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ABSTRACT

A straightforward, highly stereoselective protocol toward the synthesis of deuterium-labeled (2R,3S,4S)-3-cyclohexenylserine has been
developed. Key steps are a Nozaki—Hiyama—Kishi reaction generating the stereogenic centers and a ring-closing metathesis for the
construction of the cyclohexenyl ring system. The labeled amino acid was further activated as an SNAc-ester for feeding experiments.

The proteasome, a hydrolytically active multienzyme
complex, is responsible for the degradation of proteins in
the cell, and it is a key player in the regulation of a wide
range of cell processes.' Proteasome inhibitors are therefore
interesting candidates for the development of antitumor
agents. Most synthetic inhibitors are peptide-derived
small molecules, interacting with a threonine in the active
center of the proteasome which is involved in the hydrolysis
of the target protein.” Typical inhibitors are peptidic
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a-ketoamides,® a-ketoaldehydes,* epoxyketones,’ vinyl-
sulfones,® or boronic acids.” Such proteasome inhibitors
are also found widespread in nature, produced by a wide
range of microorganisms. An important structural class
are y-lactam thioesters and y-lactam-f-lacton bicycles
respectively. (+)-Lactacystin, isolated by Omura from
Streptomyces lactacystineus,® was found to be a good
inhibitor. However, actually, it was not lactacystin
itself showing this effect, but its c/asto-form omuralide
(Figure 1).° The strained fS-lactone ring interacts with
the catalytically active threonine, resulting in a covalent
blocking of the enzyme.'® The same structural motive is
also found in the families of the salinosporamides and
cinnabaramides.

Salinosporamide was first isolated by Fenical et al. from
the marine actimomycete Salinispora tropica,'" which also
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Figure 1. Natural products showing proteasome inhibition
activity.

produces a wide range of closely related secondary meta-
bolites.'? In contrast, the cinnabaramides were found in
the terrestrial strain Streptomyces JS 360."* Typical repre-
sentatives such as salinosporamide A and cinnabaramide
A inhibit the 20S proteasome in the low nanomolar
range'>'* and are therefore interesting candidates for
antitumor therapies. Salinosporamide is currently in phase
I clinical studies for the treatment of multiple myeloma."?
Therefore, it comes to no surprise that several total
syntheses'® and formal syntheses,'” especially toward sal-
inosporamide A, have been developed during the past few
years.'® The unusual S-cyclohexenylserine as a central
building block was either generated via nucleophilic attack
of cyclohexenyl organometallics or of cyclohexanone en-
olates onto suitable protected serine-derived aldehydes.
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The developments in this field were excellently covered by a
recent review by Gulder and Moore."”

Scheme 1. Biosynthesis of Salinosporamide A According to
Moore*®
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PKS: polyketide synthase

NRPS: non ribosomal peptide synthetase
ACP: acyl carrier protein

PCP: peptidyl carrier protein

The group of Moore also investigated the biosynthesis of
the salinosporamides (Scheme 1).%° In principle, the mole-
cule can be divided into two major building blocks. The
chlorinated activated S-keto thioester A is obtained from a
tetrose via chloroethylmalonyl-CoA, which is coupled with
acetyl-CoA using a polyketide synthase (PKS). The second
building block B, a -cyclohexenylserine, is obtained via a
modified shikimate pathway. Both building blocks were
coupled on a nonribosomal peptide synthetase (NRPS)
giving C, which undergoes cyclizations toward salinospor-
amide A. In the original publication, a (2R)-configuration
was shown for the unusual amino acid B.2’ Later on,
during investigations of the enzymes involved in this
biosynthesis, this configuration was assigned to be 25.%'
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Figure 2. Deuterated 3-cyclohexenylserine derivatives.

Our group has been involved in the synthesis of unusual
amino acids for several years,”> and for biosynthetic
studies we were interested in a stereoselective synthesis of
a dideuterated cyclohexenylserine derivative for feeding
experiments. We began our investigations shortly after the
proposal by Moore” in 2007. Therefore, our targets were
the protected (2R,3S,4S)-configured amino acid 1 and the
deprotected activated derivative 2 (Figure 2).
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Scheme 2. Retrosynthesis of Deuterated Cyclohexenylserine
Derivatives

According to Scheme 2, we planned to obtain the
cyclohexenyl ring via a ring-closing metathesis of the
deuterated linear precursor D, accessible by a stereoselec-
tive Nozaki—Hiyama—Kishi (NHK) reaction®® of deuter-
ated diene E and protected serinal.

