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Azepine-based cryptophycin mimics (+)-4 and (+)-5 have been designed and synthesized. Biological evaluation revealed modest in vitro
activity against several human tumor cell lines, thereby supporting the utility of novel scaffolds for the design and synthesis of cryptophycin
analogues.

Cryptophycin-1 (1, Figure 1), parent member of a family of depolymerization to featureless linear fragmétahich in
now more than 20 depsipeptides isolated from the blue-greenturn induce cell apoptosis and thereby the antiproliferative
alga (cyanobacteriunilostocsp., represents an important effect?

lead for the design of new drugs for the treatment of cancer._
Initially observed to have modest antifungal activitgryp-
tophycin-1 () was subsequently found to be an extraordinar-
ily potent antimitotic agent, displaying strong cytotoxicity
toward human tumor cells in culture, and anticancer activity
against both human tumor xenographs and murine solid

tumor modelg. The cryptophycins act via inhibition of 15% \©i

tubulin polymerization, resulting in tubulin aggregation and

(+)-Cryptophycin-1 (1) R=H

* University of Pennsylvania. (+)-Cryptophycin-52 (2) R=Me

§ Cancer Research Institute.
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Given the potential of the cryptophycins as lead structures ||| NG

for new antitumor agents, interest in their synthesis and that
of analogues has grown significantly over the past 10 years. a)
The first reports on the total synthesis appeared in the mid- .
1990s from the research groups of Kitagdwand Moore P“M
and Titus?® These reports were soon followed by numerous N"
approaches comprising both formal and total syntheses.
Many of these studies have focused on the synthesis)sf (
cryptophycin-3 (3, Figure 1), the deoxy counterpart-6j-
cryptophycin-1 (1), displaying diminished cytotoxicity by
100-fold?2 Efforts to discover and develop cryptophycin
analogues possessing improved pharmacokinetic properties?)
led to (+)-cryptophycin-52 (2, Figure £)a semisynthetic, Ph—\
designed to enhance hydrolytic stability relativet9<1 by
incorporation of a second methyl substituent at C(6) (Figure
1). Cryptophycin-52%), currently in phase Il clinical trials,
is the most potent suppresser of microtubule dynamics
discovered to datéMoreove_r, in coptrast to oth_er e_mt_imitotic Figure 2. (a) Overlay of X-ray structure of cryptophycin-3 (3)
agents, SU_Ch as Taxol, vinblastine, a.n(-:l vincristing)-( - and a simplified model o4 and (b) overlay of X-ray structure of
cryptophycin-52 (2) was shown to be minimally affected by cryptophycin-3 (3) and a simplified model &t
multidrug resistancé
In view of the significant potential of the cryptophycins (e g., benzodiazapenes) is believed to be related to the modest
for cancer therapy, we initiated a synthetic program with degree of flexibility that permits receptor-induced fit. Also
the specific aim to develop a new class of analogues, important from the design perspective, the overall size of
exploiting the concept of nonpeptide peptidomimetidhiis  the seven-membered ring is smaller than that of the cryp-
design strategy entails replacement of the 16-memberediophycin macrocycle (Figure 2). Thus, potential cryptophycin
macrolide ring of the cryptophycins with a suitable nonpep- mimics having the putative biologically important substitu-
tide scaffold and attachment of the appropriate cryptophycin ents will not significantly occupy a volume larger than that
side chains with the required Spatial orientation to mimic of the Cryptophycin and thereby avoid deleterious steric
the conformation of the natural product. A premise of this interactions during receptor binding.
strategy is that modification of the macrolide ring, which  Reasoning that an aryl substituent attached to the azepine
cause conformational change of side chains, significantly ring nitrogen would nicely overlay the substituted tyrosine
diminishes cytotoxicity? moiety in unit B (Figure 2a), and to alleviate the problem of
At the outset of this program, little was known about the possible hydrophobic collapse induced by van der Waals
bioactive conformation of the cryptophycins bound to tubulin. jnteractions between the two phenyl groups (as seen in our
We therefore took as a working hypothesis that the available jnjtial modeling studies), we incorporated a urea functionality
X-ray structure of cryptophycin-3 (3, Figure 2) would in the side chain. An additional advantage of the urea moiety
comprise a reasonable representation of the solution con-is the potential to mimic the corresponding carbonyl and NH
formation for scaffold design. Importantly, NOE studies by groups inthe BC pept|de |inkage of the Cryptophycins_ Upon
Moore et al. revealed that the preferred conformation of the jncorporation of the remaining cryptophycin side chains on
side chains in DMSO solution appears to be nearly identical the azepine scaffold, the Monte Carlo conformational analysis
with that observed in the crystal structdfeExtensive  yevealed that the model structures (Figure 2) reproduced well
computer modeling studies suggested that a seven-membereghe geometry of the side chains of cryptophycin-3 (3) at
ring could serve as a viable macrolide ring surrogate. The comparatively small energy costss further illustrated in
efficacy of the seven-membered ring in a variety of drugs Figure 2a and 2b, we selected two different linkages for the
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Scheme 1

