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Abstract—Ab initio calculations (B3LYP/Lanl2DZ level of theory) were performed in this study to determine all the structural and
catalytic zinc parameters required in order to study MMPs and their complexes with hydroxamate inhibitors by means of the
AMBER force field. The parameters thus obtained were used in order to study the docking of some known MMPi (Batimastat,
CGS 27023A and Prinomastat) and our previously described inhibitor a which had shown an inhibitory activity for MMP-1,
and -2, with the aim of explaining the different selectivity. On this basis the two enantiomers (R)-b and (S)-b were designed and
synthesized, as more potent MMP-2 inhibitors than our previously described inhibitor a. Between these two enantiomers the
eutomer (R)-b proved to be 24.7 times and 15.3 times more potent than CGS 27023A and the parent compound a on MMP-2, main-
taining a higher index of MMP-2/MMP-1 selectivity compared with CGS 27023A and the more potent inhibitor Prinomastat. The
hydroxamate (R)-b can be considered as a progenitor of a new class of biphenylsulfonamido-based inhibitors that differ from com-
pound a in the presence of an alkyl side chain on the C alpha atom, and show different potency and selectivity profiles on the two
MMPs considered.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Metalloproteinases are one of the five catalytic classes of
proteinases found in human. All metalloproteinases use a
Zn2+ ion, linked stably to their catalytic site, to effect
amide bond hydrolysis on their natural peptide sub-
strates.2 Several types of zinc enzymes are known and
are presently the object of intensive studies, for example,
carboxypeptidase A (CPA), histone deacetylases
(HDACs), tumour necrosis factor a-convertase (TACE)
and matrix metalloproteinases (MMPs).3 The human
MMP family is known to include at least 23 enzymes,
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divided into four sub-groups on the basis of their sub-
strate specificity: collagenases (MMP-1, -8, and -13), gel-
atinases (MMP-2 and -9), stromelysins (MMP-3, -10, and
-11) and membrane-type MMPs (MT-MMPs).4 MMP
activity is highly regulated at many levels and, under nor-
mal conditions it is controlled by endogenous inhibitors
known as tissue inhibitors of MMPs (TIMPs).5 Uncon-
trolled over-expression of MMPs can promote a variety
of diseases including arthritis, tumour metastasis, multi-
ple sclerosis and periodontal degradation. On this basis
a large number of MMP inhibitors (MMPi) have been
developed as potential therapeutic agents.3–12 Many of
the known MMPi contain a zinc-binding group (ZBG)
linked to different scaffolds to ensure strong interactions
within the co-factor-binding regions of these enzymes;
among them the more developed and potent class of
MMPi utilizes a hydroxamate as the ZBG.13–21 Among
the MMPs, the two gelatinases (MMP-2 and MMP-9),
matrilysin (MMP-7) and MT1-MMP (MMP-14) play a
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significant role in certain key functions of tumour cells,
facilitating metastatic tumour dispersion and angiogene-
sis, resistance to apoptosis and activation of EGF recep-
tors.22–28 In the past, some potent ‘broad spectrum’
MMPi have been proposed and tested against tumours,
but at present none of them are on the market.10,29 In fact,
many of these new molecules have determined a severe
musculoskeletal syndrome, with fibroproliferative effects
in the joint capsule of the knee.30–32 These effects are
thought to be linked to an impairment of normal tissue
remodelling governed by MMP-1 and/or by sheddases
such as TNF-a-convertase.33 For these reasons, a lack
of activity with respect to MMP-1 is considered to be an
important factor in reducing some of the side effects found
for ‘non-selective’ MMPi.34 The recent development of
synthetic MMPi possessing a good potency and selectivity
towards the two gelatinases, together with the discovery
that some of these molecules active on MMP-2 show
important pro-apoptotic effects on tumour cell cultures,
confirms the validity of their use as potential anti-tumour
agents.3,7–9,13–21,35–37 Nowadays new compounds pos-
sessing a selective inhibitory activity on MMPs that are
over-expressed in tumours are in great demand, with par-
ticular reference to viability control and invasiveness of
the cancer cell, and many groups and pharmaceutical
companies all over the world are involved in improved
studies on these new synthetic MMPi, not only to develop
new drugs but also to discover new agents to be used as
diagnostics in cancer.38,39 As reported above, it has been
demonstrated that the catalytic zinc ion in the active pock-
et of MMPs is directly involved in the degradation of
extracellular matrix components. In the latent form of gel-
atinases, the active site presents the zinc bound to three
histidine residues and blocked by the sulfydrylic group
of a cysteine. During activation, the detachment of the
propeptide also involves the dissociation of this residue,
and the active site becomes accessible for the substrate.40

