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The bryostatins are a structurally novel family of marine natural
products that exhibit unique and potent biological activities,1

including the ability to stimulate immune system responses,2

regulate apoptotic function, reverse multidrug resistance,3 and act
synergistically with other oncolytic agents.4 Bryostatin 1 is now in
phase I and II clinical trials as a single agent and in combination
with other therapies.5 While its mode of action is not established,
it has been shown to bind with high affinity to PKC isozymes.1

Other proteins containing C1 domains, such as RasGRP, Unc/Munc,
and the chimaerins, have also been implicated as receptor targets.6

Studies on the mode of action and clinical use of bryostatin 1 have
been hampered by its low natural abundance, difficult isolation,
and structural complexity, which collectively have frustrated the
search for superior derivatives. While impressive in content, total
syntheses of the bryostatins are currently unable to meet preclinical
or clinical needs.7 To address this supply problem and provide
potentially superior clinical candidates, we have designed analogues
of bryostatin 1 that can be produced in clinically required quantities
through synthesis.8 We previously reported an analogue,2, with in
vitro activity comparable to that of bryostatin.9 We now report the
practical synthesis and bioassay of a new and superior analogue,
1, designed on the basis of our pharmacophoric model,10 that is
over 100-fold more potent than bryostatin at inhibiting the growth
of numerous human cancer cell lines.

The synthesis of the C15-C26 recognition domain of1 began
with the monoprotection and oxidation of inexpensive diol311 on
a scale ofg0.4 mol to generate aldehyde4. Reaction of4 with the
Grignard reagent derived from 4-chloro-1-butanol12 followed by
oxidation and asymmetric Keck allylation13 provided homoallylic
alcohol5. The use of B(OMe)3 allowed this allylation to be run at
room temperature, setting the C23 stereocenter with high enantio-
meric control (92% ee).14 Dehydrative cyclization of5 followed
by epoxidation and in situ methanolysis yielded a mixture of
diastereomers, the major of which was oxidized to ketone6.

Conversion of ketone6 to enoate7 was readily accomplished in
one step by treatment with K2CO3 in MeOH at room temperature
with either methyl glyoxylate (72%) or the commercially available
methyl 2-hydroxy-2-methoxyacetate (55%). A highly diastereose-
lective reduction of7 followed by esterification afforded ester9
(Scheme 1).

Deprotection of9 followed by oxidation gave aldehyde10. In
contrast to our original four-step sequence,9a the transformation of
aldehyde10 to enal11 was achieved in only one step and in 90%
yield. Because aldehyde10 is both sterically encumbered and
susceptible to deprotonation at C22, the vinyl zincate derived from
(Z)-1-bromo-2-ethoxyethene was one of the few nucleophiles
effective in this homologation. Sharpless AD conditions15 were used
to convert 11 to diol 12 with 2.5:1 diastereoselectivity. The
diastereomers were separated following hydrolysis of the C19 ketal
and selective protection of the C26 alcohol. Whereas the fully
elaborated recognition domain of analogue2 was generated in
0.02% and 24 steps,9a 14 was produced in>3% yield and only 17
steps (Scheme 2).

The synthesis of the C1-C13 spacer domain began with the
ozonolysis and in situ reduction of15, which produced pentane-
1,3,5-triol in a manner superior to that of previous methods.16

Desymmetrization of the resulting triol via acetal formation with
(-)-menthone17 and subsequent oxidation yielded a mixture (1.6â:
1R) of aldehydes16. A hetero Diels-Alder cycloaddition between
16â and Danishefsky’s diene using Jacobsen’s tridentate Cr(III)
catalyst18 provided pyranone17 with exceptional selectivity. The
diastereoselectivity (33:1) obtained with this catalyst has far
exceeded that of others (1:2 to 4:1) in overcoming the inherent
bias (1:3.5) of substrate16â. Pyranone17 was converted to19 as* To whom correspondence should be addressed. E-mail: wenderp@stanford.edu.

Figure 1.

Scheme 1 a

a (a) NaH, TBSCl, THF, rt; (b) SO3‚pyr, NEt3, DMSO, CH2Cl2, rt; (c)
(i) 4-chloro-1-butanol, MeMgCl, THF,-78 °C f rt; (ii) Mg, reflux; (iii)
4, -78 °C; (d) (COCl)2, DMSO, CH2Cl2, Et3N, -78 °C, 54% from3; (e)
10 mol % R-BINOL, 4 Å MS, 5 mol % Ti(OiPr)4, B(OMe)3, allyl-SnBu3,
CH2Cl2, rt, 77%; (f) cat.pTsOH‚H2O, 4 Å MS, MePh, rt, 85%; (g) MMPP,
NaHCO3, 2:1 CH2Cl2:MeOH, 0 °C, 78% (4:1 dr); (h) 10 mol % TPAP,
NMO, 4 Å MS, 6:1 CH2Cl2:CH3CN, 0 °C f rt, 78%; (i) K2CO3,
OHCCO2Me, MeOH, rt, 72%; (j) NaBH4, CeCl3‚7H2O, MeOH,-30 °C;
(k) C7H15CO2H, DIC, DMAP, CH2Cl2, rt, 93% from7.
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shown in Scheme 3, providing the fully elaborated spacer domain
in 11 steps and 11% yield overall.9a

Fragments14 and 19 were coupled using the Yamaguchi
esterification protocol.19 Our transacetalization procedure closed the
macrocycle, set the C15 stereocenter under thermodynamic control,
and allowed for deprotection, providing lactone1 in 19 steps (LLS)
and 2% yield.

