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A Combinatorial Approach to Polyketide-Type
Libraries by Iterative Asymmetric Aldol
Reactions Performed on Solid Support**

Ian Paterson,* Monica Donghi, and Kai Gerlach

The polyketides represent a rich reservoir of structurally
complex, bioactive, natural products, with many having
therapeutic importance (as antibiotics, anticancer agents,
antifungals, antiparasitics, immunosuppressants, and cardio-
vascular agents).['! As a source of pharmaceutically relevant,
molecular diversity, they are attractive targets for developing
a combinatorial approach to library generation, particularly if
this can be accomplished on solid phase, where purification
procedures are simplified and automation becomes feasible.
Solid-phase synthesis, routinely applied to the preparation of
peptides and oligonucleotides, has been adapted in recent
years to oligosaccharides and small molecules.”! However, the
synthesis of elaborate polyketide sequences (e.g. 1, the acyclic
precursor of the erythromycin antibiotics, Scheme 1) involv-
ing the controlled formation of multiple stereocenters re-
mains a challenge,® 4 requiring the transfer of more sophis-
ticated chemistry for achieving asymmetric carbon-carbon
formation to solid phase.

In the archetypal case of erythromycin, the heptaketide
precursor 1 is assembled biosynthetically by the polyketide
synthase from a starter unit 2 and six extender units 3, with the
growing chain bound to the acyl carrier protein (ACP).> 9 By
mimicking this processive mechanism in the laboratory using
a greater variety of chain extending units, a combinatorial
synthetic approach might be developed, leading to much
greater molecular diversity. As part of studies towards this
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Scheme 1. Biosynthesis of the heptaketide precursor 1 of erythromycin.
ACP = acyl carrier protein. CoA =coenzyme A.

goal Pl herein we demonstrate the utility of the chiral ketones
4 (see Scheme 2) for performing efficient polyketide synthesis
on solid support, providing wide-ranging opportunities for
structural and stereochemical diversification.

In this new approach to expanding polyketide diversity
(Scheme 2), a suitable aldehyde starter unit, such as 5, is
attached to a polystyrene support (which functions as a
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Scheme 2. Solid-phase synthesis of polyketide-type libraries using itera-
tive chain extension of resin-supported aldehydes 5 and 7 with ketones (R)-
or (S)-4. P=polystyrene resin (styrene—1% divinylbenzene, 200-
400 mesh), PMB = p-methoxybenzyl.

surrogate for the ACP) through a silyl ether linker. By using
stereoregulated aldol chemistry, employing the reagents (R)-
or (S)-4 for chain extension and a subsequent ketone
reduction to produce the 1,3-diol 6 (Step1), followed by
regeneration of the aldehyde functionality in 7 (Step2),
repetition provides the more elaborate 1,3-diol 8. This leads
progressively to the synthesis of polyketide-type sequences of
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increasing complexity, where the spacer (HOCH,CH,CH, for
n=2) is incorporated into the final product. After a single
iteration, the resulting sequence 6 has four contiguous stereo-
centers (16 possible stereoisomers), while a second iteration
to give 8 introduces eight contiguous stereocenters (corre-
sponding to 256 possible stereoisomers for R! = R>=Me). By
varying the substitution on the reagent module 4 in a
combinatorial sense, many additional opportunities for struc-
tural diversification in 6 and 8 are possible, leading potentially
to even larger libraries.

As shown in Scheme 3, the viability of performing stereo-
controlled aldol reactions and reductions in an iterative
fashion on a suitable solid-supported aldehyde was first
examined. The resin-bound aldehyde 9 was prepared” by
attachment of 4-penten-1-ol to chlorodiisopropylsilyl poly-
styrene, followed by ozonolysis with a reductive workup
(Ph;P, sonication); its loading was determined as
0.75 mmolg~! using the method described previously.’s To
assist the ®C NMR and FT-IR characterization of the
polymer-supported intermediates, aldehyde 10 was selected
as a solution model,* which also allowed a direct comparison
of the reaction yields and diastereoselectivities.

