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ABSTRACT

Two six-membered ring targeted analogues of PSMA inhibitors (4a and 4b) were designed on the basis of a computational analysis and
synthesized. (E,Z)-Diene 10 was subjected to the nitroso Diels−Alder reaction to give the 1,4-trans six-membered ring adduct, 4a. The cis
isomer 4b was derived from similar nitroso cycloaddition reactions with the correspnding (E,E)-diene and separately from cyclohexadiene.
The IC50 values of 4a and 4b in a NAALADase assay were found to be 0.9 and 0.1 µM, respectively.

The development of new drugs for the treatment of cancer
is increasingly based upon detailed molecular level under-
standing of the function of malignant cells. Breakthroughs
in molecular and cell biology have led to the discovery of
several differences between normal and abnormal cells.
These differences provide a basis for designing new com-
pounds that are able to differentiate normal cells from cancer
cells and thus serve as a means to both diagnose and treat
malignancies.

Prostate cancer affects approximately 180 000 men and
kills 40 000 men in the United States each year, primarily
due to the continuing growth of androgen-independent
prostate cancer disseminated throughout the body. In most
individuals, prostate cancer is proliferatively quiescent, with
typically less than 5% of the cells proliferating per day. This
renders most traditional chemotherapies ineffective since they
typically affect proliferating cells. A promising target for
diagnosis and treatment of prostate cancer is prostate specific
membrane antigen (PSMA), which unlike the better known
prostate-specific antigen (PSA) is a membrane-bound protein
that is expressed exclusively by prostate tumor cells.1 PSMA
is a 110 KDa type II transmembrane protein. It is highly

homologous to the neuropeptidase NAALADase (N-acetyl-
R-linked acidic dipeptidase) that releasesN-acetyl aspartate
(2) and the neurotransmitter, glutamate (3), from both the
neuronal peptideN-acetylaspartylglutamate (NAAG,1) and
folate polyglutamate. Although the structure of PSMA has
not yet been elucidated, a homology model of NAALADase
has been described.2

The design, syntheses, and biological studies of inhibitors
of NAALADase activity have led to compounds that show
considerable therapeutic promise.3 VA-033 (IC50 ) 12.5 nM;
Figure 1) is a representative compound assayed by Tennis-
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wood’s group and shown to have high activity.4 This com-
pound serves as a potent inhibitor of the NAALADase ac-
tivity associated with PSMA that is expressed on LNCap
human prostate cancer cells and by tumor cellsin ViVo. A
computational analysis of the complete dataset of Tennis-
wood et al. revealed a strong correlation between the number
of thermally accessible conformations as determined by
Monte Carlo simulations using the MMFF method and IC50

values in a NALAADase assay.5 This was rationalized by a
large entropic penalty for the binding of highly flexible
compounds. Cyclic, conformationally restricted inhibitors
such as4 were therefore predicted to be more active than
their acyclic analogues. It was further hypothesized that a
low RMS for deviations in preferred conformations between
a given compound and the highly activeVA-033 would
indicate analogous binding interactions and a highly active
compound. On the basis of conformational studies of4, it
was thus predicted that the six-membered cyclic analogues
with a transconfiguration of the carboxylic acid groups (4a,
n ) 2) would be the most active. This compound provides
a restricted structure with only 22 conformations within 3
kcal/mol of the global minimum. Both carboxylic acid groups
required for binding within the specificity pocket of the active
site of NAALADase are positioned in pseudoequatorial
positions, and the compound has a small RMS deviation from
that of the lowest energy conformation ofVA-033. To
provide experimental support for the calculationally predicted
effect of conformation on biological activity, we hereby
describe the design, syntheses, and studies of both thetrans
andcis six-membered ring compounds,4a and4b (n ) 2).

For the synthesis of thetransproduct4a (n ) 2), the key
step was the construction of thetrans-disubstituted six-
membered ring nitroso Diels-Alder cycloadduct as shown
in Scheme 2. We expected the low reactivity of the (E,Z)-
diene to be compensated by the highly reactive dienophilic
acyl nitroso species.

As shown in Scheme 3, (E,Z)-diene10 was prepared in
five steps in 46% overall yield. Thus, commercially available
cis-diol 5 was monoprotected as a TBS ether and then
oxidized to the corresponding aldehyde with Dess-Martin
reagent.6 The resulting aldehyde was transformed into ester
8 via a Wittig reaction. Subsequent reduction and protection
provided the desired (E,Z)-diene10, which turned out to be
unstable; it was observed to slowly polymerize at room
temperature. However, it could be stored at-20 °C for a
few months without significant polymerization.

(E,Z)-Diene10 reacted with an acylnitroso moiety, gener-
atedin situ from oxidation oftert-butyl N-hydroxycarbamate
with sodium periodate, at 0°C to provide a ca. 1:1 mixture
of cisandtransadducts in less than 20% overall yield.7 Using
tetra-n-butylammonium periodate as the oxidizing reagent
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Scheme 1