In agreement with our pharmacophoric model,1 displays
picomolaraffinity for PKC (Figure 1). When tested in vitro against
various human cancer cell lines,1 displayed greater potency than
bryostatin 1 in 24 of 35 cases. In some cell lines, such as MOLT-4
and NCI-H460,1 was 3 orders of magnitude more potent than
bryostatin 1 at inhibiting cell growth, with GI50 values below the
limit of detection of 10-8 M. Considering the exceptional potency
and unique activity of1, only gram quantities are required for
clinical development. This synthesis meets this requirement, provid-
ing a novel strategy for the practical and scalable synthesis of1
and related analogues. Further synthetic and biological studies are
in progress.

Acknowledgment. Support of this work through a grant
(CA31845) provided by the NIH is gratefully acknowledged. HRMS

analyses were performed at UCSF. Fellowship support from
the following sources is also gratefully recognized: Pharmacia
(S.E.B.), Eli Lilly (S.E.B., B.L.), NIH (C.E.B.), American Cancer
Society (T.M.T.), Roche Bioscience (F.C.B.), Stanford Graduate
Fellowships (J.L.B.), Association pour la Recherche sur le Cancer
(E.L.), Feodor Lynen Fellowships (P.G.N.). We also thank Dr. Neil
Anderson, Professor Eric Jacobsen, and Professor Daria Mochly-
Rosen for their generous assistance. The support of the NCI in
providing cell growth inhibition assays is gratefully acknowledged.

Supporting Information Available: Experimental conditions and
spectral data for compounds1, 5-7, 9-11, 14, 16-19 and selective
assay information for compounds1 and 2 (PDF). An X-ray crystal-
lographic file in CIF format. This material is available free of charge
via the Internet at http://pubs.acs.org.

References

(1) (a) Mutter, R.; Wills, M.Bioorg. Med. Chem.2000, 8, 1841-1860. (b)
Pettit, G. R.J. Nat. Prod.1996, 59, 812-821.

(2) (a) Oz, H. S.; Hughes, W. T.; Rehg, J. E.; Thomas, E. K.Microb. Pathog.
2000, 29, 187-190. (b) Scheid, C.; Prendiville, J.; Jayson, G.; Crowther,
D.; Fox, B.; Pettit, G. R.; Stern, P. L.Cancer Immunol. Immunother.1994,
39, 223-230.

(3) (a) Al-Katib, A. M.; Smith, M. R.; Kamanda, W. S.; Pettit, G. R.; Hamdan,
M.; Mohamed, A. N.; Chelladurai, B.; Mohammad, R. M.Clin. Cancer
Res.1998, 4, 1305-1314. (b) Elgie, A. W.; Sargent, J. M.; Alton, P.;
Peters, G. J.; Noordhuis, P.; Williamson, C. J.; Taylor, C. G.Leuk. Res.
1998, 22, 373-378.

(4) (a) Mohammad, R. M.; Wall, N. R.; Dutcher, J. A.; Al-Katib, A. M.Clin.
Cancer Res.2000, 6, 4950-4956. (b) Wang, S.; Wang, Z.; Boise, L. H.;
Dent, P.; Grant, S.Leukemia1999, 13, 1564-1573.

(5) See: http://clinicaltrials.gov.

(6) (a) Kazanietz, M. G.Mol. Pharm.2002, 61, 759-767. (b) Lorenzo, P.
S.; Beheshti, M.; Pettit, G. R.; Stone, J. C.; Blumberg, P. M.Mol. Pharm.
2000, 57, 840-846.

(7) (a) Evans, D. A.; Carter, P. H.; Carreira, E. M.; Charette, A. B.; Prunet,
J. A.; Lautens, M.J. Am. Chem. Soc.1999, 121, 7540-7552. (b)
Kageyama, M.; Tamura, T.; Nantz, M. H.; Roberts, J. C.; Somfai, P.;
Whritenour, D. C.; Masamune, S.J. Am. Chem. Soc.1990, 112, 7407-
7408. (c) Ohmori, K.; Ogawa, Y.; Obitsu, T.; Ishikawa, Y.; Nishiyama,
S.; Yamamura, S.Angew. Chem., Int. Ed.2000, 39, 2290-2294.