A mechanism has been proposed for the catalytic activity,
on the basis of structural information. In the first step, the
zinc ion is tetrahedrally coordinated to three histidines
and a water molecule; during proteolysis, the water do-
nates a proton to Glu219 (1HFC41 sequence number),
which transfers it to the nitrogen of the scissile amide
bond that is stabilized by Ala182; this is followed by the
generation of a salt bridge between Glu219 and the free
amine of the cleaved substrate.42 As the zinc ion plays
an important role in the substrate degradation, one of
the possible strategies to develop new MMPi is based on
the search for the best ZBG able to compete with the sub-
strate in zinc coordination. Common ZBGs of MMPi in-
clude hydroxamates, carboxylates, thiolates and
phosphonates.8,43,44 Among these the hydroxamate
group has proved to be the most potent (100–2000 times
compared with their carboxylate analogue).43 It is known
from crystallographic data that two zinc atoms are pres-
ent in MMPs: a structural tetra-coordinated atom, which
is linked with three histidines and an aspartate with a tet-
rahedral structure, and a catalytic atom, which, in the
presence of hydroxamate inhibitors, is linked to three his-
tidines and the ligand with a penta-coordination in a bipy-
ramidal trigonal geometry, considering that the
hydroxamate group behaves like a bidentate ligand.45–47

Some new N-arylsulfonyl-substituted alkoxyaminoaceto
hydroxamic acid derivatives have recently been synthe-
sized and tested, and proved to possess a good selectivity
for MMP-2 over MMP-1;48 these may be considered as
promising leads for the development of new selective
inhibitors of metalloproteinases. A rational planning of
these inhibitors requires the availability of adequate
molecular models, to make possible to study the mecha-
nism of the enzyme–ligand interaction. Resolution of
the crystal structure of MMP-2 gave researchers the
opportunity to develop new compounds by means of a
structure-based approach; so far, however, no X-ray
structures of the MMP-2-inhibitor complexes have been
reported, and there is a real need for theoretical studies
on the binding mode of MMP-2 with its inhibitors, since
they can provide insight into the interaction occurring
in the active site. In order to perform the docking of li-
gands with metalloproteinases, the use of computational
methods has proved to be problematic, because of the
restrictions imposed by the presence of the zinc ion. These
applications are developed on the basis of an empirical
force field, which cannot be used directly in the design
of ZBGs of MMPs49 and other metalloproteinases, given
the lack of parameters relating to the metallic ions. The
use of generalized parameters in the case of these ions is
highly unadvisable, considering that the coordination
bonds formed by these ions largely depend on the nature
of the ligands. There are two ways to model the force field
of this zinc ion: the bonded model and the non-bonded
model. In the bonded model the coordinates between zinc
and ligand/MMP are described by the commonly used
bonded terms, including bond stretching.50–55 On the con-
trary, in the non-bonded approach, van der Waals and
non-bonded electrostatic terms are used to model the
zinc–ligand/MMP interactions. The non-bonded method
is very sensitive to the choice of electrostatic model and
can suffer from an inability to retain a low coordination
number. Furthermore, with the AMBER force field, the
non-bonded approach generally fails to give the correct
coordination number, even when long-range electrostatic
interactions are correctly accounted for using an infinite
cutoff.53,56 For all these reasons, we adopted the bonded
approach for the zinc ion representation, and therefore
specific parameters for the zinc ion had to be added to
the AMBER force field.57 There are many works in the lit-
erature regarding the theoretical study of the zinc ion: in
1996, Ryde studied the coordination of the catalytic zinc
ion in alcohol dehydrogenase through combined quan-
tum chemical and molecular mechanical calculations,58

