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Total synthesis of the cytotoxic cyclodepsipeptide
(—)-doliculide: The "ester” effect in acyclic
1,3-induction of deoxypropionates
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The total synthesis of the marine cyclodepsipeptide (—)-doliculide
is described. An acyclic (25,4S,6R)-trimethyl alkanoic acid precursor
to the “hydrocarbon’ portion of doliculide was synthesized start-
ing with L-ascorbic acid based on a stereocontrolled iterative
conjugate addition of lithium dimethylcuprate to acyclic -C-
methyl «,B-unsaturated ester derivatives. syn/syn selectivity was
achieved by relying on 1,3-induction in preferred folded confor-
mations that avoid 1,5-syn-pentane interactions in the transition
states. The nature of the ester moiety seems to play an important
role in determining the syn/anti ratios of C-methyl adducts. The
1-methyl-1-cyclopentyl ester group was found to confer the best
syn selectivity to the cuprate addition products, especially in
seven-carbon enoates.

Polyketide biosynthetic units are ubiquitous among natural
products of diverse origin (1-5). Although the more common
ones constitute hydroxy stereotriads originating from the con-
densation of propionyl-CoA biogenetic precursors (6), a small
subgroup harbors deoxygenated motifs, commonly known as
deoxypropionates. The majority of natural products in this
subfamily contain a single deoxypropionate stereotriad. Natural
products that contain multiple deoxypropionate units are com-
paratively fewer and are generally characterized by an all-syn
orientation of methyl groups on an acyclic framework, as in the
structures of lardolure (7), siphonarienal (6), siphonarienolone
(8), pectinatone (9, 10), TMC-151 (11), and branched alkanoic
acids isolated from the preen-gland wax of the domestic goose
(12). A major cuticular hydrocarbon from a cane beetle species
was reported recently to have an unprecedented three sets of
anti-disposed deoxypropionates (13).

Despite the presence of a common “chiral hydrocarbon” unit,
these compounds exhibit diverse biological properties exempli-
fied by the pheromone lardolure (7) and the cytotoxic TMC-151
(11). Doliculide (14) and borrelidin (15-17) are the only known
examples of macrocyclic natural products that contain two and
three deoxypropionate units, respectively, within their carbon
frameworks (Fig. 1).

It is intriguing that nature should choose to incorporate
virtually all-syn deoxypropionate motifs in acyclic and cyclic
metabolites, with only an occasional deviation from this seem-
ingly ordered stereochemical array. Insightful proposals have
been made in this regard, where control of conformation is
dictated by the avoidance of nonbonded interactions between
methyl groups in energetically preferred acyclic conformations
(18, 19). Within a three-dimensional array, alternating C-methyl
groups in an acyclic chain are better accommodated in syn-
oriented motifs as compared with anti-oriented motifs, reminis-
cent of helical isotactic hydrocarbon polymers such as polypro-
pylene (20-24).

In 1994, Yamada and coworkers (14) reported the isolation,
structure determination, and total synthesis of doliculide (25),
originally obtained from the Japanese sea hare Dolabella auric-
ularia. This unique cyclodepsipeptide exhibited cytotoxicity
against HeLa-S; cells with an ICsy of 0.005 wg/ml (14). Struc-
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Fig. 1. Doliculide and borrelidin.

turally, doliculide is related to a family of cyclodepsipeptides
known as geodiamolides (26, 27) and jaspamide (28, 29). It is
distinct in many respects, particularly by the presence of three
alternating syn-related C-methyl groups as part of the 11-carbon
dihydroxy branched carboxylic acid subunit (Fig. 1). Limited
structure—activity relationship (SAR) to establish the relative
importance of specific functionalities in doliculide has shown
that the presence of the deoxypropionate motif and the iodoty-
rosine appendage are important for activity (14). The “hydro-
carbon” portion is probably crucial in conferring a preorganized
bioactive conformation. Hamel and coworkers (30) reported
that the cytotoxicity of doliculide was caused by interference
with the polymerization of actin in developing cells.

