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cryptophycin 1

A brief stereospecific synthesis of cryptophycin 1 is described in which (R)-mandelic acid serves as the sole source of asymmetry for unit
A. The key step is a hetero-Diels—Alder cycloaddition.

A systematic effort to collect, culture, and screen extracts a new class of extraordinarily potent, solid tumor-selective
from cyanophytes (blue-green algae) was initiated in the cytotoxin$ led to the development of a number of total
1980s by Richard E. Moore and Gregory M. L. Patterson in syntheses, as well as syntheses of cryptophycin analogues
the University of Hawaii Chemistry Departmériburing the and fragments.

time that this program was active, a large number of potent The cryptophycins can be logically divided into four units.
cytotoxins, many of which possessed unique, unprecedentedJnit A is polyketide-derived, whereas units® are derived
structures, were discovered. The most potent selectivelyfrom amino acids. The first obvious retrosynthetic step is
cytotoxic compound to emerge from this program, crypto- removal of the epoxide function. This leads to cryptophycin
phycin 1, was isolated from a crude lipophilic extract of 3, a naturally occurring congener. This approach is appealing,
Nostocsp. GSV 224 Some years earlier, researchers at
Merck had isolated the same compound frofostocsp. Egg Z{;'*‘Sa‘famg;'g;‘;i (B;’}j:“t,aﬁh?{m(;ﬂgszzo?,lv?s}ﬁf’g B.org.
ATCC 5378934 Although the Merck group elucidated the  chem1996,61, 6893. (b) Rej, R.; Nguyen, D.; Go, B. Fortin, S.; Lavelle
gross structure, no details of the relative or absolute J.-F.J. Org. Chem1996,61, 6289. (c) Gardinier, K. M.; Leahy, J. W.
stereochemistry were disclosed. Our group published the first0gg; G 1705, (o2 Ve D L. Bremian 5 brige B eromn 0. s.
total synthesis of the cryptophycins in 1993 he total Hay, D. A.; Rieck, J. A., lll; Zmijewski, M. JTetrahedron Lett1998,39,

; i~ 8405. (f) Furuyama, M.; Shimizu, Tetrahedron: Asymmet4998,9, 1351.
synt.heS|s also served.to qorrect the structure of pryptophy0|n(g) Drﬁgkte, 6 B Khau, V. V.. Hutchison, D_V R ngrtinelli, E)
1. Since then, the realization that the cryptophycins representretranedron Lett1998,39, 8771. (h) Liang, J.; Hoard, D. W.; Khau, V.
V.; Martinelli, M. J.; Moher, E. D.; Moore, R. E.; Tius, M. Al. Org.
(1) Moore, R. E.; Corbett, T. H.; Patterson, G. M. L.; Valeriote, F. A. Chem.1999,64, 1459. (i) White, J. D.; Hong, J.; Robarge, L. A.0rg.

Curr. Pharm. Des1996,2, 317. Chem.1999, 64, 6206. (j) Christopher, J. A.; Kocienski, P. J.; Kuhl, A.;
(2) Trimurtulu, G.; Ohtani, |.; Patterson, G. M. L.; Moore, R. E.; Corbett, Bell, R. Synlett2000, 463. (k) Eggen, M.; Mossman, C. J.; Buck, S. B;
T. H.; Valeriote, F. A.; Demchik, LJ. Am. Chem. S0d.994,116, 4729. Nair, S. K.; Bhat, L.; Ali, S. M.; Reiff, E. A.; Boge, T. C.; Georg, G.J.

(3) Schwartz, R. E.; Hirsch, C. F.; Sesin, D. F.; Flor, J. E.; Chartrain, Org. Chem.2000, 65, 7792. (I) Barrow, R. A.; Moore, R. E.; Li, L.-H.;
M.; Fromtling, R. E.; Harris, G. H.; Salvatore, M. J.; Liesch, J. M.; Yudin, Tius, M. A. Tetrahedron2000, 56, 3339. (m) Pousst, C.; Haddad, M.;
K. J. Ind. Microbiol. 1990,5, 113. Larcheveque, MTetrahedrorn2001,57, 7163. (n) Eggen, M.; Nair, S. K.;

