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Conformational analyses of thiirane-based gelatinase inhibitors
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Abstract—SB-3CT is a thiirane-containing inhibitor of the gelatinase class of matrix metalloprotease enzymes. In support of the
mechanistic study of this inhibition, the conformational analyses of SB-3CT (and of two methyl-substituted derivatives) were under-
taken using X-ray crystallography and molecular dynamics simulation.
� 2007 Elsevier Ltd. All rights reserved.
Gelatinases are members of the family of matrix
metalloproteinases (MMPs), enzymes that have been
implicated in many pathological and physiological func-
tions.1–5 Compound 1, also referred to as SB-3CT, is a
potent and selective gelatinase inhibitor both in vitro
and in vivo.6–9 Compound 1 is active in rodent models
for cancer and stroke, and is a useful tool for the eluci-
dation of the functional properties of these enzymes in
in vivo models. A recent metabolism study of compound
1 revealed that it is metabolized primarily by oxidation,
mainly at the a-methylene to the sulfonyl group and at
the para position of the terminal phenyl ring.10 Despite
active metabolic turnover of 1, it shows potent activity
in vivo and holds considerable promise in investigating
the roles of gelatinases in biological systems.
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Attempts to determine the structure of compound 1

when bound to gelatinases by X-ray crystallography
have failed. In order to understand the structural issues
that govern the interactions between the inhibitor and
these enzymes, we have resorted to X-ray absorption
spectroscopy.11 While these studies have provided
quantitative structural information concerning the
inhibited enzyme (wherein the thiirane has undergone
ring opening), an understanding of the structural as-
pects to the initial presentation of 1 to the catalytic zinc
ion in the MMP active site is much less well under-
stood. In this study, we expand our understanding of
the structural chemistry of this inhibitor class. As both
experimental and computational chemistry reveal a dis-
tinct conformational preference for the aryl sulfone,
strongly favoring the conformation wherein the p orbi-
tal of the ipso carbon atom bisects the two sulfur-oxy-
gen bonds,12 we wondered as to the importance of this
preference to the inhibitory ability of compound 1. Fur-
thermore, an understanding of the effect of structure
alteration near the aryl sulfone on the conformational
preferences was necessary for the interpretation of the
structure-activity relationships within this inhibitor
class. To address these issues, we synthesized com-
pounds 2 and 3 for the purpose of structural compari-
son to 1 using crystallographic and molecular dynamics
methods.

The synthetic route followed the methodology devel-
oped by our group (Scheme 1),13,14 which involves thio-
late generation from methylated phenoxyphenyl
bromide, followed successively by alkylation with epi-
chlorohydrin, oxirane ring formation, oxidation to
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Scheme 1. Syntheses of compounds (±)-2 and (±)-3.
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sulfone, and conversion of the oxirane to the thiirane.
The synthetic challenge with respect to 2 and 3 was
the preparation of the methylated phenoxyphenyl bro-
mides (5a and b) as key intermediates. Introduction of
the single methyl group, and of the dimethyl groups,
in the middle phenyl ring was accomplished using 3-
methyl and 3,5-dimethyl-4-bromophenol (4a and b),
respectively.

These compounds were reacted separately with 4-iodo-
benzene under Ullmann conditions using copper(I) io-
dide, Cs2CO3, and N,N-dimethylglycine hydrochloride
as a promoter.15 Under this Ullmann condition, self-
condensation of the bromophenol moiety is consider-
ably slower than the reaction with iodobenzene. By
using limiting amounts of Cs2CO3 and of CuI, by strict
control of the duration of the reaction, and by taking
advantage of the favorable steric factors at the bromo
position(s), the self-condensation reaction of the bromo-
phenol was avoided completely. Elaboration at the bro-
mo position in compounds 5a and 5b is problematic in
general due to steric hindrance. According to literature
precedents, lithiation of bromomesitylene requires treat-
ment at room temperature16,17 or even reflux condi-
Figure 1. (A) The atom numbering is demonstrated on the structure of

respectively) are shown at 50% probability level. Hydrogen atoms are omit

alternate conformations of each are superimposed.
tions.18 In our case, prolonged reaction time for
lithiation at �78 �C and for the thiolate substitution
gave access to compounds 6a and 6b in good yield.
The transformations leading to (±)-2 (from 6a) and
(±)-3 (from 6b) were done by the methodology devel-
oped by our group.13,14,19