while in 1999 he wrote a theoretical study regarding car-
boxylate-binding modes.59 In 2002, Torrent et al. per-
formed an ONIOM study of methane monooxygenase
and ribonucleotide reductase,60 and in 2002 Olsen et al.
published a quantum mechanical study concerning the
influence of a hydrogen-bonding network on b-lacta-
mase.61 Regarding MMPs, Donini and Kollman53 and
recently Rizzo et al.62 carried out, respectively, MM-
PBSA and MM-GBSA calculations on certain ligands
complexed with MMP-1, MMP-2 and MMP-3, using
the zinc non-bonded model. As regards the zinc-bonded
model, Toba et al.56 reported molecular dynamics and
free energy perturbation studies carried out on enzyme–
inhibitor complexes of human fibroblast collagenases,
using AMBER force field parameters coming from



Table 1. Parameters calculated for the structural and catalytic zinc-

binding sites

Structural Zn binding site

Interaction Bond length Force constant

Z1–N* 2.0766 99.00
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human carbonic anhydrase II studies.63 These parameters
were taken from a tetrahedral model, in which the tetra-
coordinated zinc atom was linked with three histidine res-
idues and one water molecule or hydroxide ion; in other
cases, the crystal structure of hydroxamate inhibitors
complexed with MMPs revealed that the catalytic zinc
was penta-coordinated with three histidine nitrogens in
MMPs and two hydroxamate oxygens in inhibitors. Con-
sequently, specific force field parameters to study MMPs
and their complexes with hydroxamate inhibitors needed
to be calculated by quantum mechanical ab initio meth-
ods. In this work, we calculated the force field parameters
for the structural zinc and the catalytic zinc complexed
with hydroxamate inhibitors, and we subsequently tested
their efficacy. Furthermore, we studied the docking of
some known inhibitors with MMP-1 and -2 and from
an analysis of the results, we designed a new MMP-2 ac-
tive and selective inhibitor.
Z1-O 2.0192 132.00