Scheme 2. Retrosynthetic Analysis of Six-Memberedtrans
Product4a

Scheme 3. Synthesis of (E,Z)-Diene10

Figure 1. Known PSMA inhibitor and designed inhibitors.
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in CH2Cl2 did not improve the yield. However, when the
initial reaction temperature was decreased to-10 °C, the
overall yield improved to 50%. It was interesting to observe
that all of the (E,Z)-diene10 had been consumed during the
reaction. Only (E,E)-diene13 was isolated with these two
adducts. The two Diels-Alder adducts could be carefully
separated by column chromatography. However, it was
difficult to differentiate thecis and trans adducts only by
comparison of the coupling constants in the NMR spectra.
For the purpose of structure assignment, we synthesized the
cis adduct12 by using the known (E,E)-diene13 as starting
material.8 Using sodium periodate as the oxidizing agent in
methanol-water only provided traces of product with most
of the diene being recovered due to the poor solubility of
(E,E)-diene13 in methanol-water. However, employing
tetra-n-butylammonium periodate as the oxidizing agent in
CH2Cl2 led to the formation of adduct12 in 68% yield with
recovered starting material. The structure of12 was con-
firmed by comparison of the NMR spectra of the products
from the two cycloaddition reactions. It became apparent that
the unstable (E,Z)-diene10 was transformed into the more
stable (E,E)-diene13 under the above reaction conditions.
The mechanistic details for the isomerization still need to
be explored in further studies.

The TBS protecting groups were removed by TBAF in
THF to provide olefin diol14, which was subjected to
hydrogenation to reduce the double bond. Pd-C was first
employed as the catalyst, which we found to be problematic
due to a lack of reproducibility. We then turned to the use
of ClRu(PPh3)3 as a catalyst,9 and obtained more reproducible
results. However, the catalyst could not be easily separated
by column chromatography from the product. Thus, the crude
material was used directly for the next step without purifica-
tion.

Early efforts to oxidize diol14 to the dialdehyde using
Dess-Martin, PCC, and Swern oxidation conditions failed.
We then attempted to oxidize the diol to the corresponding
diacid through a one-step approach using RuCl3-NaIO4 as
the oxidizing agent.10 The reaction proceeded well, and the
diacid was readily obtained. This method provided a one-
step approach to the diacid from the corresponding diol. Due

to difficulty of purification of the resulting diacid, the crude
diacid was treated withN,N′-dicyclohexyl-O-benzylisourea
in toluene at 100°C for 2 h toprovide dibenzyl ester15 in
46% overall yield over three steps.11

Diester15was subsequently subjected to Boc deprotection
by treatment with TFA in CH2Cl2 at room temperature to
give the corresponding free amine16. A variety of coupling
methods (HOAt/EDC, HOBt/EDC, and DCC/DMAP) were
unsuccessful in an effort to synthesize17 from 16 and
N-acetyl-â-tert-butyl-L-aspartic acid. However, the use of
isobutyl chloroformate andN-methylmorpholine as coupling
reagents afforded17 smoothly as an inseparable mixture of
diastereomers.12 Removal of thetert-butyl group by treatment
with TFA, followed by hydrogenolytic cleavage of the benzyl
protecting groups and ion exchange chromatography (Dowex,
K+), gave thetrans-potassium salt4a as a diastereomeric
mixture in 75% yield.13

The unambiguous synthesis of thecis compound4b was
completed as shown in Scheme 6. Diels-Alder adduct18

was treated with TFA to provide free amine19,14 which was
coupled with suitably protected aspartic acid using EDC and
HOAt as coupling reagents in CH3CN to afford20 in 75%
yield.15 Then, the Boc group was removed, and the resulting
free amine was treated with acetic anhydride in the presence
of pyridine in CH2Cl2 to give21 in excellent yield. Oxidative
cleavage of the double bond of21 with KMnO4 in the
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Scheme 4. Acylnitroso Diels-Alder Reaction and Structural
Assignment of Products
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presence of K2CO3 produced diacid22. Hydrogenolysis of
the benzyl ester of22, followed by ion exchange chroma-
tography (Dowex, K+), provided the target potassium salt
4b in 80% yield as a mixture of diastereomers.

The activity of the PSMA inhibitors could be determined
by their IC50 values in the NAALADase assay.3 The ability
of 4a and4b to inhibit glutamate carboxypeptidase II (GCP

II) was evaluated at Guilford Pharmaceuticals, Inc., using
N-acetyl-L-aspartyl-[3H]-L-glutamate as a substrate. GCP II,
also known asN-acetyl-R-linked acidic dipeptidase (NAAL-
ADase) and prostate-specific membrane antigen (PSMA), is
a metallopeptidase that cleavesN-acetyl-aspartyglutamate
(NAAG) into N-acetylaspartate and glutamate.3a The assay
results revealed that4b is slightly more potent (IC50 ) 0.1
µM) than 4a (IC50 ) 0.9 µM). Although the biological ac-
tivities of the acyclic analogues of4 are not known, com-
parison with related acyclic amide substrate analogues4 shows
that conformationally restricted4a and4b, with 220 unique
conformations within 3 kcal/mol of the global minimum, are
respectively 25 and 220 times more active than the most
closely related unrestricted analogue. On the other hand, the
cis isomer 4b was found, contrary to the computational
prediction, to be slightly more active thantrans isomer4a.
The hypothesis that the most stable conformation of
VA-033 presents the carboxyl groups in an optimum position
is therefore likely to be incorrect.16

In summary, two targeted analogues of PSMA inhibitors
4a and 4b have been designed and synthesized. We have
demonstrated that (E,Z)-diene10 could be utilized to carry
out the nitroso Diels-Alder reaction to build the 1,4-trans
adduct. The structures of the Diels-Alder adducts were
verified by utilizing an independent route. In addition, we
were able to use RuCl3-NaIO4 as an oxidation reagent to
oxidize a diol directly to the diacid. The biological activity
of the obtained compounds was found to be more potent
than less conformationally unrestricted analogues.
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Scheme 5. Synthesis of Six-Memberedtrans Product4a

Scheme 6. Synthesis of Six-Memberedcis Product4b
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