(4) Hirsch, C. F.; Liesch, J. M.; Salvatore, M. J.; Schwartz, R. E.; Sesin, Georg, G. |.Org. Lett.2001,3, 1813. See also: Kobayashi, M.; Kurosu,
D. F. U.S. Patent 4,946,835, August 7, 1990. M.; Wang, W.; Kitagawa, IChem. Pharm. Bulll994 42, 2394. Kobayashi,

(5) Barrow, R.; Hemscheidt, T.; Paik, S.; Liang, J.; Moore, R. E.; Tius, M.; Wang, W.; Ohyabu, N.; Kurosu, M.; Kitagawa,Chem. Pharm. Bull
M. A. J. Am. Chem. S0d.995,117, 2479. 1995,43, 1598.
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because it installs the labile styrene oxide function at the ||| | | N NI

very end of the sequence. The problem is that the epoxidation Scheme %
of cryptophycin 3 produces at best a 3/1 mixture of
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cryptophycin 1 and the diastereomesieepoxide. Moreover, \/E a \/ﬁ\% o \)d )
Cl Cl OMe
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the diastereomers are only separable with difficulty by HPLC.

_ 2 3
Attempts by our groupand by other&ik to optimize the . g TBS
epoxidation reaction have failed to improve the ratio of —_— \/ﬁ\% - P

. OMe OMe
diastereomers. 4 5

Leahy and Gardinier’s beautiful synthesis of cryptophycin

1 was the first to control the epoxide stereochemistry. They  °Reaction conditions: (a) acetylene, GOMCls, rt, 81%; (b)

) P . . y y K,CO;, anhyd MeOH, rt, 89%; (c) PhMe, NaOMe, bath temperature
used an Evans asymmetric aldol reaction with the TIPS 160°C, distillation of MeOH, 85%; (d) BN, TBSOT, from—78
derivative of R)-mandelaldehyde to control the stereochem- °c o 0°C, 78%, (E,2)/(E,E)= 9/1.

istry at C6—87¢ A second solution to the problem was
described in the context of a synthesis of cryptophycin 52,

triethylamine at—78 °C, followed by slow warming to 0
A °C. These conditions led to a 9/1 mixture &,Z) and E,E)
U 5 o dienes in 78% yield. Ordinarily, separation of the geometrical
& i B o isomers of the diene would be desirable, since each isomer
b ;g\@[ can be expected to lead to a different diastereomer of the
E&ﬁ\h"\‘ o OCH, hetero-Diels-Alder productt® As will be shown, separation
c H of the isomers ob was unnecessary.

cryptophycin 3 Scheme 2 shows the stereospecific synthesis of unit A.
(R)-Methyl mandelate was first protected as the ethoxyethyl

8

a synthetic analogue of the natural prodtithe Sharpless
AD was used to install a C7C8 syn diol in a seco

compound that was subsequently cyclized. Diol to epoxide Scheme 2
conversion was accomplished through a modification of J=0 Hz
Sharpless’ protocdl.More recently, a synthesis of unit A H roa H h
based on a diastereoselective addition of acetylide to methyl n/?\ a b-d —\
mandelate coupled with a Sharpless epoxidation has been B RN e PHT "M o Dﬁfi
described™ 6 7 8 W

In this Letter, we describe a stereospecific synthesis of J=0 Hz
cryptophycin 1 that relies on (R)-mandelic acid as the sole 4

source of asymmetry for unit A. A C7C8 syn diol was
installed early in the sequence and was converted to the
epoxide in the last step of the synthesis. We have been able

. ; P P
to control the stereochemistry of the four contiguous asym- T oPH f a
metric centers in unit A through application of the Dan- H ST H
(8] 7
H 1
W (\h,/lH 9

J=0Hz

ishefsky hetero-DielsAlder cycloadditiont® Stereochemical

induction in these reactions depends on the solvent, additives, J=4.6Hz
diene geometry, and in the present case, the oxygen protect-
ing group of the dienophile. @ Reaction conditions: (a) ethyl vinyl ether, PPTS; (b) DIBAL,

. . : Lo ether,—78 °C; (c) MgBm, THF, 5, 36-42 °C; (d) TFA, THF,8/9
Scheme 1 summarizes our synthesis of di&nEriedel — 10/1; (e) KF, alumina, MeCNBI9 = 1/4, 48% overall froms:

Crafts reaction of propionyl chloride with dry acetylene leads (f) | _selectride, THF~78 °C, 93%.
to 1-chloro-1-penten-3-on2 in 81% yield*' Addition of
methanol to vinylogous acid chloridegave 1,1-dimethoxy-
3-pentanon® (89% yield). Elimination of methanol fror8 ether7%5 and then reduced with DIBAL. Mandelate ester
took place in excellent yield upon heating in toluene with \yas formed as a ca. 1/1 mixture of acetal isomers, as judged
catalytic sodium methoxid®. After methanol was distilled by the TH NMR spectrum at 300 MHz. The protected
off, the desired product was isolated by vacuum distillation mandelaldehyde was dissolved in THF and treated sequen-

of the residue (85% yield). Conversion éfto silyl enol tially with MgBr and diene5.16 The mixture was heated to
ether5 was accomplished by treatment with TBS triflate and

(13) Danishefsky, S. J.; Larson, E.; Askin, D.; Kato, N.Am. Chem.

(8) Liang, J.; Moher, E. D.; Moore, R. E.; Hoard, D. \W..Org. Chem. Soc.1985,107, 1246.

2000, 65, 3143. (14) For a slightly modified approach to this problem, see: Evans, P.
(9) Chang, H.-T.; Sharpless, K. B. Org. Chem1996,61, 6456. A.; Nelson, J. DJ. Org. Chem1996,61, 7600.
(10) Danishefsky, S. hemtractsl989, 273. (15) Fukuzawa, A.; Sato, H.; Masamune, TEtrahedron Lett1986 28,
(11) Harayama, T.; Cho, H.; Inubushi, €hem. Pharm. Bull1978,26, 4303.

1201. (16) Danishefsky, S. J.; Pearson, W. H.; Harvey, D. F.; Maring, C. J.;
(12) Royals, E. E.; Brannock, K. @. Am. Chem. S0d.954,76, 3041. Springer, J. PJ. Am. Chem. S0d.985,107, 1256.
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Scheme 3
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a Reaction conditions: (a) BFEL,O, CH,Cl,, HS(CH,)3sSH, 0°C, 85%; (b) MeC(OMe), TsOH, acetone, 93%; (c) Mel, Cag@eCN,
H,O, 70°C; (d) LiClO,4, Hinig's base, MeCN, (EtQPOCHCO,CH,CH=CH,, 68% from11; (e) Pd(PP4)s, morpholine, 100%,; (f}L4,
Et:N, EDCI, CHCI,, from 0°C to room temperature, 81%; (&%, DCC, DMAP, CHCI,, 81%; (h) TFA, CHClI,, 0 °C; (i) 2-hydroxypyridine,
PhMe, rt, 62% froml7; (j) (MeOxCH, PPTS, CHCI,, rt; (k) AcBr, CH.Cl,, rt; (I) KHCO3, 6/4/1 DME/EtOH/MeOH, 40C, 70% from
18.

42 °C for 4.5 h and then kept at 38C for another 12 h. mixtures of products that were of no preparative value. These
Exposure to aqueous TFA, followed by workup gave a 10/1 results suggest a requirement for a chelating oxygen protect-
mixture of8 and9. Epimerization took place by stirring with  ing group in the mandelaldehyde-derived heterodienophile.
KF/alumina in acetonitrile for 48 h, leading to a 1/4 mixture Temperature control of the hetero-Diels—Alder reaction
of axial and equatorial isome8sand9 in 48% overall yield appears to be critical to its success. At ambient temperature,
for the five steps fron®.1” Stereochemistry ii8 and9 was the reaction is very slow, proceeding to less than 30%
assigned on the basis dH—'H coupling constants as conversion overnight. At reflux the reaction is predictably
indicated in the structures shown in Scheme 2. faster; however, acid-catalyzed loss of the ethoxyethyl ether

There are several observations regarding the hetero-Diels protecting group competes with the desired cycloaddition.
Alder cycloaddition that deserve mention. Both diastereo- Optimum conditions for the hetero-Dieté\lder reaction

meric forms of the protected mandelaldehyde derived from were developed through trial and error.