Interaction Angle Force constant

N*–Z1–N* 111.0000 10.00

C–N*–Z1 126.0000 27.00

C–O–Z1 108.3030 39.00

O–Z1–N2 112.0000 11.55

O–Z1–NU 95.3530 11.55

Catalytic Zn binding site

Interaction Bond length Force constant

Z2–N2 2.1051 80.00

Z2–NT 2.1619 70.00

Z2–O1 2.1070 95.00

Z2–O2 2.1111 103.50

O1–N2 1.4061 520.00

Interaction Angle Force constant

N2–Z2–N2 111.8620 8.00

N2–Z2–NT 97.9730 8.00

N2–Z2–O2 123.3505 8.75

N2–Z2–O1 90.2945 9.50

NT–Z2–O2 86.7380 8.25

NT–Z2–O1 165.1020 12.85

O1–Z2–O2 78.3650 9.90

C–N*–Z2 126.0000 26.50

N2–O1-Z2 111.8140 67.00

Z2–O2–C 110.5900 33.00
2. Results and discussion

2.1. Parameter calculations and testing

Starting from the MMP-1 structure derived from
experimental crystallographic studies (2TCL),64 we cal-
culated the geometry, the partial charges and the force
constant parameters concerning the two zincs of the
metalloproteinases, using the methods reported in Sec-
tion 4. Table 1 shows all the parameters obtained
using this procedure. In order to test the parameters
obtained and to verify whether they could be used
for molecular dynamics (MD) simulations, we carried
out 1 ns of MD on the X-ray structure of MMP-1
(1HFC)41 complexed with HAP (see Section 4 for de-
tails) using our parameters. As shown in Figure 1A,
after 140 ps of MD, the system reached an equilibri-
um, since the total energy for the last 900 ps remained
constant. Analyzing the rms deviation from the X-ray
structure of all the heavy atoms of the complex, we
observed that after an initial increase, in the last
700 ps the rmsd remained approximately constant
around the value of 1 Å (see Fig. 1B), suggesting that
our MD procedure was correct. As regards the geom-
etry of the sites surrounding the two zincs, during
MD we analyzed the rms deviation from the X-ray
structure of the position of the two zincs and the hea-
vy atoms of the groups that were bound to the zincs
(three imidazoles and the hydroxamic fragment for the
catalytic zinc and three imidazoles and the carboxylic
fragment for the structural zinc).

As shown in Figure 1C and D, after the first 50 ps of
MD, both systems were stabilized with a good rmsd:
the average of the rmsd was 0.54 Å for the catalytic
zinc binding site and 0.53 Å for the structural one.
In order to verify whether using our parameters, the
zinc-bonded model gave a better geometry than the
zinc non-bonded model, we carried out a second sim-
ulation on the MMP-1 X-ray structure, applying the
same procedure seen above, but considering the two
zincs as non-bonded. Figures 1C and D show that
considering the two zinc atoms as non-bonded, the
rmsd became worse, exceeding the value of 1 Å in
some steps, and in both sites the rmsd average of
MD was 0.84 Å. Thus, these results confirmed that
the use of the zinc non-bonded model determined a
worse geometry of the zinc binding site compared with
the one obtained using the bonded model.



Figure 1. Analysis of the MD simulation of HAP complexed with MMP-1. (A) Total energy (kcal/mol) of the system plotted versus time; (B) Root

mean square deviation (rmsd) in angstroms (Å) between the system and the X-ray starting structure for all the heavy atoms; (C) rmsd between all the

heavy atoms of the catalytic zinc binding site and the X-ray starting structure for the bonded zinc system and non-bonded zinc system; and (D) rmsd

between all the heavy atoms of the structural zinc binding site and the X-ray starting structure for the bonded zinc system and non-bonded zinc

system.
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From the X-ray structure of the complex, we observed
that the ligand formed six H bonds with the MMP-1.
As shown in Figure 2, HAP interacts with Gly179,
Leu181, Ala182, Glu219, Pro238 and Tyr240 (1HFC41

sequence number). The complex obtained by minimizing
the average structure of the last 900 ps of MD showed
that all the six H bonds were still present and that the
ligand position was very similar to the X-ray one, since
the rmsd between the heavy atoms of the ligand was
1.25 Å. Moreover, this value was principally determined
by the different position of the phenyl substituent: the
rmsd of the heavy atoms of the ligand, excluding those
of the phenyl ring, was 0.36 Å (see Fig. 3).

All these analyses proved that the new parameters calcu-
lated and our dynamics procedure were reliable and
could be used for further docking studies.

2.2. Docking studies

We docked Batimastat, CGS 27023A, Prinomastat and
compound a48 (see Table 2) into the MMP-1 and
MMP-2 using the same procedure described above.
As regards the initial placement of the ligands, the posi-
tion of Batimastat was very similar to that of HAP,
while the other three ligands were introduced inside
the binding site in such a manner that they could inter-
act with Leu181, Ala182, Glu219 and with the S1 0 pock-
et, in agreement with the experimental data relative to
structurally correlated MMP-ligand complexes (see Sec-
tion 4).

2.2.1. MMP-1 complexes. At the end of the simulation,
Batimastat presented all the interactions shown by
HAP, with the formation of H bonds with Gly179,
Leu181, Ala182, Glu219, Pro238 and Tyr240 (see
Fig. 5A). The IC50 values of the two inhibitors con-
firmed our data as they had a very similar inhibition
potency (in MMP-1 HAP showed an IC50 of 7 nM
and Batimastat 10 nM). As regards CGS 27023A, the
pyridine substituent interacted in the S2 0 site, while the
isopropyl group was directed towards the His183 of
the structural zinc-binding site. The hydroxamate
formed H bonds with Ala182 and Glu219, while one
of the oxygen atoms of the sulfonamido group interact-
ed with Leu181 and Ala182, forming two H bonds, and



Figure 2. Interaction scheme of HAP complexed with MMP-1.