In initial studies, aldehyde 9 was allowed to react with the
(E)-enol dicyclohexylborinate 11 (5 equiv), derived from the
dipropionate reagent (R)-4a,l® ! by shaking in Et,O to form
the anti—anti isomer 12 after oxidative boron removal. A
loading of 0.51 mmolg™ (i.e. 68 % yield of isolated product)
was determined by subsequent cleavage from the resin with
HF/pyridine, leading to generation of the diol 13 with
similarly high diastereoselectivity (>97 % ds) to that in the
solution-phase reaction with 10. An essentially quantitative
conversion of 9 to 12 could be obtained, as determined by
13C NMR analysis and cleavage to give 13 in 98 % yield, by
adopting a two-cycle protocol. Thus, 20 h after the first
addition of enolate 11, the resin was washed with Et,O and
dried, fresh enolate solution was again added, then after a
further 16 h an oxidative workup (H,0,, MeOH, DMF, pH 7
buffer) was performed, followed by a final washing and drying
of the resulting resin 12.

To achieve efficient syn-selective reduction on solid phase,
a novel modification of the Narasaka reduction protocol”!
was developed. Treatment of the resin-supported ketone 12
with (cHex),BCl and Et;N regenerated the dicyclohexylboron
aldolate," which was reduced efficiently by LiBH, to give the
1,3-syn-diol 14. Gratifyingly, through this sequence of aldol
addition, reduction, and cleavage from the resin using
tetrabutylammonium fluoride (TBAF), the triol 15 was
obtained in excellent yield (98 %) with high diastereoselec-
tivity (95 % ds), comparable to that obtained from 10 using
solution-phase chemistry (91 %, >97 % ds).

Diversification in the -hydroxy ketone reduction step was
achieved by using a complementary anti-selective protocol.
We found that the Evans-Tishchenko reduction!'? can be
adapted successfully to solid phase, provided Sml, is em-
ployed stoichiometrically to achieve complete conversion. In
this way, the ester 16 was prepared with >97 % ds, which gave
the corresponding 1,3-anti-diol on reaction with LiBH,.

Having installed four stereocenters on the growing chain
anchored to the resin support, some functional group
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Scheme 3. Solid-phase synthesis of aldehydes 18 and 20 from 9 (loading =
0.75 mmolg™') using anti-aldol addition and syn or anti reductions.
a) iPr,NEt, DMAP, CH,Cl,, 20°C, 48 h; b) O;, CH,Cl,, —78°C; Ph;P,
20°C, sonication, 16 h; ¢) (cHex),BCl, Et;N, Et,0, 0°C, 4 h; d) 1) 11, Et,0,
—78 —0°C, 20 h; filter and wash (two cycles); 2) H,O, (30 % aq), MeOH,
DMF, pH7 buffer, 0°C, 1h; e)HF/py, py, MeCN, 20°C, 16h;
f) 1) (cHex),BCl, Et;N, Et,0, 0°C, 4h; 2) LiBH,, Et;N, —78°C, 4 h;
3)H,0, (30% aq), MeOH, NaOH (10% aq), CH,Cl,, 20°C, 16 h;
g) TBAF, THF, 20°C, 4h; h) EtCHO, Sml,, THF, —10—0°C, 20 h;
i) (MeO),CMe, or MeOC(Me)=CH,, CSA, CH,Cl,, 20°C, 48 h; j) DDQ,
pH 7 buffer/CH,Cl, (20/1), 20°C, 3 h; k) py - SOs;, DMSO, Et;N, CH,Cl,,
0°C, 6 h; 1) LiBH,, THF, —78 —20°C, 16 h. cHex = cyclohexyl, CSA =
camphorsulfonic acid, DMF = N,N-dimethylformamide, DDQ =2 3-di-
chloro-5,6-dicyano-1,4-benzoquinone, DMAP =4-(N,N-dimethylamino)-
pyridine, DMSO = dimethyl sulfoxide, py = pyridine.

