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A chemoenzymatic synthesis of the C,;—C,; fragment of the marine macrolide family of bryostatin
antibiotics is presented. The approach commences from achiral starting materials and has as its
crucial step the enzymatic resolution of a racemic mixture of soluble polymer-supported alcohols
(syn-10 and syn-11). The immobilized lipase from Candida antarctica (Novozym 435) catalyzes the
enantioselective acetylation of syn-10 (in 40% conversion and >99% ee), allowing isolation of the
key intermediate (R)-14 in enantiomerically pure form following its cleavage from the poly(ethylene)
glycol (PEG) scaffold. The PEG matrix is both compatible with the multipolymer enzymatic
transformation and allows for rapid purification and facile NMR characterization of all intermediates

throughout the synthesis.

Introduction

Extracts from the marine bryozoans Bugula neritia
(Linnaeus) and Amathia convoluta exhibit potent anti-
neoplastic activity against lymphocytic leukemia and
ovarian carcinoma,! as well as the potential to promote
protein kinase C activity.? The active constituents are a
family of related macrocyclic lactones: the bryostatins.?

Two total syntheses of bryostatins have been ac-
complished,* and a tremendous amount of research has
been directed toward the partial syntheses of the com-
posite segments of these 20-membered ring lactones.®
Recent computational and SAR studies reveal that a
central pharmacophoric recognition domain within the
total bryostatin structure is located around the hetero-
atoms at C;, Cig, and Cy6.% This allows intensive combi-
natorial and parallel synthetic efforts targeted at opti-
mizing the biological activity of each fragment.
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Bryostatin 1 R' = COCHg, R% = CO(CH=CH),nPr
Bryostatin 2 R' = H, R% = CO(CH=CHpnP:
Bryostatin 6 R' = COnPr, RZ = COCHs
Bryostatin 7 R' = COCHy, R? = COCH,

Ever since the work of Merrifield,” it has become
increasingly clear that polymer-supported chemistry
offers distinct advantages over its solution-phase coun-
terpart.® The synthetic strategies employed by such
disciplines as high-throughput organic synthesis and
combinatorial library construction are driven by the need
for optimal conversion, minimal side reactions, and
simplified purification procedures, features that are also
essential paradigms for natural product synthesis. There-
fore, there is an increasing effort to convert the synthetic
chemistry associated with small molecule natural prod-
ucts into a polymer-supported format.° However, the
modification of chemistry from solution- to solid-phase
format can be very time-consuming and is not always
successful due to the heterogeneous nature of the ensuing
process. Liquid-phase organic chemistry, which utilizes
soluble polymer supports, offers a unique resolution to
these problems and is becoming an increasingly useful
adjunct to existing solid-phase methods.'° As part of an
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Figure 1. Retrosynthetic strategy to the orthogonally protected C,;—C,; fragment I of the bryostatins.'?

ongoing effort to improve and expand the utility and
applicability of liquid-phase chemistry into asymmetric
organic synthesis we recently reported the linear poly-
styrene-supported syntheses of prostaglandin E methyl
ester and prostaglandin F,,.1* Herein, we report the first
polymer-supported synthetic approach to a composite
fragment of the bryostatin natural products. Poly-
(ethylene glycol) (PEG) is explored as a matrix for a novel
synthetic approach to the C,—C,; fragment of the
bryostatins'? that incorporates a stereoselective enzy-
matic transformation.

Results and Discussion

The retrosynthetic strategy to the target fragment |
is shown in Figure 1. The crux of the challenge is the
sequential stereoselective generation and orthogonal
protection of the three secondary alcohols at C,3, Cos, and
Cas.

The synthons I1-1V are generated following a pre-
liminary [3 + 2] dipolar cycloaddition between a nitrile
oxide, generated in situ from nitroalkane V, and a
suitable dipolarophile.’* With no stereocontrol applied
during the cycloaddition reaction, the C,s-stereochemistry
remains undefined at this juncture. However, by exploit-
ing one of the plethora of available enantioselective
enzymatic reductions, it was envisaged that the ketone
of 1V could be reduced to give 111 as pair of diastereomers
that would be separated following cleavage from the
support. This then gives indirect entry to Ill as the
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necessary (R,R)-C,s5,Cy diastereomer. Reduction of the
isoxazoline ring in 111 followed by in situ hydrolysis then
gives Il the ketone group of which can be reduced
stereoselectively to yield the desired anti-diol I, the
ultimate synthetic target.

The particular requirements of the enzymatic trans-
formation guided the choice of PEG as a polymer support.
The required matrix must be compatible with this
biocatalytic transformation and resins, with a few notable
exceptions,'® are incompatible with enzymatic processes.
In addition, the polymer support must be soluble under
both organic and aqueous conditions as demanded by the
enzymatic reaction.