Figure 3. Binding position of HAP into MMP-1 after MD compared

with the starting X-ray one.
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the p-methoxyphenyl group was inserted into the S1 0

pocket (see Fig. 5B). As already known, the MMP-1
S1 0 pocket is small and closed by the non-conserved res-
idue Arg214 (leucine in MMP-2). Although this residue
shows conformational flexibility, it is known that the
low inhibition potency of many inhibitors against
MMP-1 is often due to the presence of large P1 0 groups
that would require large conformational changes in or-
der to interact with the S1 0 pocket.65 Also in our simu-
lation, the presence of the p-methoxyphenyl group in
the S1 0 pocket determined a movement of the Arg214:
in the initial structure, this residue was stabilized by four
H bonds, three of them with Leu235 and Thr241 (two H
bonds), and a fourth intramolecular H bond between
the carboxy and amino groups of the same Arg214
(see Fig. 4A); during the simulation, we observed the
rotation of the d torsional of the arginine with the disap-
pearance of the intramolecular H bond and the H bond
with Leu235, thus determining an increase in the pocket
depth (see Fig. 4).

This movement of Arg214 was not observed during
the simulation of MMP-1 complexed with Batimastat
and HAP, confirming that the conformational adjust-
ment was due to the interaction of the p-methoxyphe-
nyl substituent. The position of Prinomastat in
MMP-1 was similar to that of CGS 27023A but there
were some differences: the hydroxamate formed an H
bond with Glu219, losing the interaction with Ala182,
and one of the oxygen atoms of the sulfonamido
group interacted only with the nitrogen of Leu181,
losing the interaction with Ala182 (see Fig. 5C). As
regards the S1 0 pocket, the movement of Arg214
was very similar to that seen in the CGS 27023A-
MMP-1 simulation. We observed the rotation of the
d torsional of the arginine and the loss of all the H
bonds except those with Thr241, but in this complex,
the nitrogen of the P1 0 group of Prinomastat formed
an H bond with Thr241. As regards compound a, it
was unable to penetrate with the P1 0 substituent inside
the S1 0 pocket completely, thus determining a major
solvent exposure of the ligand and low interactions
with the MMP-1-binding site, including a bad coordi-
nation of the hydroxamate with the zinc atom. As
shown in Figure 4D, after about 280 ps of MD, the
ligand lost the two H bonds of the oxygen atoms of
the sulfonamido chain with Leu181 and Ala182, and
only the interaction of the hydroxamate with Glu219



Table 2. Ligands used for the docking studies and their MMP-1, -2 inhibitory activity and MMP-1/MMP-2 selectivity

Batimastat CGS 27023A

IC50 (nM)7

MMP-1 MMP-2 MMP-1 MMP-2

10 4 33 20

Ratio 2.5 Ratio 1.7

Prinomastat Compound a

IC50 (nM)7

MMP-1 MMP-2 MMP-1 MMP-2

8 0.08 12460 12.4

Ratio 100 Ratio 1004

Figure 4. Analysis of the S1 0 cavity in the X-ray structure (A) and after modelling with CGS 27023A (B). The presence of the p-methoxyphenyl group

determines the movement of Arg214 and an increase in cavity depth.
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and Ala182 remained. These simulations indicated
that Batimastat showed a good inhibition potency,
since it presented six H bonds with the protein.
CGS 27023A showed four H bonds, but in order to
interact in the S1 0 pocket, the P1 0 group determined
a conformational adjustment of Arg214, with a
consequent decrease in inhibition potency. In the
MMP-1-Prinomastat complex, we observed the same
movement of the arginine, with the formation of a
new H bond in the S1 0 pocket, however, the large
dimensions of the P1 0 substituent caused its incom-
plete penetration into the S1 0 pocket, determining as
a consequence the loss of the important interactions
with Ala182. Compound a proved to be practically
inactive in the MMP-1; this was probably due to the
presence of the biphenyl group, since this substituent
was not able to interact in the S1 0 pocket, and this
fact determined the loss of the interaction of the oxy-
gen atoms of the sulfonamido group with Ala182 and
Leu181.



