.05 ppm), consistent with its position within the
shielding cone of the C5 aryl substituent. The chemical shift of
the C5 benzylic methine hydrogen was also diagnostic,
appearing upfield by ~0.6 ppm in the endo cycloadduct.

_ »00.95-1.05
61.4-1.55 ~ OCN Mé

R
endo exo

Fig. 2. Endo and exo pyrrolidine cycloadducts: Diagnostic '"H NMR signals (in
CDCl5) and models of their low-energy conformations.

Cycloadducts 5 could be elaborated to dioxopiperazines 8 in
a number of standard ways.'® A convenient sequence is
depicted in Scheme 1 whereby the amino ester 5 was first
acylated with 2-chloropropionyl chloride (6, R> = Me) and the
crude o-chloroamide intermediate was coupled with a primary
amine 7 to form the dioxopiperazine product. For example,
the formation of dioxopiperazines 8 having R® = Me was
accomplished by stirring a biphasic mixture of the crude o-
chloroamide in CH,Cl, with 40% aqueous methylamine at
12-16 h. the
dioxopiperazine intermediate was isolated as a crystalline

room temperature for In most cases,
solid without the need for chromatographic purification. This
solid was either a single stereoisomer or a mixture of C3
epimers. In two cases, the relative configuration of the major
stereoisomer was confirmed by single-crystal X-ray
analysis."!

An alternate sequence that allows ready incorporation of a
variety of R? substituents for the synthesis of dioxopiperazine
8p having R? = Bn is illustrated in Scheme 2. Coupling of
cycloadduct 5S¢ with N-Boc-phenylalanine using BOPCI gave
dipeptide 9 in high yield. Standard removal of the Boc group
the

butanol/toluene (4:1) gave dioxopiperazine 10 in 70% yield

followed by heating product in refluxing 2-
as a 1:1 mixture of stereoisomers. After these products were
separated on silica gel, they were individually N-methylated
in high yield upon reaction with Mel and K,COj;. That
products 8p were epimers at the benzyl stereocenter was
established by strong 'H NOEs between the quaternary

methyl substituent and the angular methine hydrogen.

This iournal is © The Roval Societv of Chemistrv 2012
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Scheme 2 An alternate route to dioxopiperazine intermediates.

We initially examined elaboration of dioxopiperazine 8¢ to
the corresponding ETP derivatives by attempting to first
selectively  oxidize the methine hydrogens of the
dioxopiperazine ring. The most successful of the oxidants
screened was Pyr,AgMnQO,, which had been employed with
great success by Movassaghi for this purpose.'? This reagent
cleanly hydroxylated the angular carbon; however, under the
conditions we examined, hydroxylation at C3 did not proceed
to full conversion before decomposition of the diol product
became problematic (eq 1)."

CN CN
o Pyr,AgMnOy, (3 equiv)

CH,Cly, 23°C, 3h
N N
SN Me //\-7<
z o]

—_—
60% conversion <

0 Me Me

8c 1

(3:2 R = H:0H)

“Me
R

We turned to introduce the epidisulfide unit by base-
the
intermediates.”® In initial studies, dioxopiperazines 8 were

promoted disulfenylation of dioxopiperazine
converted to the corresponding ETP derivatives by the general
After

purification by flash chromatography or preparative TLC, ETP

procedure introduced by Nicolaou and coworkers.'

products 3 were obtained in low to moderate yields (generally
20-30%, Scheme 1).
sequence, we discovered that the desired disulfide 3, typically

During attempts to optimize this

contaminated with 5-20% of the corresponding trisulfide, was
the predominant sulfur-containing product produced after the
sulfenylation step. This result stands in contrast to the
formation of largely the tetrasulfide intermediate in the base-
promoted sulfenylation of nearly flat dioxopiperazines.'> As the
epidithiodioxopiperazine products 3 could be separated from
their trisulfide by flash

preparative TLC, this operationally simple one-step procedure

analogues chromatography or
was generally used in our studies giving 3 in 6-46% yield (see
Table 1 of the ESI).