The synthesis of (+)-degan with the olefin metathesis
substrate7, which was obtained by reaction of known
N-benzylN,N-bishomoallylamine with 2-(trimethyl)ethoxy-
carbonyl chloride [TeocCl] (Scheme ¥).Ring-closing
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metathesis with the Grubbs catalys®),t* followed by
oxidation of the olefin led to meso epoxiéen 76% yield

2) Hy, Pd/C, MeOH, 98%

Reductive aminatiori of aldehyde €)-121* with amine
(—)-11 (Scheme 3) afforded the corresponding secondary
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amine, which was protected as ttext-butyl carbamate to
give (—)-13as the major product [8:1 at C(3)] in an overall
yield of 59% for the two steps. Protection of the amine with
the bulkyt-Boc group enabled HPLC purification later in
the synthesis (vide infra). Hydrogenolysis of the benzyl ether
followed in turn by Dess—Martin oxidatiéh and Wittig
condensatiol led to (+)-14in 75% (three steps; 10ttang
cis). The Teoc group was next removed with TBXRnd
the resultant secondary amine was coupled with com-
mercially available 4-methoxybenzyl isocyanate to furnish
(+)-1528 Purification by reverse-phase HPLC gavie){15
(=98% purity) as thetrans isomer. Completion of the
synthesis was achieved via removal of t&oc group (TFA)
and reductive N-methylation (HCHO, NaB31°

The synthesis of«)-5 began via epoxide opening with
i-butanol, again in the presence of the Jacobsen Cr(salen)

(two steps). To introduce functionalities on the azepine ring, catalyst (S,S)-9Scheme 4}2¢ Although this operation

epoxide 6 was treated with trimethylsilyl azide in the
presence of the Jacobsen Cr(salen) catay8)9; reaction
of the resultant azido silyl ether with CSA then furnished
hydroxy azide {)-10 in 98% yield with 87% ee (two
steps)t?2~¢ Subsequent alkylation of the hydroxyl followed

by simultaneous reduction of the azide and alkene provided
amine (—)-11, setting the stage for side chain incorporation.

(10) Campbell, A. L.; Pilipauskas, D. R.; Khanna, I. K.; Rhodes, R. A.
Tetrahedron Lett1987,28, 2331.

(11) (a) Grubbs, R. H.; Miller, S. J.; Fu, G. @cc. Chem. Red995,
28, 446. (b) Miller, S. J.; Blackwell, H. E.; Grubbs, R. Bl. Am. Chem.
Soc.1996,118, 9606.

(12) (a) Martinez, L. E.; Leighton, J. L.; Carsten, D. H.; Jacobsen, E. N.
J. Am. Chem. S0d995,117, 5897. (b) Leighton, J. L.; Jacobsen, E.JN.
Org. Chem1996,61, 389. (c) Schaus, S. E.; Larrow, J. F.; Jacobsen, E. N.
J. Org. Chem1997,62, 4197. (d) To the best of our knowledge, epoxide
opening with alcohol in the presence of the Jacobsen cat&@yS)-Ohas
not been reported.

Org. Lett., Vol. 3, No. 25, 2001

proceeded with only modest enantioselectivity (25% ee),
alkylation of the resulting alcohol—<)-16 with (—)-17%°

(13) (a) Borch, R. F.; Bernstein, M. D.; Durst, H. D.Am. Chem. Soc.
1971, 93, 2897. (b) Borch, R. F.; Hassid, AJl.Org. Chem1972,37,
1673.