A major challenge in the synthesis of doliculide is the elabo-
ration of the syn/syn-trimethyl alkanoic acid portion. Thus,
Yamada and coworkers (25) started with (S5)-4-methyl-1,3-
pentanediol and used an iterative oxazolidinone-based enolate
alkylation protocol (31) to introduce the second methyl group in
the growing chain. After each iteration, it was necessary to add
two steps for the reductive removal of the residual hydroxyl
group resulting from each aldol reactions to achieve the correct
deoxygenation pattern. The Yamada protocol also necessitated
configurational inversion of an intermediate alcohol.

Ghosh and Liu (32) adopted a tactically different approach to
elaborate the same acyclic subunit. The sequence started with
4-benzyloxy-3-S-methylbutyronitrile, which was converted to an
allylic alcohol and then subjected to a stereoselective Charette
cyclopropanation (33). Conversion of the resulting primary
alcohol to the iodide and metal-induced ring opening (34)
afforded a syn-1,3-dimethyl terminal alkene. Iteration of the
same protocol provided the desired syn/syn-trimethyl alkanoic
acid, which was elaborated further by using commonly used
methods for chain extension.

This paper was submitted directly (Track Il) to the PNAS office.
Abbreviations: MCP, 1-methyl-1-cyclopentyl; THF, tetrahydrofuran.
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Rein and coworkers (35) started with a meso-dialdehyde
already bearing a propionate triad and effected a desymmetri-
zation via a selective auxiliary-mediated Horner—Wadsworth—
Emmons functionalization. Further elaboration of the product
afforded an acyclic syn/syn-trimethyl alkanoic acid as a mixture
of diastereomers.

General methods that lead to stereoregular and enantioen-
riched deoxypropionate units rely on a variety of strategies
(36-48). However, there are only a few methods that offer the
possibility of iteration en route to enantioenriched 2,4,6-
trimethyl alkanoic acids with predisposed chiralities. Myers et al.
(49) showed that an ephedrine-based enolate alkylation can be
adapted to iteration in model systems. Auxiliary-mediated eno-
late alkylation was also used by Abiko and Masamune (50) and
Nicolaou et al. (51) to prepare syn-2,4,6-trimethyl deoxypropi-
onate motifs. Chiral auxiliaries were also used for single-stage
conjugate cuprate additions by Oppolzer et al. (52), Breit and
Demel (53), Sakai and coworkers (54), and Williams et al. (55)
to achieve syn- or anti-dimethyl triads.

(—)-Doliculide: Disconnection and Synthetic Strategy

For the synthesis of (—)-doliculide, we envisioned the discon-
nection shown in Fig. 2, which logically leads to the desired
acyclic syn/syn-2,4,6-trimethyl alkanoic subunit A and a func-
tionalized iodotyrosine B. The hydroxyl group at Cy would be
derived from a directed reduction of a ketone C, in turn obtained
from the condensation of 2-isopropyl dithiane anion and the
w-iodoalkene D. The latter would result from a series of iterative
conjugate additions to «,B-unsaturated esters E and F, obtained
from the readily available enoate G, the single stereocenter of
which can be related to L-ascorbic acid (Fig. 2). This strategy was
predicated upon a successful and stereocontrolled introduction
of C-methyl groups by relying on a series of internal 1,3-
inductions (F —E — D). In earlier work (56, 57), we showed that
a series of iterative 1,2-inductions in cuprate additions and
enolate hydroxylations to y-alkoxy-a,B-unsaturated esters could
generate as many as three sets of contiguous methyl-hydroxy-
methyl triads with high stereocontrol starting with acyclic pre-
cursors such as G (58). Thus, a major challenge in the imple-
mentation of the strategy shown in Fig. 2 was to test the
feasibility of a sequential and stereocontrolled conjugate addi-
tion relying on a novel 1,3-induction by an existing C-methyl
substituent in acyclic enoate precursors. Added to this daunting
task was the need to produce a syn/syn-2,4,6-trimethyl alkanoic
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Disconnective analysis of (—)-doliculide.

acid in enantiopure form corresponding to the required
(25,45,6R) configuration in (—)-doliculide.