manipulation was now required to regenerate the aldehyde
functionality, thus enabling access to extended polyketide
sequences. These transformations were selected to be com-
patible with the resin support and orthogonal to the silyl
linker.l¥! First, the diol 14 was converted into the syn-
acetonide 17, which had the expected *C NMR resonances
(6=97.6,30.0, and 19.5).1 The aldehyde was then introduced
by deprotection of the PMB ether using DDQ,™ followed by
Parikh —Doering oxidation[*®l using py-SO; and DMSO to
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give 18, which displayed a single, distinct, carbonyl resonance
signal (0 =204.1). Similarly, the formation of the anti-aceto-
nide 19 on the resin was confirmed by the diagnostic *C NMR
resonances (0 = 100.4, 24.7, and 23.6),[l which was then taken
on to the aldehyde 20 by PMB ether deprotection and
oxidation.

As shown in Scheme 4, a second iteration of aldol chain
extension was next performed on the solid-supported alde-
hydes 18 and 20. For comparison purposes, the solution
models 21 and 22 were also employed. The aldol addition
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Scheme 4. Second iteration on solid phase, leading to long-chain poly-
ketide sequences 25 and 28. a) 1) 11, Et,0, — 78 —26°C, 16 h (two cycles);
2) H,0, (30% aq), MeOH, DMF, pH 7 buffer, 0°C, 1 h; b) 1) (cHex),BCl,
Et;N, Et,0, 0°C, 4 h; 2) LiBH,, Et;N, —78°C, 4 h; 3) H,0, (30% aq),
NaOH (10% aq), MeOH, CH,Cl,, 20°C, 16 h; c) TBAF, THF, 20°C, 16 h;
d) HF/py, py, MeCN, 20°C, 16 h.

(two cycles) using the (E)-enolate 11 generated the ketone 23,
which was subjected to the syn-reduction protocol to give the
1,3-diol 24. Cleavage from the solid support with HF/pyridine
then gave the triol 25 with eight contiguous stereocenters,['”!
which was isolated in 37 % overall yield from 9 with 87 % ds.
This represents an average yield of 88 % for each of the eight
steps performed on the resin. A similar aldol addition with the
Cs-epimeric aldehyde 20 generated the ketone 27, which was
cleaved to give the diol 28!!71in 59 % overall yield and 97 % ds.
Opverall, this corresponds to an average yield of 94 % for the
eight steps performed on the solid support, which is markedly
better than that achieved in solution where chromatographic
purification from reagent by-products was required. In
comparison, a 37 % yield of 29 was obtained for the conven-
tional solution-phase synthesis from 10 via 22. Taken together,
these findings demonstrate the efficiency of this solid-phase

Angew. Chem. Int. Ed. 2000, 39, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

approach for polyketide synthesis. Potentially, further itera-
tion should provide elaborate polyketide sequences with 12 or
more contiguous stereocenters.*

Polyketide diversity can also be realized through perform-
ing other stereochemical permutations during chain growth
(Scheme 5). For example, syn-aldol additions can be achieved
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Scheme 5. Solid-phase synthesis of stereotetrad alcohols 39 and 40 using
syn-selective aldol addition with anti or syn reductions. a) (+)-Ipc,BOTH,
iPr,NEt, CH,Cl,, —78 —0°C, 4h; b)1)30 (7 equiv), CH,Cl, ,—78 —
—26°C, 20 h, filter and wash (three cycles); 2) H,0, (30% aq), MeOH,
DMEF, pH 7 buffer, 20°C, 3 h; —26°C, 16 h; ¢) HF/py, py, MeCN, 0 —20°C,
16 h (two cycles); d) 1) (cHex),BCl, Et;N, Et,0, 0°C, 4h; 2) LiBH,,
—78°C, 4h; 3) H,0, (30% aq), MeOH, DMF, pH 7 buffer, 20°C, 6 h,
—26°C, 16h; e) EtCHO, SmlL, THF, —10—0°C, 20h; f)LiBH,,
—78-20°C, 20 h; g) (Me0),CMe,, CSA, CH,Cl,, 20°C, 2d. Ipc=iso-
pinocampheyl.