Scheme 3. Stercoselective Synthesis of Protected Cyclohexenyl-
serinol 6
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The starting point for the synthesis of the dideuterated
dienyl substrate was oct-7-en-2-ynol, easily accessible from
propargylic alcohol and 5-bromopentene.”* Stereoselec-
tive reduction with LiAlH,, followed by hydrolysis with
D-0, gave rise to the dideuterated allyl alcohol 3 in almost
quantitative yield (Scheme 3). This alcohol was converted
into the corresponding phosphate 4 for the subsequent
NHK reaction. The phosphate has been chosen because
phosphates are very convenient allylation reagents, show-
ing a better stability than the corresponding bromides or
even chlorides.”® For the subsequent allylation reaction
protected serinal was prepared fresh by Dibal-H reduction
of the corresponding methyl ester and was used without
further purification. In initial experiments using phosphate
4 alone, only low yields of the allylation product § were
obtained. The situation changed significantly after addi-
tion of Nal, and the NHK reaction provided dideuterated
homoallyl alcohol 5 in good yield. The corresponding
more reactive allyl iodide is probably formed in situ.
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Subsequent ring-closing metathesis provided the protected
cyclohexenylserinol 6 in almost quantitative yield.

The allylation product 5 was obtained with high 3,4-anti-
diastereoselectivity (92% ds), which can be explained by a
chairlike transition state (Figure 3)*® and is in good agree-
ment with literature precedence.?’” Out of the four possible
stereoisomers, only two were observed by HPLC. Ob-
viously, the induced diastereoselectivity from the protected
(S)-serinal was almost perfect.

Boc
/

y—N
LR
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OTBDPS

Figure 3. Transition state of the Nozaki—Hiyama—Kishi
reaction.

For analytical purposes and to determine the relative 2,3-
stereochemistry, we converted 6 into the corresponding
oxazolidinone 7 by treatment with NaH. The TBDPS
protecting group was not stable under these reac-
tion conditions, and therefore, it was replaced by the
TBDMS group. The ring protons of anti-disubstituted
oxazolidinones typically show coupling constants J of
4—6 Hz, while J = 7—9 Hz are found in the correspond-
ing syn derivatives.”® A coupling constant of J = 4.3 Hz

for 7 clearly indicates an anti-configuration at C, and
C; of 7, corresponding to a syn substitution pattern of
6. (Figure 4).

Figure 4. Determination of configuration.

The formation of this stereoisomer can be explained by a
hydrogen bond in the preferred conformation of the serinal
derivative, resulting in a syn periplanar orientation of the
amide and the carbonyl functionality and a nucleophilic
attack of the chromium reagent from the Si-face (Figure 3).
Obviously this attack is highly favored because only the
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Scheme 4. Synthesis of Protected Amino Acid 1 and
SNAc-ester 2
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formation of the anti-oxazolidinone was observed by
NMR.

To complete the syntheses of 1 and 2 the free OH-group
of 6 was protected with a THP group (Scheme 4). Two
diastereomers of 8 were formed as a 1:1 mixture, which are
separable by flash chromatography. Deprotection of the
silyl protecting group with TBAF gave rise to the primary
alcohol 9, which could be oxidized to the required amino
acid 1. In principle, PDC oxidation gave the expected
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product in good yield, but it was difficult to remove the
chromium completely.

Because 1 should be applied to biological systems, we
tried to avoid contamination with traces of toxic heavy
metal. Therefore, we decided to use a metal-free two step
oxidation protocol. Oxidation with Dess—Martin period-
inane® gave rise to aldehyde 10, which was further oxi-
dized to 1 with NaClO; and 2-methyl-2-butene according
to Pinnick.™

For the synthesis of 2, amino acid 1 was coupled with N-
acetylcysteamine to 11 prior to the simultaneous removal
of the remaining protecting groups by trifluoroacetic acid
(TFA).

In conclusion, we have shown that the Nozaki—
Hiyama—Kishi reaction is a highly suitable tool for
the stereoselective synthesis of cyclohexenylserine deri-
vatives, including deuterium-labeled ones. Further
investigations of the (25)-configured isomer and other
deuterium-labeled biosynthetic intermediates are cur-
rently in progress.
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