Synthesis of (—)-Doliculide

L-Gulonic +y-lactone, readily available from L-ascorbic acid (59),
was converted in two straightforward steps into the enoate 2
(Scheme 1). Three further steps (60) afforded the required
starting enoate 3 in 64% overall yield. Addition of lithium
dimethylcuprate in the presence of trimethylsilyl chloride as
additive (56, 61, 62) proceeded in high yield to give the adduct
4 as the preponderant isomer (14:1). Chain elongation in the
usual manner afforded the #-butyl enoate 5, which was subjected
to a second cuprate addition. The resulting syn- and anti-
diastereomeric adducts were formed in a ratio of 4:1, respec-
tively, as observed in the enantiomeric series (60). We had found
previously that the syn/anti ratio of the same cuprate addition
was only 1:1 when a methyl rather than a ¢-butyl ester was used
(5, R = Me). A series of esters corresponding to 5 with different
alkyl substituents was prepared (see below) and subjected to
conjugate addition. We were gratified to find that the 1-methyl-
1-cyclopentyl (MCP) ester 6 afforded the desired syn-adduct 7 as
the major product (syn/anti, 8:1), thereby doubling the ratio
compared with the #-butyl ester 5. With this improvement we
proceeded to prepare the enoate 8 by the same three-step
protocol used for 5. A third cuprate addition to 8 afforded the
syn/syn-3,5,7-trimethyl alkanoate 9 as the major diastereomer in
excellent yield (syn/syn:syn/anti, >12:1). The stereochemical
identity of 9 was rigorously established from detailed NMR
studies of syn/syn and syn/anti isomers as their two-carbon
homologated enoates (60). '3C inverse gated analysis of char-
acteristic signals proved to be an excellent direct method for
assessing diastereomeric ratios of cuprate adducts in this series
(see Supporting Materials and Methods, which is published as
supporting information on the PNAS web site). Thus, a 14-step,
highly stereocontrolled synthesis of the advanced intermediate 9
from L-gulonic y-lactone was in hand for further elaboration to
the intended final target.

Reduction of the ester group in 9, followed by displacement
with o-nitrophenylselenide and elimination (63), afforded the
olefin 10, which would serve as a carboxyl equivalent later.
Cleavage of the silyl ether and treatment with triphenylphos-
phine, imidazole, and iodine (64) gave the iodide 11 in excellent
overall yield. Displacement with the lithium 2-isopropyl dithiane
in a mixture of tetrahydrofuran (THF) containing hexameth-
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Scheme 1.

Reagents and conditions: a, MeLi-LiBr, Cul, chlorotrimethylsilane, THF, —78°C (95%; anti/syn: 14:1); b, diisobutylaluminum hydride, CH,Cl,, —78°C

(80%); ¢, (CICO),, DMSO, Et3N, CH,Cly, —78°C (96%); d, Ph3PC(H)CO,MCP, CH,Cl,, room temperature (rt) (91%); from 6 to 8: a, 87% (syn/anti: 8:1, 7/7’); repeat
b, 80% 7a; repeat c, 88% 7b; repeat d, 81%; from 8 to 9: repeat a, 92% (syn/syn:anti/syn: >12:1); e, DIBAH-H, CH,Cl,, —78°C (92%) 9a; f, (n-Bu)sP,
o-nitrophenylselenocyanate, THF, rt, then H,O,, 0°C to rt (68%); g, tetrabutylammonium fluoride (TBAF), THF, rt; h, PPhs, I, imidazole, toluene, 0°C to rt (93%,
two steps); i, 2-isopropyl-[1,3]dithiane, t-BuLi, THF /hexamethylphosphoramide, —78°C, then 11 (75%); j, AgNOs, N-chlorosuccinimide, acetone/water, 0°C(79%);
k, diisobutylaluminum hydride, toluene, —40°C, 96% (syn/anti: 1:1, 14/14a); |, 16, 1,3-dicyclohexylcarbodiimide, 4-dimethylaminopyridine (DMAP), CH,Cl,,
—20°C(77%); m, O3, CH,Cl,/MeOH, —78°C, then PPh3; n, NaClO,, H,0,, MeCN/H,0, 10°C; o, trifluoroacetic acid, CH,Cl,, 0-10°C; p, N,N-bis(2-oxo-3-oxazolidinyl)-
phosphinic reagent, DMAP, CH,Cl, 0°C to rt (49% from 16); q, TBAF, THF, 0°C (95%).