Monomethoxy PEG of 5000 molecular weight (MeO—
PEGso0) Was chosen as the specific matrix for this
synthesis. While the loading associated with this par-
ticular support (0.2 mmol/g) is lower than other PEG
matrixes we have utilized previously for liquid-phase
chemistry, such as PEGaz400,'¢ it provides the optimal
relationship between polymer recovery by precipitation
and ease of NMR interpretation. Furthermore, compari-
son of the integral ratios of polymer-bound intermediates
with the terminal methyl group allows a direct and easy
measure of both loading and conversion after each
synthetic step.

Of primary consideration when developing a polymer-
supported synthesis is the linker strategy. It was antici-
pated that an acid-labile linker, while being completely
stable during the synthetic process, would facilitate
orthogonal cleavage of the final polymer-linked interme-
diate from the support. Therefore, we prepared the
soluble polymer-supported dihydropyran 1, an analogue
of Ellman’s linker utilized in solid-phase chemistry
(Scheme 1).11:17
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a Reagents and conditions: (a) TBDMSCI (1.1 equiv), imidazole
(2.5 equiv), CHCl, (53%); (b) PPh3, DIAD, 6-hydroxymethyl-3,4-
dihydro-2H-pyran, THF (82%); (c) TBAF, THF (91%); (d) 6, CsCOs3,
DMF (91% PR).

Scheme 22
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a Reagents and conditions: (a) 3-nitropropan-1-ol, PPTS, CH.ClI,
(89% PR); (b) PhANCO, methylvinyl ketone, EtsN (cat.), benzene
(93% PR); (c) attempted enzymatic reduction.

The relative ease of formation of aryl alkyl ethers of
PEG relative to dialkyl ethers meant that 6-hydroxy-
methyl-3,4-dihydro-2H-pyran was attached to PEG via
the intermediacy of dihydroquinone 2. Thus, mono silyl
ether protection of 2 gave alcohol 3 in acceptable yield
(53%). Mitsunobu?® coupling of 3 with 6-hydroxymethyl-
3,4-dihydro-2H-pyran, followed by tetrabutylammonium
fluoride (TBAF)-mediated deprotection of 4, yielded
phenol 5 (75% overall yield from 3). Reaction of 5 with
PEG-mesylate 6, prepared as previously described,%152
gave the desired polymer-supported dihydropyran 1 with
91% polymer recovery (PR) and optimum loading (0.2
mmol/g).

With the linker in place, the synthetic route to the
bryostatin fragment commenced (Scheme 2). 3-Nitropro-
pan-1-ol 7,%° was attached to the PEG-support by reaction
with the dihydropyran moiety of 1 to give the polymer-
supported nitroalkane derivative 8.
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Routine 'H NMR spectroscopy was used to follow this
reaction, which confirmed derivatization with 7 by loss
of the alkene proton resonance (6 6.4 ppm) of 1. Following
in situ transformation of the nitro group of 8 into its
respective nitrile oxide using Mukaiyama’s procedure,?
a dipolar [3 + 2] cycloaddition was performed with
methylvinyl ketone as the dipolarophile. The cycloaddi-
tion proceeded smoothly, giving a racemic mixture of
polymer-supported isoxazolines (rac-9) with excellent PR
(>93%) following precipitation into cold diethyl ether. *H
NMR of the polymer-bound isoxazoline showed the pres-
ence of only the favored 5-substituted regioisomer.

With polymer-supported rac-9 in hand, the key enzy-
matic reduction to alcohol 10 was then attempted. Two
well-characterized enantiocomplementary NADPH-de-
pendent preparations were investigated; Baker’s yeast
extract (type I and 11)??2 and Lactobacillus kefir?® (cell
extract). Baker’s yeast catalyzes the transfer of the pro-R
hydride from the cofactor to the re face of its carbonyl
substrate that leads to the (S)-10 alcohol. In constrast
L. kefir reductase transfers the pro-R hydride to the si-
face of the ketone substrate thus generating the required
(R)-10 alcohol. While the use of Baker's yeast installs the
incorrect stereochemistry at C-26 for the naturally oc-
curring bryostatin C,;—C,; fragment, it nevertheless
allows access to a homochiral epimer ideal for SAR
analysis vide supra.