7 participated in the cycloaddition; therefore, we had no The successful conversion 6fto cryptophycin 1 con-
reason to examine the reactions of the individual isomers. firmed the stereochemical assignment. Treatment of the
Although the cycloaddition reaction between dieh@nd epimeric mixture of8 and 9 with 1 equiv of L-Selectride
O-methoxymethyl mandelaldehyde was also stereoselective,per equiv 0f9 at — 78 °C gave alcohol0as a single isomer
the subsequ_ent hydrqutic removal of the acetal prot_ecting in 93% vyield, based on recovered starting material. Under
group led to inferior ylelds 08 and9. The TBS__der|v_at|v_e these conditions, little or no reduction of ketd®®ok place,

of mandelaldehyde failed to undergo cycloaddition with diene since reduction of axial isom@by L-Selectride at-78 °C

5 under a wide variety of reaction conditions in which the is very slow. The recovered k)clatorﬁz was recycled by

Lewis acid, solvent, and temperature were varied. Cyclo- treatment with KF/alumina to give the same 1/4 mixture of
addition between th®-trimethylsilyl diene analogous t® : . )
Yo g 8 and9 in >90% yield. Alcohol10 has all four asymmetric

with either the TBS or the TIPS derivative of mandelalde- .
carbon atoms of unit A.

hyde took place unselectively and led to diastereomeric ) . N
The ratio of8 to 9 that was obtained from the cycloaddition
(17) Tius, M. A.; Busch-Petersen, Synlett1997, 531. reflects the ratio of geometrical isomers of diénélthough
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the cycloaddition reaction is likely to be mechanistically
distinct from the classical DietsAlder reaction, the stereo-
chemistry of8 and9 can be rationalized on the basis of an

17 (81% vyield). Exposure of this material to TFA in
dichloromethane cleaved both Boc and acetonide protecting
groups. Macrocyclization took place very easily according

exo transition state in a chelation-controlled process (seeto the conditions developed by the Lilly groépTreatment

Figure 1)

Me
Me(ﬁ}/oms
Ph$/ 7\*
rd ©

R = (ethoxy)ethyl
M = Mg+2

Figure 1. Stereochemistry of the cycloaddition.

Scheme 3 summarizes the conversioi@fo cryptophy-
cin 1. Careful exposure df0 to 1,3-propanedithiol in the
presence of BFELO at 0 °C led to the anticipated ring-
opened dithioketal (85% yield§.If this reaction was carried
out at higher temperature, or if it was not quenched promptly
upon consumption of the starting material, tetrahydrofuran
13 was formed in up to 30% vyield. Diol to acetonide
conversion furnished1 (93% yield). Dithioketal hydrolysis,
followed by Horner—Emmons reaction led to allyl est&r
in 68% vyield for the two step¥. The overall yield of12
from (R)-methyl mandelate was 24%.

Palladium-catalyzed cleavage of the allyl group 1f
(100% yield¥° was followed by coupling wittD-methylo-
chlorotyrosine derivativel4® in the presence of 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDCI) and triethylamine to giv&6in 81% yield® The free
C5 hydroxyl group inl6 was esterified with the carboxylic
acid of C-D unit 15° to produce protected seco derivative

(18) Mori, M.; Chuman, T.; Kato, KCarbohydr. Res1984,129, 73.
(19) Rathke, M. W.; Nowak, MJ. Org. Chem1985,50, 2624.
(20) Jeffrey, P. D.; McCombie, S. W. Org. Chem1982,47, 587.
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with 2-hydroxypyridine in toluene at room-temperature
overnight led to18 in 62% yield for the two steps. The
trichloroethyl ester group in unit B thus serves two comple-
mentary roles in the synthesis. It protects the carboxylate
during the coupling withl5, and then it activates the same
carboxylate during the ring-closure step.

The last task, conversion of diol to epoxide, was ac-
complished in three steps in 70% overall yield. Treatment
of 18 with trimethyl orthoformate and PPTS, followed by
acetyl bromide, led to the anticipated bromohydrin formate,
which was taken on to the last step without purification.
Exposure to powdered KHGON a 6/4/1 mixture of DME/
ethanol/methanol at 40C for 24 h led to cryptophycin 1.
The synthetic product was spectroscopically indistinguishable
from natural material. The conditions for the last step were
optimized carefully. A small amount of methanol is necessary
to partially dissolve the bicarbonate. If a high proportion of
methanol is used in the solvent mixture, methanolysis of the
unit C-unit D link takes place.

In summary, an efficient (6.8% overall yield) and ste-
reospecific synthesis of cryptophycin 1 frorR)¢methyl
mandelate has been described. The key feature of this work
is the stereoconvergent hetero-Dielder strategy for the
control of unit A stereochemistry.
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