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ABSTRACT

Two concise, convergent syntheses of (()-trichostatin A (1), a potent histone deacetylase inhibitor, have been accomplished. The key step in both
is a Pd-catalyzed R-alkenylation reaction between ketone 2 and either dienyl bromide 3 or alkenyl bromide 9 using a modification of cross-
coupling conditions described by Negishi and Hartwig. A brief investigation has shown the potential utility of a Ni-catalyzed version of this
reaction. The overall synthetic routes are short and amenable to scaleup, providing access to trichostatin A via trichostatic acid as a direct
precursor.

Within the past decade, members of several protein
classes known as histone deacetylases (HDAC) have be-
come popular cellular targets for epigenetic regulation of
gene expression. Arising from these studies have been a
number of histone deacetylase inhibitors (HDACi) as
small molecule drugs. Many of these compounds have
most commonly been recognized for their remarkable
anticancer activity.1 HDACi also have potential for the
treatment of other ailments,2 including inflammatory
diseases,3malaria,4motor neurondiseases,5 andNiemann�
Pick type C disease (NPC), a rare lipid storage disorder.6

The potential for these compounds to be useful drugs was
recently substantiated by the FDA approval of Vorinostat

(suberoylanilide hydroxamic acid, SAHA) for the treat-
ment of cutaneous T-cell lymphoma.7

Besides SAHA, several additional HDACi have been
identified, one of the most potent being (R)-(þ)-trichosta-
tin A (TSA, 1).8 Originally isolated from Streptomyces
hygroscopicus, (R)-(þ)-TSA has been reported to have aKi

of 3.4 nM as an HDACi9 and to be active in studies of
cancer, lupus,malaria, and several other diseases.2,10Most
recently, we have found that treating NPC cells with TSA
significantly lowered the levels of accumulated cholesterol
within the cells as a means of correcting the phenotype of
this disease.11As our laboratory has a vested interest in the
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development of NPC therapeutics,12 we became interested
in the synthesis of TSA for further study as a potential
NPC treatment.
TSAhas been prepared a number of times,13 but someof

the previous syntheses are longor low-yielding. In an effort
to combat this issue, our group recently reported two
distinct routes,14 including the shortest synthesis of TSA
to date.14b This latter route provided access to substantial
quantities of material for biological evaluation; however,
the starting materials are costly, and many of the reagents
are difficult to handle, making scaleup difficult. To over-
come these problems, we sought to devise a more effective
route to (()-TSA. We now wish to report our third and
significantly improved strategy for the synthesis of this
compound.

In designing our synthesis of trichostatin A, we envi-
saged a key bond connection between C(5) and C(6) and
sought to accomplish this bond formation via a transition-
metal-catalyzed R-alkenylation reaction between ketone 2
anddienyl halide 3 (Scheme1).WhilemanyR-alkenylation
examples have been reported in the literature,15 few have
been conducted intermolecularly.16 Furthermore, because
isomerization of the resulting β,γ-unsaturated product is a
potential problem, the use of mild conditions to conduct
this reaction is necessary for this approach to be viable.
Recently, zinc enolates have been shown to be effective in
related R-arylation reactions.17 Given the mild nature and

high functional group tolerance of organozinc reagents, we
decided to utilize zinc enolates in our studies.
The synthesis of the coupling components 2 and 3 on

multigram scales commencedwith the addition of EtMgBr
to commercially available 4-(dimethylamino)benzaldehyde
(4) to furnish alcohol 5 in 98% yield (Scheme 2). The
subsequent oxidation was conducted using a new
Mn(OAc)3/catalytic DDQ oxidation protocol to furnish
ketone 2 in 91% yield.18 Dienyl bromide 3a containing a
methyl ester was synthesized in a single operation from the
known alkenyl bromide 619 using a one-pot oxidation/
Wittig protocol in 98% yield.20 Hydrolysis of the methyl
ester (NaOH) and re-esterification (p-methoxybenzyl al-
cohol, EDC) also provided facile access to the PMB ester
3b to allow for greater flexibility in removal of the ester
group in later stages of the synthesis.
We quickly found efficient cross-coupling conditions

employing LiTMP and ZnCl2 to generate the zinc enolate
of ketone 2 followed by reaction with bromide 3a or 3b,
Pd(dba)2, and 1,10-bis(di-tert-butylphosphino)ferrocene

(dtbpf) to give the desired 7a or 7b in 73% or 82% yield,
respectively, with complete retention of diene configura-
tion and regiochemistry (eqs 1 and 2). The coupling is
very ligand-dependent and gave the best results with
electron-rich, sterically demanding alkyl phosphines.
Q-phos (employed by Hartwig in related reactions17a) and
t-Bu3P also promote the coupling but in lower yield than
dtbpf, whereas several phenylphosphines give greatly in-
ferior results. As a control, the reaction fails in the absence
of Pd. Furthermore, isomerization of the resulting

Scheme 1. Retrosynthetic Analysis of (()-TSA (1)

Scheme 2. Synthesis of Ketone 2 and Alkenyl Bromides 3a and
3b
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cross-coupled products was never observed under these
conditions.