by using the (Z)-enol diisopinocampheyl borinate 30, ob-
tained by enolization of (R)-4a with (+)-Ipc,BOTf/iPr,-
NET¢.> 8] Thus reaction of enolate 30 (two cycles) with the
starting aldehyde 9 gave the syn—anti adduct 31. Cleavage
from the resin gave diol 32 in 87% yield and >95% ds.
Complete conversion can be achieved by carrying out a third
cycle of enolate addition (giving a 99% yield of 32).
Remarkably, this aldol addition was found to be more
stereoselective than the analogous solution-phase reaction
performed on aldehyde 10 (91% ds). As in the anti-aldol
series, reduction of 31 by LiBH, via the dicyclohexylboron
aldolate gave the 1,3-syn-diol 33 (cleavage from the resin gave
triol 34 in 87 % yield and >95% ds), while reduction using
SmI,/EtCHO, followed by treatment with LiBH,, generated
the corresponding 1,3-anti-diol 35 (cleavage from the resin
gave triol 36 in 67 % yield and 92 % ds).[""] Transformation of
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these 1,3-diols into the corresponding acetonides 37 and 38
allowed characterization by *C gel-phase NMR spectrosco-
py.l'YI Subsequent cleavage from the resin led to the isolation
of the stereochemically pure alcohols 39 (79 % ) and 40 (62 % )
after chromatography. Since the enantiomeric ketone (S)-4a
and (—)-Ipc,BOTf are available, it should be possible to
access 12 out of the 16 possible stereotetrads per iteration with
high diastereoselectivity.?’]

Finally, having demonstrated stereochemical permutations
in the aldol addition and reduction steps, the introduction of
further diversity by combinatorial variation of the chain
extension reagent was addressed (Scheme 6). Five different
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Scheme 6. Solid-phase synthesis of a library of -hydroxy ketones 42a—e.
a) (cHex),BCl, Et;N, Et,0, 0°C (—78°C for 4d), 4h; b)1)Et0,
—78—26°C, 16 h (two cycles); 2) H,O, (30% aq), MeOH, DMF, pH 7
buffer, 0°C, 16 h; c) HF/py, py, MeCN, 20°C, 16 h.

ketones (R)-4a—e (R!=Me, Et, iPr, BnO, CH=CH,, respec-
tively)? were chosen for library generation. Resin 9 was split
into batches, to which each was added a different boron
enolate, and two cycles of enolate addition were performed.
After oxidative workup, cleavage of the resin-supported
adducts 41a-e with HF/pyridine gave the anti-configured S-
hydroxy ketones 42a—e with high diastereoselectivity.

In conclusion, we have demonstrated that boron-mediated
aldol reactions of the chiral ketones 4 can be used for the
efficient, solid-phase synthesis of novel polyketide-type
sequences. Notably, better yields and comparable diastereo-
selectivities can usually be achieved in comparison with the
conventional solution-phase reactions, which opens up the
possibility of automation. While this approach mimics the
processive mechanism of chain growth operating in the
biosynthesis of polyketides, it enables much greater structural
and stereochemical diversification through variation of the
chain extension reagents, as well as in the stereochemistry of
the aldol and reduction steps. In principle, a large variety of
starter units,/”) immobilized on a solid support, and a wide
range of chain extending units can be employed in a
combinatorial fashion, leading to large, structurally diverse,
libraries of polyketide-type sequences. Thus, this approach
complements the combinatorial generation of new polyketide
structures based on the genetically engineered reconstruction
of biosynthetic pathways.!
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Experimental Section