ylphosphoramide as additive led to the adduct 12 in 75% yield.
After treatment with silver nitrate and N-chlorosuccinimide in
aqueous acetone (65), the dithiane group was converted to the
corresponding ketone 13. We had planned to carry out a
stereoselective reduction of the keto group in 13, relying on a
directing effect of the resident O-benzyloxymethyl (OBOM)
group. Reduction with tetramethylammonium acetoxyborohy-
dride (66) or the Tischenko-Evans (67) Sml,-mediated protocol
using B-hydroxy ketones were promising examples of precedents
for the desired anti-diol orientation needed in doliculide. How-
ever, applying these methods required cleavage of the OBOM
group to generate the corresponding B-hydroxy ketone, which in
the event of a favorable stereocontrolled reduction would need
selective reprotection of the C; original alcohol. On the other
hand, an Sml,-mediated reduction of B-alkoxy ketones by Keck
and Wager (68) would suit our needs admirably, particularly
because it was reported to be anti-selective. Unfortunately, no
reaction took place with Sml, at ~7°C for 72 h.

We then returned to more classical methods of chemical
reduction. Thus, reduction of 13 with L-Selectride proceeded in
good yield, but the desired Cy alcohol was obtained as the minor
isomer (syn/anti, 4:1). The relative configuration of the alcohol
at Cy was established based on '*C resonance shifts as suggested
by Hoffmann and Weidmann (69) for related compounds.
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Ultimately, reduction with diisobutylaluminum hydride in tolu-
ene at —40°C afforded a 1:1 mixture of 14 and the epimeric
alcohol, which could be readily separated by chromatography
and recycled.

With the desired Cy isomer 14 in hand, we proceeded with the
elaboration of the peptidic subunit. Because the possibilities
were somewhat limited, we adopted the Ghosh and Liu protocol
(32) for the synthesis of the N-Boc glycyl amide precursor 15.
Thus, 14 was esterified with the iodotyrosine derivative 15 (32)
in the presence of 1,3-dicyclohexylcarbodiimide and 4-dimeth-
ylaminopyridine to afford 16 in 77% yield in contrast to the
reported 95% (32). Ozonolysis of the double bond, followed by
oxidation of the resulting aldehyde with sodium chlorite/H,0,
in aqueous acetonitrile (70), afforded the corresponding acid.
Cleavage of the N-Boc group with trifluoroacetic acid, followed
by macrolactam formation gave 17, which was subjected to a final
deprotection as described by Ghosh and Liu (32) to give (—)-
doliculide 1, the spectroscopic data of which were identical to
those reported in the literature (14, 32).

The presently described synthesis of (—)-doliculide is consid-
erably shorter than the previously reported ones and validates
the notion of iterative 1,3-induction based on resident chirality
for the creation of alternating syn/syn-2,4,6-trimethyl alkanoic
acid motifs. Among the favorable strategic and practical at-
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Proposed intermediates and adducts in the reaction of enoate 8 with lithium dimethylcuprate (A) and superposition of the deoxypropionate subunit

in the x-ray structure of TMC-151 on a virtual diamond lattice (B). TBDPS, tert-butyldiphenylsilyl; BOMO, O-benzyloxymethyl; TMSCI, chlorotrimethylsilane;