(14) Charkraborty, T. K.; Thippeswamy, D.; Suresh, V. R.; Jayaprakash,
S. Chem. Lett1997, 563.

(15) Dess, D. B.; Martin, J. Cl. Am. Chem. S0d 991,113, 7277.

(16) for a review, see: Maryanoff, B. E.; Reitz, A. Bhem Rev1989,

89, 863.

(17) Kim, G.; Chu-Moyer, M. Y.; Danishefsky, S. J.; Schulte, G.X.
Am. Chem. Sod 993,115, 30.

(18) Chen, Y. L.; Nielsen, J.; Hedberg, K.; Dunaiskis, A.; Jones, S.;
Russo, L.; Johnson, J.; lves, J.; Liston,DMed. Chem1992,35, 1429.

(19) To permit epoxidation of the olefin in the presence of a tertiary
amine of compound+)-4, the tertiary amine was complexed with BF
OEY, prior to epoxidation [Ferrer, M.; Sdnchez-Baeza, F.; Messeguer, A,;
Diez, A.; Rubiralta, MJ. Chem. Soc., Chem. Comma895, 293]. After
purification of the mixture of epoxides (1:1) by preperative TLC, only the
o-epoxide was recovered, in 20% yield.

4065



Scheme 4
(S,5)-9 NaH, DMF;
jbutanol HO,, TBAI, 26%
O NTeoc ——— NTeoc ——
63% YO Ph
6 (-)-18 o !
—O (17
Ph
1) TBAF, THF

O\“S/h\
\% 2) triphosgene, i-ProNEt, CH,Cl,

o) o, : 3

NTeoc NHLCl 49

5 KCEOI 52%, 2 steps
jﬁ (-)-18 oe

Ph OMe
1) TSOH, MeOH
55%
\\ro _ (+)-5
"'N 2) MeG(OMe);
TMSCI, CH.Cly

3) KxaCO3z, MeOH
70%, 2 steps

\(\O()zo o

Table 1. Biological Evaluation of Cryptophycin Mimicd and
57a,25

Glsp (ug/mL)

cell type cell line 4 5
pancreas-a BXPC-3 4.8 3.2
breast adn MCF-7 >10 5.4
CNS gliobl SF268 6.8 >10
lung-NSC NCI—-H460 3.7 >10
colon KM20L2 21 7.8
prostate DU-145 >10 >10

amine, which in turn would significantly change the orienta-
tion of the side chain, as well as the ability af)-4 to cross

the cellular membrane. Ironically, compoun#)¢5, which

was expected to be more active as a result of the presence
of the 8-epoxide in unit A and the chloride in unit Balso
displayed poor levels of activity, presumably because of the
deleterious effects of possible conformational changes in the

A side chain compared to compountl){4. The poor activity
of our first generation mimics may also result framereased

furnished (—)-18in 26% yield as the major diastereomer conformational mobility inherent to the long side chains
[20:1]2! We speculate that a kinetic resolution worked in required to position the requisite substituents, and/or to the
our favor. Removal of the Teoc group with TBAFand lower rigidity of the azepine core compared to the crypto-
reaction with 3-chloro-4-methoxybenzyl isocyanate generated Phycins.
in situ from 19?2 then provided (—)-2G2 Final elaboration In summary, we have designed and synthesized first
of (+)-5 was achieved via hydrolysis of the acetonide, generation azepine-based cryptophycin analogues. Although
followed by a one-pot conversion of the 1,2-diol to the only modest activities were observed, these results suggest
epoxide?* that a new series of cryptophycin analogues with potential
Cryptophycin analoguesH)-4 and (+)-5were tested for ~ for improved cytotoxicity and pharmacokinetic properties
cytotoxicity in vitro against six human cancer cell lines. may be available by attaching cryptophycin side chains to
Mimic (+)-4 displayed modest activity against four human appropriately designed scaffolds.
tumor cell lines (Table 1), suggesting that the side chains
indeed occupied reasonable spatial dispositions to achieve Acknowledgment. Financial support was provided by the
activity. In retrospect, however, we suspect that the low National Institutes of Health (National Cancer Institute)
potency of ¢)-4 results from facile protonation of the tertiary ~ through grant CA-19033. We thank Drs. Joseph Barbosa,
Jian Liu, and Sergey Savinov for assistance in molecular
modeling.
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