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Novel sulfur-linked squaryl group-containing glutamate analogs were synthesized via addition and
mono-substitution reactions of thiols to t-butyl methyl squarate (BMSQ: 7) in two steps. A glutamate
analog prepared from Boc-L-Cys showed a potent binding affinity to KA/AMPA receptors.

� 2009 Elsevier Ltd. All rights reserved.
Squaric acid is known as an oxocarbon possessing an aromatic-
ity, strong acidity, hydrogen bonding, and metal chelating proper-
ties.1 These physicochemical properties have attracted significant
attention in medicinal chemistry as an equivalent functional group
of a carboxylic acid.2 The substitution of the carboxyl group in L-
glutamic acid by other anionic (proton-donating) functional
groups, such as the isoxazole or phosphonate group, has led to
the development of novel glutamate analogs which are used as
essential tools to investigate neurobiological functions of gluta-
mate receptors in mammalian CNS, that is, L-a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) exhibits a potent and
selective activity as a representative agonist of AMPA receptors
among the ionotropic glutamate receptors [iGluRs which are di-
vided into N-methyl-D-aspartic acid (NMDA), AMPA, and kainic
acid (KA) subtypes], and L-2-amino-4-phosphonobutyric acid (l-
AP4) is used as a selective agonist of group III metabotropic gluta-
mate receptors (mGluRs which are classified into group I–III sub-
types).3 Recently, we and other groups reported the synthesis of
the squaryl group-containing glutamate analogs 1–3,4–6 in which
the squaryl (Sq) group was incorporated into L-glutamate instead
of one of its carboxyl groups. The carbon- and nitrogen-connected
squaryl group-containing glutamate analogs, C–Sq–Glu 14 and N–
Sq–Glu 25, exhibited a potent binding activity to iGluRs, in partic-
ular, AMPA and KA receptors. In this report, we describe the syn-
thesis of novel sulfur-linked Sq group-containing glutamate
analogs (S–Sq–Glu) 4–6 via the addition of a thiol group-containing
a-amino acid to t-butyl methyl squarate (BMSQ) (7) (Fig. 1). Their
binding activities to iGluRs are briefly disclosed.

According to our previous studies, individual GluRs recognize a
specific conformation of L-glutamate (conformational requirement
of glutamate receptors).7 Since the sulfur-linked Sq group-con-
taining glutamate analog, such as 4, would have a slightly differ-
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ent conformational and/or stereoelectronic properties in
comparison with those of the carbon- or nitrogen-linked analogs,
1 and 2, in view of its longer C–S and S–Sq bond lengths, it was of
particular interest to examine their neuropharmacological activity
toward glutamate receptors. In addition to 4, its b,b-dimethyl
analog 5, one carbon-elongated analog 6, and their enantiomers
were chosen as the present synthetic targets which would pro-
vide useful information for the SAR studies of the glutamate ana-
logs. We considered that the S–Sq–Glu analogs could be simply
synthesized by the addition–substitution reaction of a dialkyl
squarate with the terminal thiol group of readily available L-cy-
stein (Cys), D- and L-penicillamine, and D- and L-homocystein
(hCys). Prior to their syntheses, the stability of the RS–Sq (R = al-
kyl) group under physiological conditions had to be estimated be-
cause the RS–Sq group can be viewed as an activated ester group.
To answer this question, Bellus reported that the CH3S–Sq bond is
quite resistant to acid hydrolysis upon heating at 100 �C in 13%
HCl for two days, while the CH3O–Sq group was readily hydro-
lyzed under acidic or basic conditions to give squaric acid.8 Sev-
eral methods have been reported for the synthesis of the alkyl-
or arylthioesters of squaric acid: (i) [2+2] cycloaddition of meth-
ylthioketene,8 (ii) addition of hydrogen sulfide to diethyl squarate
followed by S-alkylation,9 (iii) addition–substitution of alkyl thi-
ols with 1,2-dichlorocyclobutene-3,4-dione,9 and (iv) addition–
substitution of alkyl thiols with dimethyl squarate.10 These meth-
ods except for (i) gave 1,2-disubstituted thioesters as an exclusive
or major product. These important studies suggested that the
development of an efficient method for the mono-substitution
reaction of the squarate with a thiol is necessary prior to the syn-
thesis of 4–6. We envisioned that the thiol addition to t-butyl
methyl squarate (BMSQ) 711 would undergo an addition–substitu-
tion reaction at the vinylic carbon attached to the methoxy group
to give a mono-substituted adduct in which the sterically bulky t-
butoxy group remained unsubstituted. The t-butyl group of the
resulting product can be removed under mild acidic conditions
to give the mono-substituted RS–Sq derivatives (Eq. 1).
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Initially, we examined the thiol addition to BMSQ using dode-
cane-1-thiol (8a) as a model compound. After screening of several
bases (Et3N, DBU, 1,5,7-triazabicyclo[4.4.0]dec-1-ene (TBD), or pH
8 buffer), it was found that triethylamine effected the desired reac-
tion to give the mono-substituted adduct 9a in 92% yield. None of
the disubstituted product was observed. Other bases resulted in
decreased yields due probably to instability of BMSQ to the strong
bases. The t-butyl group of the resulting 9a was simply removed by
its exposure to trifluoroacetic acid (TFA) to give 10a in quantitative
yield. This method was applicable to a variety of alkyl thiols as
shown in Table 1. The sterically bulky thiol 8b reacted with 7 to
give 9b in 59% yield (entry 2). The ester and N-Boc groups were tol-
erated under the standard reaction conditions. The t-butyl groups
of 9b–d were removed by treatment with TFA to give the S–Sq
derivatives 10b–d in excellent yields (entries 2–4), respectively,
in which 10d can be viewed as a novel S–Sq analog of c-aminobu-
tyric acid (GABA). On the other hand, the reaction with the aro-
matic thiol gave the mono-substitution product 9e in 12% yield
and the methyl thioether 11 was isolated as the major product
(48%) (entry 5) due to the attack of the aromatic thiolate, which
is a soft nucleophile, to the methoxy carbon of 7.12