Preliminary enzyme-catalyzed reactions, undertaken
in phosphate buffer, in which the PEG-ketone 9 is
completely soluble were however not successful. No
reduction of the ketone of rac-9 could be detected.
Modification of reaction conditions such as temperature,
pH and rac-9 concentration did not lead to significant
formation of 10. Control experiments with rac-9 in
solution confirmed that the 5-acetylisoxazoline group was
compatible with both the baker’s yeast and L. kefir
reductions. Reduction occurred either in the presence or
absence of PEG in the reaction mixture further suggest-
ing that the PEG chain does not have a detrimental effect
on the enzyme-catalyzed process. The only conclusion
that can be drawn thus far is that the linker may be
influencing the enzymes’ activity. However maintenance
of Ellman’s linker was considered important within the
whole synthetic strategy. Therefore, the synthetic ap-
proach was modified as outlined in Scheme 3, which
while containing the same linker includes a modified
enzyme step.

Selective syn reduction of rac-9 using L-Selectride,?*
generated racemic alcohols (syn-10 and syn-11) in almost
guantitative yield, and with complete diastereoselectivity
(determined by *H NMR). This then setup the prospect
for a potential stereoselective enzyme-catalyzed resolu-
tion of syn-10 and syn-11 with a suitable lipase.

A panel of commercially available esterase/lipase en-
zymes were examined; including the CloneZyme library
of recombinant thermophilic enzymes (ESL-001-01 to
-07), Novozym 435 (immobilized Candida antarctica
lipase) and CRL (Candida rugosa lipase). Vinyl acetate
was used as the acyl donor and the reaction was
performed in anhydrous benzene or toluene with condi-
tions such as temperature and reaction time being
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a Reagents and conditions: (a) L-Selectride, CHCl, (90% PR);
(b) Novozym 435, vinyl acetate, benzene (40% conversion, >99%
ee, 96 % PR); (c) HF (aqg), CH3CN (54%); (d) TBDMSCI, imidazole,
CHCl; (85%).

n

Table 1. Enzyme Screening for the Stereoselective
Acylation of PEG-Bound Alcohols syn-10 and syn-11

entry enzyme T(C) time(h) %convn % ee?
1 Novozym 435 20 48 48 86
2 PCL 20 48 32 n.d.
3 ESL-01 to 07 20 48 <5 n.d.
4 Novozym 435 70 6 50 92
5 Novozym 435 70 4 40 >99

a Measured by capillary GC on purified 14 samples. n.d. = not
determined.

investigated (Table 1). In contrast to the oxidoreductase
enzyme reaction vide supra, this enzyme-catalyzed acy-
lation reaction has to be carried out in organic solvent
to minimize the reverse esterase action. PEG-supported
syn-10 was indeed a viable substrate for Novozym 435
and CRL under these conditions. Optimization of the
reaction conditions revealed that the Novozym 435
catalyzed acylation of syn-10 (R-alcohol) can be carried
to almost complete conversion in anhydrous toluene as
the solvent (70 °C, 4 h, 40% conversion, entry 5 in Table
1). The reactivity of Novozym 435 with the PEG-sup-
ported alcohol 10 is of particular significance because the
enzyme is itself immobilized on a macroporous poly-
(propylic) resin (containing ca. 1% w/w of enzyme).
Therefore this biocatalytic reaction is occurring on two
separate polymer supports, in a so-called multipolymer
reaction.?® This is, to our knowledge, the first such
example of this phenomenon and offers a real advantage
of soluble polymer-supported chemistry over its solid-
phase homologue where such a polymer—polymer reac-
tion would be unfeasible.

The enzyme-catalyzed reaction was routinely moni-
tored by 'H NMR following removal of aliquots from the
reaction mixture. The downfield chemical shift of the
resonance of the methine proton on Cy from 4.36 (CpsH-

(25) For examples of multipolymer strategies in polymer-supported
chemistry, see: (a) Han, H.; Janda, K. D. Angew. Chem., Int. Ed. Engl.
1997, 36, 1731. (b) Toy, P. H.; Reger, T. S.; Janda, K. D. Organic Lett.
2000, 2, 2205.
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Figure 2. Capillary GC chromatograms of 14. (A) racemic
mixture of syn-acetates (generated by acetylation of syn-10 and
syn-11 with acetic anhydride/pyridine). (B) purified syn-acetate
14 generated by Novozym 435 catalyzed resolution and HF
cleavage from the polymer support.

Scheme 42
a TBDMSO O OH
15 —»

16 OAc

b TBDMSO OF{ OH
- 26

23 25
OAc

17 (R=H)
°|: R..TES

2 Reagents and conditions: (a) Hz, Raney Ni, MeOH/AcOH/H,0;
(b) MesNHB(OACc)s, CH3CN, AcOH (66% from 15, 89 % de); (c)
TESCI, DMAP, CHCl; (79%).