L, ligand (Li* or trimethylsilyl).

tributes of our synthesis are the realization that a single stereo-
genic carbon originating from Cs of L-ascorbic acid was the
progenitor of three new centers through a series of highly
stereoselectivel,2- and 1,3-internal inductions. It is also impor-
tant to note that the same hydroxyl group in L-ascorbic corre-
sponds to the C7 hydroxyl group in doliculide. Furthermore, the
methodology we developed for syn/syn-deoxypropionates by
iterative 1,3-syn stereoselective cuprate additions to acyclic
enoates does not require additional steps for deoxygenation of
residual hydroxyl groups en route to doliculide (25).

Acyclic Stereocontrol in Conjugate Additions:
The “Ester” Effect

As explained previously, our synthesis plan was based on ex-
ploiting the merits of stereocontrolled conjugate cuprate addi-
tions to 6-C-methyl «,B-unsaturated enoates to assess whether
any preparatively significant 1,3-induction was possible. As
evidenced by the successful completion of the synthesis of
(—)-doliculide by using this strategy, the viability of acyclic
stereocontrol for a syn/syn-2,4,6-trimethyl deoxypropionate
chain is obvious. We recently presented a rationale and a
mechanistic model to explain the stereochemical preferences in
such conjugate additions in connection with the total synthesis
of borrelidin (60). We reasoned that transition-state conforma-
tions during cuprate additions could be favored when 1,5-syn—
pentane interactions are minimized or avoided. Thus, depending
on the ground-state solution conformation of enoates such as 6
and 8, reaction with lithium dimethylcuprate could lead to
diastereomeric syn- (desired) and anti- (undesired) dimethyl and
trimethyl deoxypropionate arrays in the respective products. The
preponderance of the syn adducts 7 and 9 can be rationalized
based on the prevalence of enoate conformers of 6 and 8, in
which the carbon backbone of the acyclic chain is already folded
in an energetically preferred conformation. In Fig. 34 we depict
a plausible sequence with enoate 8, in which an enoate/cuprate
7 complex 8a and the subsequent bulky cuprio(III) intermediate
8b can be favorably accommodated in such a folded conforma-
tion before the transfer of a methyl group (71).

We have used a virtual diamond lattice model (72, 73) to
qualitatively visualize the backbone conformations of such acy-
clic enoates and their putative cuprio intermediates (60). The
validity of this visual tool to simulate folded conformations of
hydrocarbon chains was also tested in the context of solid-state
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crystal structures of natural products containing syn/syn-
trimethyl deoxypropionate motifs. In Fig. 3B we show the
quasiperfect congruence of the carbon backbone in TMC-151
(11) on a diamond lattice. Indeed, the alternating C-methyl
groups are disposed in a manner so as to avoid 1,5-syn—pentane
interactions in an energetically preferred folded conformation.
The solution conformations as determined by detailed NMR
studies of 8 and of the two-carbon homologated enoate prepared
from 9 (60) closely simulate the molecular shape of the corre-
sponding deoxypropionate chain counterpart in the x-ray struc-
ture of TMC-151 (Fig. 3B).

However, the minimization of 1,5-syn—pentane interactions
between a resident homoallylic 8-C-methyl group in the ground
state of the enoate moiety, or in the B-cuprio(I11I) adduct before
(or after) methyl transfer, may not be fully effective without a
preorganization of the acyclic chain.

It is well known that in the gas phase, simple hydrocarbons and
their substituted variants populate some of the conformations
more than others because of relative energy differences arising
from bonded and nonbonded interactions (74, 75). The conse-
quences of minimizing 1,5-syn—pentane interactions in rendering
short hydrocarbon chains largely monoconformational have
been discussed and reviewed in detail by Hoffmann ez al. (76).
The notion of using a relatively large substituent as an “anchor”
to favor the reactivity of different conformers of a tethered chain
has been alluded to by De Clercq (77, 78) in the context of the
rate acceleration of intramolecular Diels—Alder reactions. This
effect has been of special interest as part of a more generalized
phenomenon, also known as the Thorpe-Ingold gem-dialkyl
effect (79) or “reactive rotamer effect” (ref. 80 and references
therein; ref. 81).