Representative procedure for anti-aldol reaction of 4a with resin 9:°< To a
cooled solution (0°C) of (cHex),BCl (1.80 mL, 8.5 mmol) in dry Et,O
(23 mL) under Ar was added Et;N (1.25 mL, 9.0 mmol). After 10 min (R)-
4a (1.18 g, 5.0 mmol) was added and the reaction mixture stirred for a
further 4 h. The resulting solution of enolate 11 was added by cannula to the
resin 9 (1.0 g) cooled to — 78 °C and shaking was maintained for 1 h, before
storing in the freezer (—26°C, 16 h). After shaking for a further 4 h at 0°C,
the enolate solution was filtered off and the resin washed with Et,O and
dried under reduced pressure. A second cycle was then carried out. To the
resin cooled to —78°C, a solution of enolate 11, prepared as above, was
added and shaking was maintained for 1 h, before storing in the freezer
(=26°C, 16 h). The resin was filtered and washed sequentially with pH 7
buffer, H,O, H,O/THF, THF, and MeOH. To the resin at 0°C were added
DMF (4 mL), MeOH (2 mL), pH 7 buffer (4 mL), and H,0, (30 %; 12 mL)
and shaking was continued for 1 h before storing in the freezer (—26°C) for
16 h. After filtering, the resin was washed with H,O, H,O/THF, THF,
CH,Cl,, and MeOH and dried under reduced pressure at 50 °C for 3 h. This
gave the pale yellow resin 12. IR (KBr disk): 7= 3440, 1708, 1098 cm™!;
3C NMR (100.6 MHz, CD,Cl,): 6 =217.8, 159.4, 130.2, 129.4, 113.8, 73.5,
73.0,72.3, 64.0, 55.3, 52.2, 45.8, 31.3, 29.1, 174, 13.6, 13.4, 12.6, 12.2.
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Synthesis, Structure, and Reactivity of
a 10*,3¢2-Diphosphaallene**

Tsuyoshi Kato, Heinz Gornitzka, Antoine Baceiredo,
and Guy Bertrand*

Among the possible heterocumulenes featuring the PCP
sequence, 1o0*30*diphosphaallenes (carbodiphosphoranes)
A and 102,30>-diphosphaallenes B2l have been known for
many years. Here we report the synthesis of a 10%30%-
diphosphaallene C. Such a highly functionalized molecule

D S N
—P=C=PC P=C=R

A B Cc

N,
—/P—C—P\

(two different types of phosphorus—carbon “double” bond
and a lone pair at one of the phosphorus atoms) has only been
postulated as an intermediate, but never observed spectro-
scopically.P!

Our synthetic strategy was based on two consecutive
rearrangements: the well-established 1,2-migration reaction
of singlet carbenes,” which operates for phosphinocarbenes
[Eq. (1)],! and the 12-halogen shift associated with a-
halogenophosphanes [Eq. (3)].F) Combining these two 1,2-
migration reactions, a possible precursor for the preparation
of the desired 10*,30%-diphosphaallene can be identified as the
(phosphino)(chlorophosphino)diazomethane of type D

[Eq. (2)].

../ e/ N
—C— —_— —(C— —_— = 1
N
N ./ AT N\ . P
—C—| -C- -C= (= P=C=R, 2
/PICIZP\X<———/PCP\X<= P=C=R_ > @
Nz
D \.. / N __ /
- —P=C 3
/P Q\ X/ AN ®

Exactly this type of derivative, namely [bis(diisopropyl-
amino)phosphino][chloro(diisopropylamino)phosphino]diazo-
methane (1), is readily available in one step by addition of the
lithium salt of [bis(diisopropylamino)phosphino]diazome-
thanel!” to dichloro(diisopropylamino)phosphane (Scheme 1).

R
R§P=C=P\R 2
R... y R. .R Cl
B-G-Li + AP —» pocof Mot !
R, RO, © AL L
R =PrN ! RoP-C=hyg 2
Scheme 1.
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