Figure 5. Docking of Batimastat (A), CGS 27023A (B), P rinomastat (C) and compound a (D) into MMP-1. The main interatomic distances are

reported in blue, all distances are in Angstroms.
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2.2.2. MMP-2 complexes. The docking of Batimastat
into MMP-2 showed all the same H bonds that were
also present in the MMP-1 complex, thus confirming
the low selectivity of this ligand. As in the MMP-1,
CGS 27023A showed the pyridine substituent in the
S2 0 site, while the isopropyl group was directed towards
the His166 (1QIB66 sequence number) of the structural
zinc-binding site. The hydroxamate formed H bonds
with Glu202 and Ala165, while the sulfonamido group
interacted with Leu164 and Ala165, forming two H
bonds, and the p-methoxyphenyl group interacted in
the S1 0 pocket. Prinomastat presented a disposition very
similar to that of CGS 27023A: with the hydroxamate it
formed two H bonds with Glu202 and Ala165, while the
sulfonamido group interacted with Leu164 and Ala165.
As regards the P1 0 substituent, it was inserted into the
S1 0 pocket and formed an H bond with Thr227. Similar-
ly, compound a showed the four H bonds with Glu202,
Ala165 and Leu164, and the biphenyl system was insert-
ed into the S1 0 pocket.

2.2.3. Design of new compounds. An analysis of the eight
complexes suggested that Batimastat showed a good
inhibition potency because of the presence of several
H bonds; however, these interactions were maintained
in both proteins, and for this reason, this ligand did
not show any selectivity. On the contrary, CGS
27023A showed a low level of selectivity, which was
probably due to the conformational change that oc-
curred in the MMP-1 pocket to allow the penetration
of the p-methoxyphenyl group. Prinomastat presented
a large P1 0 substituent, which, although forming two
H bonds, determined a conformational adjustment of
the ligand in the MMP-1, with the loss of the two crucial
interactions with Leu181 and Ala182; this fact could ex-
plain its good MMP-2/MMP-1 selectivity. Compound a
was found to be the most selective ligand of the four
analyzed, and this fact could be due to the presence of
a large P1 0 group, rigid and unable to form H bonds,
or to interact with the MMP-1-S1 0 pocket. This analysis
suggested that in order to maintain the MMP-2/MMP-1
selectivity, the presence of the biphenyl group as a P1 0

substituent could be very useful.

In order to improve the MMP-2-inhibitor potency of
compound a, maintaining its MMP-2/MMP-1 selectivity,
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an analysis of the binding site characteristics could be
decisive. For this reason, by means of the GRID pro-
gram,67 we examined the molecular interaction fields
(MIFs) obtained for different probes for the MMP-2. In
particular, the examination of the DRY, C1@ and C3
probes revealed that besides the lipophilic pocket, corre-
sponding to the S1 0 pocket, there was a second pocket in
which a lipophilic interaction was favourable, and this
pocket corresponded to the zone occupied by the CGS
27023A isopropyl group. For this reason, we hypothe-
sized that the design of an analogue of compound a with
an isopropyl substituent on the alpha carbon atom might
be able to increase the MMP-2 inhibition (see Fig. 6),
while maintaining a low MMP-1 inhibitory potency,
due to the biphenyl group interaction. The substitution
of the C alpha determined the formation of a chiral car-
bon; Figure 7 shows the docking into MMP-2 of the
two enantiomers of the designed ligand. In both complex-
es, the inhibitors formed all the H bonds shown by
Figure 6. GRID analysis of the MMP-2/compound (R)-b complex.