In the case of conjugate additions of organocuprates to
enoates such as 5, the ester extremity seems to play an important
role in determining syn selectivity, as observed in going from
methyl to #-butyl (syn/anti: 1:1 and 4:1, respectively) (60).
Although a syn/anti ratio of 10:1 for 9 with the #-butyl enoate 8
was originally acceptable in the third-stage cuprate addition (60),
the modest 4:1 ratio obtained for 5 (R = #-butyl) warranted
additional study.

We therefore undertook a more systematic investigation of the
influence of the ester group on the stereoselectivity of the
cuprate addition to the enoate 5 (Table 1). The isopropyl and
benzhydryl esters showed slight improvements over the methyl
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Table 1. Variations of the ester moiety

_— ee Me,Culi OBOM
1 ———— RO ~
\/Y\/\COZR NS \/\|/\|/\C'02R
Me THF, -78 °C Me Me
R4 = TBDPS )
syn-7 (major)
Entry R d.r.* Yield, % [
1 Me 50:50 90 — -
2 QPr 63:37 91 TBDPSO-
3 Benzhydryl 64:36 85
4 tert-Bu (5) 80:20 90
5 Neopentyl 82:18 85
6 MCP (6) 89:11 87 L _
7 CcP 54:46 90 L = TMSCI or THF, M = TMS or Li*

OBOM or BOMO, O-benzyloxymethyl; TMSCI, chlorotrimethysilane; TBDPS,
tert-butyldiphenylsilyl; CP, cyclopentyl.
*Diastereomeric ratio determined by inverse-gated homodecoupling '3C
NMR.

ester but fell short of the #-butyl and neopentyl esters (Table 1,
entries 1-5). However, incorporation of an MCP ester moiety
doubled the syn/anti selectivity to 8:1 (Table 1, entry 6) (see also
Supporting Materials and Methods). As a control, the correspond-
ing cyclopentyl ester gave a ratio similar to the methyl, isopropyl,
and benzhydryl esters (Table 1, entry 7). syn/syn selectivity was
also improved in the case of the MCP enoate 8 compared with
its t-butyl counterpart (60) (10:1 vs. >12:1), albeit not as
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dramatically as for the shorter homologue 6. Although a rigorous
explanation is not possible at this time, the MCP group may
offer a quasioptimal spatial disposition in relation to the folded
carbon backbone of the enoate 6, hence during the formation
of the corresponding m-complex or ensuing B-cuprio interme-
diate (Table 1) (for a theoretical study of the conformations of
a,B-unsaturated esters and their Lewis acid complexes, see ref.
82). The significant erosion of selectivity with the cyclopentyl
ester (Table 1, entry 7) and the major improvement compared
with the r-butyl ester (Table 1, entries 4 and 6) heightens the
relevance of the spatial disposition of the MCP group as an entity
in enoate 6.

Conclusions

We have described a stereocontrolled total synthesis of (—)-
doliculide, starting with L-ascorbic acid by using a strategy that
capitalizes on iterative conjugate additions to acyclic «,f-
unsaturated esters harboring a 6-C-methyl group with excellent
1,3-induction. The C;—-Cs “hydrocarbon” segment in doliculide
harboring two syn /syn deoxypropionate triads was synthesized in
14 linear steps, thus shortening the overall operation by at least
10 steps compared with two previous syntheses.

Avoidance of 1,5-syn—pentane interactions during cuprate
additions in preferentially folded conformations of §-C-methyl-
a,B-unsaturated esters accounts for the high syn selectivity. The
nature of the ester group in the enoates also contributes to the
selectivity, possibly because of a preferred spatial disposition in
relation to the rest of the carbon backbone.
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