For the next step of the synthesis of TSA, conventional
hydrolysis of the methyl ester 7a with metal hydroxides to
form trichostatic acid (8) was not possible, due to the
sensitivity of this system to basic conditions. Alternative
methods (LiI, NaCN, KOTMS) led to the recovery of
starting material or degradation of material. On the other
hand, the TSA core is stable toward many acidic condi-
tions, which permitted us to cleave the PMB ester 7b with
TFA and Et3SiH, furnishing (()-8 in 96% yield (Scheme 3).
Conversion into (()-TSA (1) was accomplished in 72%
yield by treatment with ethyl chloroformate and O-TBS
hydroxylamine followed by immediate deprotection with

CsF.14b We find H2NOTBS to be particularly useful as an
easily prepared and readily handled, storable solid reagent.21

Having accomplished a very efficient synthesis of TSA,
webriefly examined the rangeof alkenyl halides thatwould
be useful in this samemanifold, including the possibility of
extending the R-alkenylation to alkenyl bromides related
to 3 that do not possess an activating carbonyl group. To
assess this idea and to apply it toward the synthesis of TSA,
we prepared alkenyl bromide 9 in 91%yield over two steps
byLiAlH4 reduction of ester 3aandprotection of the crude
alcohol with TBSCl (eq 3).

To our delight, subjection of this material to the condi-
tions of the R-alkenylation provided the desired cross-
coupled product 10 in 92% yield after purification with
complete retention of the double bond configurations
(Scheme 4). Inspired by a report from Paterson’s group,22

we sought to conduct a one-pot deprotection�oxidation
sequence to convert 10 into the corresponding aldehyde
using DDQ as the oxidant. While the protocol did fur-
nish the desired aldehyde, it was contaminated with an
N-dealkylated byproduct thatwas difficult to remove from
the desired product. This problem was overcome by again
employing the new catalytic DDQ/Mn(OAc)3 protocol.

18

Under these conditions, the desired aldehyde 11 was
isolated in 85% yield and was completely free of the
N-dealkylated byproduct. The oxidation to the carboxylic
acid was troublesome.23 Although Pinnick oxidations are
typically very clean with little to no byproducts, very

electron-rich aromatic rings are often chlorinated, even
in the presence of a large excess of chlorine scavengers
such as 2-methyl-2-butene. Indeed, this side reaction
was a problem for us, as we routinely obtained 30%
�45% of chlorinated material. Even employing DMSO
as the solvent did not completely prevent chlorination
of the substrate.24 However, addition of 1,3,5-tri-
methoxybenzene as an additional scavenger prevented
chlorination of our substrate25 and allowed us to obtain
8 cleanly in 72% yield after purification. The final step
was the installation of the hydroxmate, which we
accomplished in the same manner as that shown in
Scheme 3.

Scheme 3. Synthesis of (()-TSA from Ester 7b

Scheme 4. Synthesis of (()-TSA Using Alkenyl Bromide 9
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We next examined the use of the known nonconjugated
alkenyl bromide 12a26 or iodide 12b.27 Applying our
standard conditions (LiTMP, ZnCl2, Pd(dba)2, and
dtbpf) to the cross-coupling with ketone 2, we found
that bromide 12a suffered from low conversion, even
with the extended reaction times. In contrast, iodide
12b underwent smooth reaction to give the desired
product 13 in 88% yield (eq 4).

We have also attempted to conduct the R-alkenylation
reaction using Ni(cod)2 as a less expensive catalyst. For
both the R-alkenylation and R-arylation reactions,
there are significantly fewer precedents for employing
Ni rather than Pd.16a,28 Most of our attempts with
Ni(cod)2 were disappointing; conversions of starting
material and isolated yields were often extremely low.
The most promising result was obtained when we
employed Ni(cod)2 with ketone 2 and alkenyl bromide
12a whereby the desired product 13 was obtained in
34% yield (eq 5). In this case, Q-phos outperformed dtbpf.
This result indicates that if further optimization is possible,
Ni has the potential to be an effective catalyst for the R-
alkenylation reaction.At this point, we are unable to rule out

the possibility of the reaction being promoted by trace
quantities of another metal as a contaminant in the Ni
catalyst.Furtherwork in these regards is currentlyunderway.

In conclusion, we have developed two new concise,
scaleable routes for the production of (()-trichostatin A.
The key step in each is a Pd-catalyzed cross-coupling
between a zinc enolate and an alkenyl or dienyl halide,
resulting in the desiredβ,γ-unsaturated ketone.Other notable
features of the synthesis include use of a new catalytic
oxidation procedure at two points in the route and the
preliminary indication of Ni as a potentially useful and far
less expensive catalyst for the critical coupling reaction. We
are currently applying these routes to the synthesis of a variety
of TSA analogues. Further exploration of the cross-coupling
reaction isunderway,particularlywith theuseofchiral ligands
for enantioselective applications such as the natural (þ)-TSA
and improvements in the use of Ni catalysts. The results of
these additional studies will be reported in due course.
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