(8) (a) Wender, P. A.; Hinkle, K. W.; Koehler, M. F. T.; Lippa, B.Med. Res.
ReV. 1999, 19, 388-407. (b) Wender, P. A.; Martin-Cantalejo, Y.;
Carpenter, A. J.; Chiu, A.; DeBrabander, J.; Harran, P. G.; Jimenez, J.
M.; Koehler, M. F. T.; Lippa, B.; Morrison, J. A.; Muller, S. G.; Muller,
S. N.; Park, C. M.; Shiozaki, M.; Siedenbiedel, C.; Skalitzky, D. J.; Tanaka,
M.; Irie, K. Pure Appl. Chem.1998, 70, 539-546.

(9) (a) Wender, P. A.; DeBrabander, J.; Harran, P. G.; Jimenez, J. M.; Koehler,
M. F. T.; Lippa, B.; Park, C. M.; Shiozaki, M.J. Am. Chem. Soc.1998,
120, 4534-4535. (b) Wender, P. A.; DeBrabander, J.; Harran, P. G.;
Jimenez, J. M.; Koehler, M. F. T.; Lippa, B.; Park, C. M.; Siedenbiedel,
C.; Pettit, G, R.Proc. Natl. Acad. Sci. U.S.A.1998, 95, 6624-6629.

(10) Wender, P. A.; Cribbs, C. M.; Koehler, K. F.; Sharkey, N. A.; Herald, C.
L.; Kamano, Y.; Pettit, G. R.; Blumberg, P. M.Proc. Nat. Acad. Sci.
U.S.A.1988, 85, 7197-7201.

(11) Aldrich 12,658-6, 3 kg) $38.40.

(12) Cahiez, G.; Alexakis, A.; Normant, J. F.Tetrahedron Lett.1978, 3013-
3014.

(13) (a) Keck, G. E.; Krishnamurthy, D.Org. Synth.1998, 75, 12-18. (b)
Yu, C. M.; Choi, H. S.; Yoon, S. K.; Jung, W. H.Synlett1997, 889-
890.

(14) The ee was determined by19F NMR analysis of the Mosher ester of5.

(15) Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K. B.Chem. ReV. 1994,
94, 2483-2547.

(16) Viscontini, M.; Ebno¨ther, C.HelV. Chim. Acta1951, 34, 116-117.

(17) (a) Harada, T.; Inoue, A.; Wada, I.; Uchimura, J.; Tanaka, S.; Oku, A.J.
Am. Chem. Soc.1993, 115, 7665-7674. (b) Moune´, S.; Niel, G.; Busquet,
M.; Eggleston, I.; Jouin, P.J. Org. Chem.1997, 62, 3332-3339.

(18) Joly, G. D.; Jacobsen, E. N.Org. Lett.2002, 4, 1795-1798.

(19) Inanaga, J.; Hirata, K.; Saeki, H.; Katsuki, T.; Yamaguchi, M.Bull. Chem.
Soc. Jpn.1979, 52, 1989-1993.

JA027509+

Scheme 2 a

a (a) 3HF‚Et3N, THF, rt; (b) Dess-Martin periodinane, NaHCO3, CH2Cl2,
0 °C f rt, 87% from9; (c) (i) (Z)-1-bromo-2-ethoxyethene,t-BuLi, Me2Zn,
then10, Et2O, -78 °C; (ii) 1M HCl, -78 °C f rt, 90%; (d) (DHQD)2PYR,
K2OsO2(OH)4, K3Fe(CN)6, K2CO3, 1:1 t-BuOH:H2O, 0 °C, 71%, (2.5â:
1R); (e) pTsOH‚H2O, MeCN, H2O; (f) 1:3 TBSCl: imidazole, CH2Cl2, rt,
46% from12.

Scheme 3 a

a (a) (i) O3, MeOH, -78 °C; (ii) NaBH4, -78 °C f rt, 90%; (b) (-)-
menthone,pTsOH.H2O, CH(OEt)3, Et2O, rt, 71%; (c) (COCl)2, DMSO,
Et3N, CH2Cl2, -78 °C, 87% (1.6â:1R); (d) Danishefsky’s diene, catalyst
(see Supporting Information), 4 Å MS, acetone, rt, then TFA, 88%; (e)
NaBH4, CeCl3‚7H2O, -40 °C, MeOH, 92%; (f) 0.5 equiv Hg(OAc)2,
isobutylvinyl ether, rt; (g) decane, 150°C, 83% over 2 steps; (h) 1 atm H2,
20% Pd(OH)2/C, EtOAc, rt, 85%; (i) (-)-(Ipc)2BOMe, allyl-MgBr, CH2Cl2,
-78 °C f rt; (j) TBSCl, imidazole, THF, rt, 69% over 2 steps; (k) KMnO4,
NaIO4, rt, 1:1 t-BuOH:pH 7 buffer, 84%; (l) Et3N, 2,4,6-trichlorobenzoyl
chloride, then14, DMAP, MePh, rt, 87%; (m) 70% HF‚pyr, THF, rt, 82%.
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