The green surface indicates the lipophilic area highlighted by using the

DRY probe; the isopropyl substituent which could interact in this zone

is coloured magenta.

Figure 7. Super imposition of (R)-b (grey) and (S)-b (green) docked

into MMP-2. Unlike (R)-b, the isopropyl substituent of (S)-b is

directed towards the core of the metalloprotein.
compound a, but unlike (R)-N-hydroxy-2-(N-isopro-
poxybiphenyl-4-ylsulfonamido)-3-methylbutanamide
(compound (R)-b), the S enantiomer (compound (S)-b)
presented the isopropyl group directed towards the core
of MMP-2, and with this disposition the substituent was
unable to interact in the region defined by GRID, leading
to worse interactions with the protein.

2.3. Chemistry

The synthesis of hydroxamates (S)-b and (R/S)-b is illus-
trated in Scheme 1. Intermediate acids (S)-2 and (R/S)-2
were prepared by nucleophilic SN2 replacement reaction
of the secondary bromides (R)- and (R/S)-tert-butyl 2-
bromo-3-methyl butanoate with a caesium salt of the O-
i-propyl-sulfonamide 1.48 The same reaction carried out
using (S)-tert-butyl 2-bromo-3-methyl butanoate, in an
attempt to obtain the R enantiomer of 2, gave only a poor-
ly enriched enantiomer (R)-2. The optical purities of these
acids ((S)-2 and (R)-2) were determined by transforming
them into their diastereoisomeric amides, (S,S)-3 and
(R,S)-3, by reaction with (S)-1-phenylethylamine ((S)-
PEA).68 The resulting diastereoisomeric amides, (S,S)-3
and (R,S)-3, subjected to HPLC analysis to establish their
optical purities, gave an acceptable de of 88% only for the
amide (S,S)-3, corresponding to the (S)-2 acid. In the case
of the other diasteroisomeric amide, (R,S)-3, the de was
only 4.6%. Consequently only acid (S)-2 was transformed
into its hydroxamate (S)-b. The absolute configuration of
(S)-b was deduced by comparing its optical characteristics
with those of an authentic sample of its enantiomer (R)-b,
prepared and optically characterized as described below
in Scheme 2.

Optically active a-hydroxy-tert-butyl-ester, (S)-7, was
prepared by acetylation of commercial (S)-(+)-2-
hydroxy-3-methylbutanoic acid (S)-5, followed by ester-
ification of the stable acetate (S)-6 with N,
N-dimethylformamide di-tert-butyl acetal.69 A Mitsun-
obu reaction of sulfonamide 1 with the a-hydroxy-tert-
butyl-ester (S)-7 gave the tert-butyl ester (R)-8. Acid
cleavage of 8 yielded acid (R)-2, which was converted
to its O-silylate (R)-4 and then to the desired hydroxa-
mate (R)-b. The enantiomeric purity of the hydroxamate
(R)-b, 91%, was determined by NMR spectroscopy
using the quinine as chiral solvating agent and based
on the splitting of the methine proton of the isopropoxy
group of (R)-b in the equimolecular mixture of (R)-b
with quinine. The (R)-absolute configuration of (R)-b
was assigned by analyzing the spatial proximity con-
straints imposed by NOE measurements carried out on
its amide derivative (R,S)-3, prepared as described
above from the enantiopure acid (R)-2.

2.3.1. NMR determination of the enantiomeric purity of
(R)-b. The enantiomeric purity of enantiomerically
enriched (R)-b (16 mM) was determined by NMR spec-
troscopy (600 MHz, CDCl3, 25 �C) by using quinine as
the chiral solvating agent70 and comparing the proton
spectrum of the pure compound (R)-b with those of its
equimolar mixture with quinine and of the corresponding
mixture containing (R/S)-b. In particular, the methine
proton b of the isopropoxy group produced the expected



Scheme 1. Reagents and conditions: (i) racemic or (R)- or (S)-BrCH(iPr)CO2tBu, Cs2CO3, Bu4NHSO4, DMF, rt, three days; (ii) TFA, CH2Cl2, 0 �C,

5 h; (iii) (S)-1-phenylethylamine, NMM, HOBt, EDCI, CH2Cl2, rt, 12 h; (iv) TBDMSiONH2, EDCI, CH2Cl2, rt, 18 h; (v) TFA, CH2Cl2, 0 �C, 5 h.