Compounds 1–3 were crystallized as racemates. Com-
pound 1 was crystallized from ethyl acetate and hexane,
and compounds 2 and 3 were crystallized from metha-
nol. The ORTEP diagrams of compounds 1–3 are
shown in Figure 1 and the full details on the crystal
structures are given in the Supplementary data.19 Each
compound crystallized with one molecule in the asym-
metric unit. Compound 1 crystallized in the space group
P21/c, while the other two structures both crystallized in
the space group P�1, with similar cell dimensions (Table
1).20 Disorder is seen in all three structures. Two orien-
tations for the thiirane rings are seen for all three com-
pounds. The thiirane groups of 1 and 3 are disordered
about the sulfur atom. Compound 1 also shows a second
disordered position for the C13 methylene. Compound 2
exhibits disorder in the positions of all three atoms of
the thiirane. Last, there is orientational disorder in the
compound 1 (A). The ORTEP diagrams of compounds 1–3 (B–D,

ted for clarity. The structures correspond to the R-stereoisomer. The



Table 1. Crystallographic details of compounds 1–3

1 2 3

Formula C15H14O3S2 C16H16O3S2 C17H18O3S2

Mr 306.38 320.41 334.43

Space group P21/c (No. 14) P�1 (No. 2) P�1 (No. 2)

a (Å) 5.40350(10) Å 5.7744(2) 5.4528(3)

b (Å) 28.1118(6) Å 11.2258(4) 11.4721(5)

c (Å) 9.3269(2) Å 12.0078(4) 13.0581(6)

a (�) 90 85.695(2)� 88.396(2)

b (�) 95.7320(10) 78.737(2)� 81.581(2)

c (�) 90 85.483(2)� 79.755(2)

V Å3 1409.69(5) 759.59(5) 795.16(7)

Z 4 2 2

T (�C) 100(2) 100(2) 100

k (Å) 1.54178 1.54178 1.54178

Dobsvd (g cm�3) 1.444 1.401 1.397

l (cm�1) 3.464 3.239 3.117

R1 (F2, I > 2r(I)) 0.0366 0.0423 0.0592

wR2 (F2) 0.0969 0.1281 0.1566

S 1.049 1.247 1.057

wR2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

wðF 2
o�F 2

c Þ
2½ �P

wðF 2
oÞ

2½ �

r
; R1 ¼

P
jjF o j�jF c jjP
jF o j

; GooF ¼ S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

wðF 2
o�F 2

c Þ
2½ �

ðn�pÞ

r
.

n, number of reflections; p, number of parameters refined.

Figure 2. (A) Superimposition of the stereo representation of the R-

isomers from the crystal structures of 1 (green), 2 (blue), and 3 (orange)

as capped stick representations, with superimposition centered around

the central ring. (B and C) Superimposition of 16 molecular dynamics

snapshots (each from the end of 0.1 ns of dynamics) for 1 (B) and for 3

(C). Hydrogen atoms are colored in gray, carbons in green (B) and

blue (C), oxygens in red, and sulfurs in yellow.
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two aromatic rings of 3. The angle between normals to
the planes of the rings formed by C1 to C6 and the min-
or orientation of this ring is 163.8�. Similarly, the angle
between ring C7–C12 and its minor fraction is 12.9�.

The major conformers for compounds 1–3 from the
crystal structures are superimposed in Figure 2A as
the R-enantiomers of each structure. The C13-S1-C10-
C11 dihedral angle observed in the solid state for 1 is
94.0(4)�; for 2 is 102.6(2)�; and for 3 is 98.4�. These val-
ues correspond to stable conformations of the arylsulf-
one, as discussed by Hof et al.12 The structures of
compounds 1 and 3 were additionally evaluated by
molecular dynamics simulations in a solvated system.23

The results are shown in Figure 2B and C for com-
pounds 1 and 3, respectively. The MD conformers
encompass a C13-S1-C10-C11 dihedral angle of
90� ± 18� for 1, and of 90� ± 21� for 3. This relative mo-
tion is fully consistent with the previous study.12 Hence,
the lowest energy conformations with respect to the aryl
sulfone are seen in the crystal structures, and during the
dynamics. As the structures reveal, the presence of the
methyl groups in the middle ring moderates the
degree of motion that the thiiranylmethyl segment
experiences.

The mechanism of gelatinase inhibition by 1 is charac-
terized by a potent (low nanomolar), slow-binding
kinetics progression to an enzyme-inhibitor complex,
wherein its thiirane ring is opened. As this complex
has not yet been amenable to characterization by crys-
tallography, and as the Michaelis complex of 1 having
the intact thiirane is transient, several efforts toward
computational evaluation of both structures have been
made. The recognition that the arylsulfone of 1 imparts
significant conformational constraint,12 as confirmed
here in the solid-state and by molecular dynamics simu-
lations, provides strong guidance toward this structural
understanding. The existence of this conformational
constrain is implicit from the extensive crystallographic
study of aryl sulfone-based hydroxamate inhibitors of
MMP-9, as recently reported by Tochowicz et al., and
also in their computational analysis of the 1-MMP-9
inhibited complex.29 All mechanistic postulates for the
events following gelatinase complexation of 1 must orig-
inate from a Michaelis complex that accommodates a
strong bias for the placement of the diarylether,29 a
hydrogen bond between one of the oxygens of the sul-
fone and the MMP,29 the conformational constraint of
the arylsulfone,12 and intimate contact between the thii-
rane and the active site zinc.11 Efforts toward a mecha-
nistic postulate that embraces these criteria are in
progress.
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