With the above mentioned method in hand, we turned our
attention to the synthesis of the S–Sq–Glu analogs 4-6. The treat-
ment of Boc–L-Cys 12 with 7 under the standard reaction condi-
tions furnished the mono-substitution product 13, which, upon
treatment with TFA, afforded the sulfur-linked glutamate analog
4 in 72% overall yield; ½a�27

D � 60:4 (c 0.97, 6 N HCl). The structure
was confirmed by the X-ray crystallographic analysis (Fig. 2),13 in
Table 1
Addition of thiols to BMSQ 7

Entry Thiol Time

1 HS(CH2)11CH3 4

2 HS

8b

9

3
HS

CO2Me

8c

9

4
HS

NHBoc

8d

20

5
HS TMS

8e

24

a All reactions with 7 were carried out in CH2Cl2 at room temperature in the presenc
b All reactions were carried out in CH2Cl2 and TFA at room temperature.
which its solid conformation was similar to that of the reported
N–Sq–Glu 2 (Na salt)5 and one of the preferential conformers of
L-glutamate in the crystal form.14 The bond angle (H2C–S–Sq)
was 68.6�, and the H2C–S and S–Sq bond lengths were 1.809 and
1.714 Å, respectively. The S–Sq bond length was much longer than
the N–Sq (1.32 Å) and C–Sq (1.50 Å) bond lengths. The synthetic
sulfur-linked analog 4 was quite stable even at pH 0.3 in D2O for
one week. The optical stability of 4 was ascertained by the fact that
no D atom was incorporated into its a-carbon under the above con-
ditions. On the other hand, the amino acid 4 gradually decomposed
below pH 8 probably due to an attack of the internal a-amino
Producta (yield (%)) Productb (yield (%))
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Figure 2. X-ray crystal structure of 4.
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group on the oxo- or thioester-attached carbon atom. The pK1 (�0)
and pK2 (1.9) values were calculated by titration experiments using
1H NMR (see, Supplementary data) although the pK3 value could
not be obtained due to the above mentioned reason. These values
were almost the same as those of the carbon analog 1 (pK1 �0 and
pK2 1.8)4 and were stronger than those of squaric acid (0.54 and
Table 2
Synthesis of S–Sq group-containing glutamate analogs 4, 5a,b, and 6a,b

Entry Thiol Time

1

HS
CO2H

NHBoc

Boc-L-cysteine 12

18

2
HS

CO2H

NHBoc

Boc-L-penicillamine 14a

24

3
HS

CO2H

NHBoc

Boc-D-penicillamine 14b

24

4 HS CO2H

NHBoc

Boc-L-homocysteine 16a

18

5 HS CO2H

NHBoc

Boc-D-homocysteine 16b

18

a All reactions with 7 were carried out in CH2Cl2 at room temperature in the presenc
b All reactions were carried out in CH2Cl2 and TFA at room temperature.
3.48).1d Finally, the other analogs 5a,b and 6a,b were synthesized
from Boc–penicillamine 14a,b, and Boc–hCys 16a,b according to
the same procedure as those for the synthesis of 4, respectively
(Table 2).

Preliminary pharmacological assays of the synthetic com-
pounds 4, 5a,b, and 6a,b for ionotropic glutamate receptors (KA,
AMPA, and NMDA subtypes) in rat brain synaptic membranes were
performed. Radioligand binding assays using [3H]KA for the KA
receptors, [3H]AMPA for the AMPA receptors, and [3H]CGP39653
for the NMDA receptors revealed that S–Sq–L-Cys 4 exhibited a po-
tent and selective binding affinity to KA (IC50 = 3.8 lM) and AMPA
receptors (1.4 lM),15 which were almost the same in magnitude as
those of the C–Sq analog 1 (0.8 lM for AMPA and 2 lM for KA),4

while the magnitude of its activity was weaker than that of L-glu-
tamic acid. In contrast, both enantiomers of the S–Sq–hCys 6a,b
were found to exhibit selective binding affinities to the NMDA
receptors (6a, 1.0 lM and 6b, 0.5 lM) rather than the other recep-
tors (24 lM for AMPA and >100 lM for KA)). The penicillamine
analogs 5a,b did not show any significant binding affinity to these
receptors even at a 100 lM concentration.

In summary, we have developed a facile method to access var-
ious sulfur-linked Sq derivatives including new glutamate analogs
4, 5a,b, and 6a,b using the mono-substitution reaction of BMSQ 7.
Among the new analogs, the L-Cys-derived 4 exhibited a potent
binding affinity to the AMPA/KA receptors and S–Sq–hCys 6a,b
showed intriguing binding affinities to the NMDA receptors. Fur-
ther pharmacological characterization of these analogs to gluta-
Producta (yield (%)) Productb (yield (%))
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mate receptors and their SAR studies of other glutamate analogs
are ongoing in our laboratories.
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