OH) to 4.93 (C;H-OAc) ppm was a clear indication of
the acylation progress. The stereoselectivity of the acy-
lation process was excellent (>99%) as determined by
chiral capillary GC of the product 14 after its cleavage
from the PEG-support (aqueous HF in acetonitrile)
(Figure 2).26 The enzymatic resolution allowed ready
separation of alcohol 14 and diol 13, by silica gel
chromatography, after cleavage. This separation also
concomitantly solves the so-far undefined stereochemis-
try at Cys, resulting from the 1,3-dipolar cycloaddition
reaction vide supra, since alcohol 14 now contains
exclusively the desired (R)-configuration at both C,s and
Ca. Diol 13 contains the (S)-configuration at C,s and Cy
and offers an entry point into diastereomeric libraries of
bryostatin analogues.

Alcohol 14 was silylated to the isoxazoline 15 in 85%
yield and the heterocyclic ring was then reduced to the
B-hydroxy ketone 16 (Scheme 4).2” Among the different
reductive conditions explored, Raney Nickel afforded the
best results; -keto alcohol 16 being essentially pure by
NMR without the need for column chromatography.?® A

(26) For the selectivity of Novozym 435 toward acylation of R
alcohols see: (a) Arroyo, M.; Sinisterra, J. V. J. Org. Chem. 1994, 59,
4410. (b) Uenishi, J.; Hiraika, T.; Hata, S.; Nishiwaki, K.; Yonemitsu,
0. J. Org. Chem. 1998 63, 2481 (c) Johnson C. R; Bis, S. J.
Tetrahedron Lett. 1992, 33, 7287. (d) Frykman, H.; Ohrner N.; Norin,
T.; Hult, K. Tetrahedron Lett. 1993, 34, 1367.
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Scheme 52
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a Reagents and conditions: (a) Me.C(OMe),, HCI (83%); (b)
Dess—Martin reagent, CH,Cl, (93%).

clean reduction was essential, because attempts to purify
16 by column chromatography were hampered by exten-
sive elimination, leading to the isolation of the corre-
sponding a,$-unsaturated ketone.

Induction of the last stereogenic center at C,; was
accomplished following the methodology of Evans and co-
workers.?® Treatment of 16 with Me;NHB(OAC); at low-
temperature allowed the formation of the anti-diol 17 via
intramolecular hydride transfer, with an 89% de (as
determined by 'H NMR integration of representative
signals). Both diasterecisomers were separated by silica
gel chromatography and the assigned anti-configuration
of the major isomer was established by a ROESY-NMR
experiment performed on the respective acetal derivative
19 (Scheme 5).3°

To selectively protect one of the two alcohol functions,
diol 17 was treated with 1 equiv of triethylsilyl chloride,
giving rise to the required orthogonally protected triol
18, with exclusive silylation of the less hindered alcohol

(28) Kozikowski, A. P.; Adamczyk, M. Tetrahedron Lett. 1982, 23,
3123.
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Soc. 1988, 110, 3560.

(30) Even though MesNHB(OAC); is known to give selective anti
reductions of -keto alcohols (see ref 29), there are examples in the
literature where no selectivity is obtained from this transformation
(De Brabander, J., Vandewalle, M. Pure Appl. Chem. 1996, 68, 715),
therefore necessitating the ROESY experiment.
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(in 79% yield).*?° The regiochemistry of this last protec-
tion step was unequivocally determined by oxidation of
the remaining alcohol to the corresponding ketone 20.3!

Conclusions

This paper reports a novel soluble polymer-supported
synthetic approach to the C,;—C,; fragment of the
bryostatin macrocyclic lactone natural products. The use
of the PEG support offers the classical benefits of
polymer-supported chemsitry over its solution-phase
counterpart of rapid purification and high yields. The
unique benefit of the PEG support relative to a compara-
tive synthesis on most resins is the facility to incorporate
enzymatic transformations and especially in this case
where the enzyme itself was bound onto a macroporous
support. The mulitpolymer biocatalytic transformation
exploited, a stereospecific acylation reaction, was critical
to the strategy and incorporated most of the necessary
chiral information into the poly-oxygenated fragment
allowing the synthesis to commence from inexpensive
achiral starting materials.3? Furthermore, the use of
enzyme-assisted chemistry within this novel route, allows
access to all available diastereomers of the C,;—C,;
fragment, which is a valid starting point for combinato-
rial chemistry and SAR analysis.
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(31) The methine proton of C-26 (CHOAC) in 20 is only coupled with
its vicinal methyl group, as determined by 'H and COSY—NMR
experiments.

(32) For other related syntheses starting from achiral materials, see
ref 12c,e.



