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ABSTRACT

Compound 1, 2-(4-phenoxyphenylsulfonylmethyl)thiirane, is a selective inhibitor of gelatinases, which is showing high promise in studies of
animal models for cancer metastasis and stroke. The ( R)-1 and (S)-1 enantiomers of compound 1 were each synthesized in this study and
were shown to be equally active in inhibition of gelatinases.

Restructuring of the extracellular matrix is an important
biological event for both physiological and pathologial
processes. These events are highly regulated in physiological
settings. However, when the regulation of these events goes
awry, a number of pathological events ensue, including
cancer growth, tumor metastasis and angiogenesis, arthritis,
connective tissue diseases, inflammation, and cardiovascular,
neurological, and autoimmune diseases.1-8

Matrix metalloproteinases (MMPs) constitute a family of
26 closely related zinc-dependent endopeptidases involved
in these processes. Of these enzymes, gelatinases (MMP-2

and -9) have been implicated in a number of diseases, and
inhibitors for these are highly sought. Unfortunately, virtually
all of the known inhibitors for gelatinases are broad-
spectrum.9-14 There are a mere handful known to exhibit
selectivity toward subsets of MMP members.15

We recently reported the design and in vitro evaluation
of racemic 2-(4-phenoxyphenylsulfonylmethyl)thiirane (com-
pound1).16 This compound is a potent and selective inhibitor
for human gelatinases. The gelatinase inhibitor is highly
active in in vivo models for cancer metastasis and for brain
damage after stroke in mice, both of which are processes
known to be mediated by the activity of gelatinases.17,18
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The biphenyl moiety fits in the deep hydrophobic pocket
in the active sites of gelatinases, and the inhibitor interacts
with the active-site zinc ion through the thiirane moiety. This
interaction activates the thiirane for nucleophilic attack by
the active site glutamate in these enzymes, resulting in
irreversible inhibition (Scheme 1). The mechanism of action
of this inhibitor is unique among those reported for MMPs.

Whereas we have used a racemic mixture of inhibitor1
in all previous investigations (including animal studies), we
have been curious if one or both of the enantiomers would
exhibit the biological activity. In the field of enzyme
inhibition, it is widely assumed that one enantiomer is active
while the other is not. To provide the answer to this question,
we report herein the facile syntheses of optically active (R)-
and (S)-enantiomers of compound1, starting from com-
mercially available (R)- and (S)-epichlorohydrin, respectively
(Figure 1). We also report on the enzyme inhibitory

properties of the enantiomers and provide answers on
interactions of these molecules within the active site of
MMP-2.

Synthesis commences with lithiation of 4-phenoxyphe-
nylbromide (2), which was then treated with sulfur to

generate the corresponding thiolate. The thiolate was allowed
to react with (R)-epichlorohydrin (97% ee) (Scheme 2).
Optical purity of the resultant compound ((R)-3) was 97%,

which indicates that the nucleophilic attack of the thiolate
occurred exclusively at the C-3 of epichlorohydrin and the
stereocenter was not scrambeld during this step. We cannot
rule out the possibility of nucleophilic attack at C-1, and
the released Cl- subsequently attacked at C-3 epoxide
opening, though C-3 attack is the most likely route. The
enantiomeric excess was determined by chiral HPLC (Sup-
porting Information).

We also explored alternative routes to the chiral thiiranes,
starting with the same starting material2 (Scheme 3). After

the thiolate was generated by the reaction of2 with n-BuLi
and sulfur, we allowed it to react with acetyl chloride,
yielding the thioacetate6. Compound6 directly gives (S)-4
by treatment with epichlorohydrin. Another approach is by
the reaction of the thiolate with allyl bromide to give the
allyl sulfide 7, which could further be elaborated to the
corresponding chiral diol, (S)-8, by the Sharpless dihydroxy-
lation reaction.19 The resulting diol could be converted to
the epoxide under Mitsunobu condition.20 After careful
consideration of the yields, the need for purification, and
the issue of enantioselectivity, we opted for the original route
outlined in Scheme 2.