Stereoisomer 3 having the disulfide bridge on the same face
as the nitrile and aryl substituents was typically produced with
5-10:1 diastercoselectivity. In two cases (3¢ and 3e), this
product was characterized by single-crystal X-ray analysis.''
Epidisulfide stereoisomer 3e and diastercomer 12 having the
disulfide bridge on the opposite face of the dioxopiperazine are
easily distinguished by 'H NMR analysis. Particularly

This iournal is © The Roval Societv of Chemistrv 2012
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diagnostic are the chemical shifts of the C7 methylene
hydrogens H, (syn to CN) and Hg (anti to CN).* As illustrated
in Fig. 3 for 3e and 12, these diastereotopic hydrogens are
observed at similar chemical shift in the major stereoisomer 3e,
12 the chemical shifts of these
hydrogens differ by 1.3 ppm, with H, being observed at 0 3.84
and Hg at & 2.53. The observation of the C7 methylene
hydrogens at similar chemical shift (Ad 0.3—0.4 ppm) was seen

whereas in diastereomer

also in 'H NMR spectra of crystallographically characterized
3¢, and this trend in chemical shift was used to assign the
relative configuration to other ETP products 3 prepared in this
study. In cases where the epidisulfide diastereomer was isolated
and characterized, the chemical shift difference between its
methylene hydrogens ranged from 1.1-1.4 ppm (see the ESI).
Using the X-ray model of 3e and a computational model
(B3LYP/631G*) of diastereomer 12, the chemical shifts (shown
in parentheses in Fig. 3A and 3B) of the C7 methylene
hydrogens of the two ETP stereoisomers were calculated and
found to be in accord with the observed trend.’

A B
6 3.06 (2.58) 03.84 (8.72)*\v

HA(‘63.37 (2.99) NC Ha
o He (o} Me ., (He (o}

¢ 9253 (2.09)

NC

Ng-SN-me NS/'/SN—Me

Me 0 Me Me 0] Me

3e 12

Fig. 3. Representative data used to assign the relative configuration of the
disulfide bridge in ETP products, X-ray model of dioxopiperazine 8e, and a
computation model of the derived angular enolate. A and B show the observed (in
CDCl;) and calculated (in parentheses) chemical signals of the methylene
hydrogens of the pyrrolidine ring of ETP diastereomers 3e and 12. C is the X-ray
model of 3e. D is the computational model (B3LYP/631G*) of 12. E is the X-ray
model of dioxopiperazine 8e. F is the predominant conformer (B3LYP/631G*) of
the angular enolate formed from dioxopiperazine 8e.

The origin of diastereoselection in the preferential
formation of epidisulfide stereoisomer 3 is poorly understood at
this time. We hypothesize that enolization and subsequent
configuration-determining sulfenylation occurs initially at the

J. Name.. 2012. 00. 1-8 | 3
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angular C8a carbon, because the expected boat conformation of
the dioxopiperazine precursor positions the C3 methine
hydrogen nearly coplanar with the adjacent carbonyl group (see
X-ray model Fig. 3E)."" Consistent with this suggestion,
treatment of dioxopiperazine 8e with 0.5, 1.0 and 1.5 equiv of
NaHMDS at room temperature, followed by quenching with
D,0O after 10 min resulted in preferential deuteration at C8a.
The predominant conformer of the C8a enolate of 8e found by
computational modeling is depicted in Fig. 3F. Sulfenylation at
C8a from the bottom face (anti to CN) of this enolate would be
disfavored by the "axially" oriented methyl groups at C3 and
C7, whereas sulfenylation from the top face would be
disfavored by the orientation of the p-tolyl substituent. Perhaps
the potential of the p-tolyl substituent to minimize its steric
influence by a 30-40° rotation about the aryl carbon—-C6 o-
bond is responsible for the observed facial selectivity in
forming the disulfide bridge.

A summary of the ETP alkaloid analogues prepared during
this investigation and the yields obtained for each of the three
steps is provided in Table 1 of the ESI. Purification by
chromatography was only necessary after the 1,3-dipolar
cycloaddition and disulfenylation steps, whereas purification of
the 2,6-dioxopiperazines was accomplished by trituration in
most cases.