The remainder of the synthetic route was similar to that
of a published method,21 which involves the formation of
the epoxide ring, sulfide oxidation, and thiirane ring forma-
tion. Throughout the synthesis, the stereocenter was intact.
The last step, conversion of the oxirane to the thiirane ring,
involves inversion of stereochemistry.22,23 This was per-
formed in the presence of thiourea to give the desired
product, which was recrystallized from 1-butanol.

The optical purity was determined by NMR in the presence
of the chiral shift reagent europium tris[3-(heptafluoropro-
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Scheme 1

Figure 1. Selective gelatinase inhibitor.
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pylhydroxymethylene)-(+)-camphorate], Eu(hfc)3. The NMR
sample was prepared by adding 5 mg of (R)-1and 1 mg of
Eu(hfc)3 in 0.2 mL of CDCl3. In this condition the other
enantiomer ((S)-1) was not detected in NMR. Thus, we can
say that the enantiomeric excess of (R)-1is >90%.

Synthesis of (S)-1was performed according to the same
procedure, with the sole substitution of (S)-epichlorohydrin
as the reagent of choice. The optical purity was comparable
to the case of the other enantiomer.

The racemic form of inhibitor1 binds the active site of
gelatinases with high selectivity.16 The compound has a
complicated profile for its inhibition of these two enzymes.
There is an onset of noncovalent slow-binding inhibition
(rapidkon), resulting in a complex that cannot readily reverse
itself (slowkoff). The ratio ofkon/koff furnishes the dissociation
constant (Ki) for the inhibitor, a measure of the propensity
for the formation of the complex between the inhibitor and
the enzyme. TheKi values are in the nanomolar range for
gelatinases. The noncovalent complex leads to covalent
inhibition of the enzyme. The side-by-side analyses were
performed for the racemate, and for the (R)-1 and (S)-1
enantiomers (Table 1). For approach to the kinetic method-
ologies, consult Brown et al.16

In an unexpected outcome to these analyses, both the (R)-1
and (S)-1enantiomers were equally active.

While it is unusual for the enantiomers of a racemic
mixture to function equivalently as inhibitors, it is not without
precedence.24,25 For example, Ryu et al. reported that both
enantiomers of 2-benzyl-3-epoxybutanoic acid having con-

figurations of (2S,3R) and (2R,3S) are equally efficient
inhibitors of carboxypeptidase A as evidenced by their
kinetics and by the X-ray crystal structures of the inhibited
enzymes.24

The computational study is supportive of the experimental
findings that both enantiomers of inhibitor1 are able to bind
to the active site of MMP-2 (Figure 2). In both cases, the

requisite thiirane carbon for the nucleophilic attack by Glu-
404 is presented properly for the reaction with coordination
of the thiirane sulfur to the zinc ion.
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Table 1. Kinetic Parameters for Inhibition of Gelatinases by
the Synthetic Inhibitors

10-4kon (M-1 s-1) 104koff (s-1) Ki (nM)

MMP-2
(R)-1 2.2 ( 0.5 5.3 ( 0.5 24 ( 6
(S)-1 1.7 ( 0.4 4.0 ( 0.3 23 ( 6
(()-1 2.0 ( 0.5 5.7 ( 0.3 28 ( 7

MMP-9
(R)-1 0.22 ( 0.05 11.0 ( 0.2 500 ( 10
(S)-1 0.28 ( 0.05 8.8 ( 1.4 310 ( 70
(()-1 0.28 ( 0.09 12.4 ( 0.2 400 ( 150

Figure 2. Stereoview of the energy-minimized complexes of (A)
(R)-1 and of (B) (S)-1 bound to the active site of MMP-2. A
Connolly solvent-accessible surface is constructed in the active site
(shown in green), while the loop that constitutes the S1′ subsite of
the enzyme is drawn as a purple tube. The compounds, along with
the active-site Glu-404 (at 11 o’clock) and the three histidines shown
in capped-sticks representation, are colored according to atom types
(yellow, red, blue, and white for S, O, N, and C, respectively).
The zinc ion is shown as an orange sphere.
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