Antitumor Activity

With a selection of ETP alkaloid analogues in hand, their in
vitro cytotoxicity against two highly invasive cancer cell lines,
DU145 (human prostate cancer) and A2058 (human melanoma)
were determined (Table 1). Analogues 3a and 3b, in which the
electron-withdrawing substituent in the pyrrolidine ring is a
methyl ester, exhibited no observable activity (ICso values >5
pM). In contrast, the corresponding analogues incorporating a
nitrile are considerably more cytotoxic, particularly in the
methylenedioxyphenyl series as shown by comparison of 3b
and 3c. Of the molecules in this series explored to date, 3c is

the most potent showing ICs, values against DU145 and A2058
tumor cells in the double-digit nanomolar range that are
comparable to those found for chaetocin A (2) under identical
assay conditions.*® The presence of oxygen at meta and para
positions of the aryl substituent is beneficial, with the absence
of oxygen at the meta position (3g), at the para position (3k), or
at both the meta and para positions (3f and 3j) resulting in a 4—
15-fold reduction in cytotoxicity. When the electron-donating
groups at C3 and C4 are replaced by weaker donors,
cytotoxicity is reduced (compare 3g with 3h, and 3¢ with 3i). A
small alkyl substituent on the nitrogen atom of dioxopiperazine
ring is favored, with an n-Bu or morpholinoethyl substituent
reducing cytotoxicity by an order of magnitude (compare 3c,
3m, and 30). However, substituting methyl for ethyl (31) or
cyclopropyl (3m) at this position has only minimal effect on
cytotoxicity. Methyl is favored over benzyl at the sulfur-
bearing carbon of the dioxopiperazine ring, although the
significant activity of benzyl analogue 3p suggests that
substitution is tolerated at this site.

It was particularly important to establish that relative and
absolute configuration of the early lead compound 3c is
important for activity. Analogue 13, having the opposite
relative configuration of the disulfide bridge to 3¢, showed
decreased potency against DU145 and A2058. Analogues 14
and 15, which are derived from the minor exo cycloadduct epi-
5S¢, and, thus, have the nitrile substituent frans to the aryl
substituent, showed weak activity only. We were able to
separate the two enantiomers of 3¢ by enantioselective
chromatography and assign their absolute configurations by a
combination of CD analysis and single-crystal X-ray
crystallography.”™ The (S.S,S,5)-enantiomer of 3¢ (the absolute
configuration depicted for all racemic ETP alkaloid analogues
in this report) was found to be more active by a factor of five
against DU145 cells and a factor of ten against A2058 cells
compared to the (R,R,R,R)-enantiomer of 3c.

Table 1 Activity of ETP alkaloid analogues 3 against human prostate cancer (DU145) and melanoma (A2508) cell lines

ICso (1M)
Compound DU145 A2058
(prostate) (melanoma)
>5 >5
>5 >5

41J. Name.. 2012. 00. 1-8

ICso (uM)
Compound DU145 A2058
(prostate) (melanoma)
0.24 0.10
1.2 0.82

This iournal is © The Roval Societv of Chemistrv 2012
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0.10 0.06 0.26 0.07
0.26 0.24 0.90 0.61
0.59 0.50 0.31 0.35
0.78 0.87 0.75 0.22
0.42 0.65 22 3.8
2.0 1.6 0.87 0.51
0.71 0.42 0.13 0.06
Me N (o]
0.75 0.50 ¢ @ 0 0.81 0.75
o (0] Me
(R,R,RR)-3c
0.92 0.50 chaetocin A (2) 0.073 0.061
Having established that the (S,S,S,S)-enantiomer was the selectively. This was achieved by acylation of racemic
more active form of 3¢, we developed a method to access it pyrrolidine Se¢  with  Fmoc-L-alanyl chloride and

This iournal is © The Roval Societv of Chemistrv 2012 J. Name.. 2012. 00.1-8 | 5
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chromatographic separation of the diastereoisomeric
products to afford enantiopure amide 16 in 45% yield.™
Cleavage of the Fmoc group lead to spontancous formation
of 2,6-dioxopiperazine 17 and subsequent N-methylation
furnished 18. Disulfenylation of 18 proceeded in modest
yield to afford enantiopure (S,S,S,S)-3¢.

Cl
CN Me
Me: °© )
CO.Et NHFmoc CO.Et
0o Me
{ H 45% o
o
NHFmoc
5c
20% piperidine NaH, Mel
CHCl, THF

91%

86%

Sg, NaHMDS

32%

Scheme 3 Synthesis of (S,S,S,5)-3c¢.

The lead compound in this series, (£)-3¢, was screened
against eleven cancer cell lines representing eight cancer
types (Table 2). Low single-digit nanomolar activity was
observed for both solid (Huh-7 liver) and blood (AML)
cancers. In addition, analogue (£)-3¢ was shown to
significantly suppress tumor growth in xenograft tumor
models of melanoma (Fig. 4A) and lung cancer (Fig. 4B) by
intraperitoneal (IP) injection or oral administration.
Consistent with suppression of tumor volumes, analogue
(£)-3¢ slowed growth of tumor weights in both mouse
xenograft models. In addition, no obvious signs of toxicity
(e.g., weight loss or diarrhea) were observed in the mice
during these studies.

Table 2 Activity of (+)-3¢ against eleven cancer cell lines

Cancer Type  Cell Line IC5y (nM)
Prostate DU145 130
Melanoma A2058 100
Ovarian SKOV3 90
Breast HCC38 75
AML MV4-11 1.8

6 | J. Name.. 2012. 00. 1-8

Lung A549 100
Liver Huh-7 33
HepG2 14
SU.86.86 86
Pancreatic BxPC3 210
Pancl 824
A
= 1200 | —4—Vahide ee _ o8 {_hLLﬂL‘
g 1000 { T Xmat 23
g 25 Vp 5 c?iu _:I// 'g
i 600 { +evpz002 ;7‘/" g os
| Tk N o PR "o
200 /"_' i“‘
0 "
] 2 4 6 8 10 12 14 \ebicte 20 mghg
Days of treatment
B
o 1200 ' e
_E %50 —o—Vehicle = 1 p <0.003
E w00 —&—10mg/ig “ E 08
T; 600 up:)r?fﬁz\ N g““
T Bl * - g 04
§ 200 ,J—::::l— - 2 02
,

e

0 3 7 10 14 17 21 24 28 3%

Vehicle 10 mg/ig
Days of treatment

Fig. 4. Agent (£)-3¢ suppresses tumor growth in xenografts of A2058 human
melanoma (A) and A549 human non-small lung cancer cells (B). A.
A2058 human melanoma cells (3 x 10°) were subcutaneously injected into
the flanks of 5-6 weeks old athymic female nude mice. When palpable
tumor sizes reached approximately 100 mm®, (+)-3¢ was administered by
IP injection at 20 mg/kg once daily for 13 days. B. A549 human non-small
lung cancer cells (5 x 10° were subcutaneously injected into the flanks of
5-6 weeks old female NSG mice. When palpable tumor sizes reached
approximately 50 mm®, (+)-3c¢ was orally administered at 10 mg/kg once
daily for 31 days.

Conclusion

A short sequence, typically involving the isolation and
purification of only two intermediates, was developed for
preparing 1,4-dioxohexahydro-6H-3,8a-
epidithiopyrrolo[1,2-a]pyrazines 3. The sequence begins
with the endo-stereoselective dipolar cycloaddition of
glycine imines of aryl aldehydes with methyl methacrylate
or methacrylonitrile. The pyrrolidine ester products 5 are
converted in standard ways to dioxopiperazines 8, which are
transformed with modest stereoselectivity to ETP alkaloid
analogues 3 by reaction with NaHMDS and Sg. In contrast to
other applications of this procedure for sulfenylation,'’
epidisulfide products are formed predominantly in this step.

1,4-dioxohexahydro-6H-3,8a-
epidithiopyrrolo[1,2-a]pyrazines 3 prepared in this study,
which are analogues of polycyclic ETP alkaloids such as

The racemic

This iournal is © The Roval Societv of Chemistrv 2012
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chaetomin (1) and chaetocin A (2), were screened initially
against two invasive human cancer cell lines: DU145
(prostate cancer) and A2058 (melanoma). Most of these
analogues showed ICsy values of <1 puM. The highest
cytotoxicity against these cell lines was seen with analogues
3 containing a nitrile substituent, an electron-rich aromatic
ring, and two methyl substituents in the dioxopiperazine
ring, with analogue 3¢ emerging as the lead compound in
this series. Stereoisomers of 3¢ (13, 14, and 15) showed
reduced activity, and separation of the enantiomers of 3¢
demonstrated that cytotoxicity resided largely in the
(S,S.S,S)-enantiomer. In screening against an additional nine
cancer cell lines, analogue (+)-3c¢ showed low single-digit
nanomolar activity against both blood (AML) and solid
(Huh-7 liver) cancers. Of particular significance, analogue
(£)-3¢ showed promising in vivo activity in xenograft
models of human melanoma and lung cancer by both IP and
oral administration. These studies establish 1,4-
dioxohexahydro-6H-3,8a-epidithiopyrrolo[1,2-a]pyrazine 3¢
and related structures as promising clinical candidates for
cancer chemotherapy.
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