Scheme 2. Reagents and conditions: (i) AcCl, rt, 18 h; (ii) (CH3)2NCH[OC(CH3)3]2, toluene, 95 �C, 3 h; (iii) LiOH, THF/MeOH/H2O, rt, 3 h; (iv)

PPh3, DEAD, THF, 0 �C, 5 h; (v) TFA, CH2Cl2, 0 �C, 5 h; (vi) TBDMSiONH2, EDCI, CH2Cl2, rt, 18 h; (vii) TFA, CH2Cl2, 0 �C, 5 h; (viii) (S)-1-

phenylethylamine, NMM, HOBt, EDCI, CH2Cl2, rt, 12 h.
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multiplet at 4.46 ppm. In the mixture containing (R/S)-b
and quinine, the same signal was split into two resonances
centred at 4.45 and 4.47 ppm having equal intensities. In
the mixture containing enriched (R)-b, only small
amounts of the signal at 4.45 ppm were detected, allowing
us to calculate an enantiomeric purity of 91%.

2.3.2. NMR determination of the absolute configuration
of (R)-b. The (R)-absolute configuration of (R)-b was
assigned by analyzing the spatial proximity constraints
imposed by NOE measurements carried out on its dia-
stereoisomeric pure amide derivative (R,S)-3. The 1H
NMR (600 MHz, CDCl3, 25 �C) spectrum of (R,S)-3
(see Fig. 8) shows signals going from 0.6 to 8.2 ppm.
The low frequency region (0.6–2.2 ppm) included methyl
protons and the methine proton Hd. In the spectral re-
gion going from 3.7 to 6.6 ppm, three well-separated
broad resonances were detected: a singlet at 3.88 ppm
generated by Hc, a singlet (2H) at 4.50 ppm due to the
superimposition of Hb and Hn resonances, and a singlet
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at 6.43 ppm produced by the amide proton NHm. The
aromatic nuclei resonances were found in the high fre-
quency region.

In the ROESY trace corresponding to the methine pro-
ton c, three similar interNOEs Hc–NHm, Hc–Hd and
Hc–Hf were detected, allowing us to state the cisoid
arrangement between them. Accordingly, the amide pro-
ton NHm produced intense interNOEs with Hc and Hd

and a weaker one with the aromatic protons Hf. The
methyl group of the 1-phenylethyl moiety originated a
dipolar interaction with the methine proton Hd (see
Fig. 9).

On the basis of the above-discussed NOE data, the ste-
reochemistry of the molecule was defined, with the N–
Hm and C–Hc bonds cisoid and in close proximity of
the aromatic biphenyl moiety, and the methyl protons
Ho bent at Hd, which was close to Hc. Even if these
proximity constraints can be satisfied by both diastereo-
isomers R,S and S,S, the presence of interNOEs Hf-Ph,
which means that the two aromatic rings face each
Figure 9. ROESY traces (600 MHz, CDCl3, mix 0.3 s) and stereochemical r

Figure 8. 1H NMR (600 MHz, CDCl3, 25 �C) spectrum of 3.
other, can be justified only in the case of the R-absolute
configuration of the chiral carbon c.

2.4. Biological results

Table 3 shows the inhibitory indices (IC50) towards
MMP-1 and MMP-2 of the N-hydroxy-2-(N-isopro-
poxybiphenyl-4-ylsulfonamido)-3-methylbutanamides
((R/S)-b, (R)-b and (S)-b), compared with those of the pre-
viously described N-hydroxy-2-(N-isopropoxybiphenyl-
4-ylsulfonamido)acetamide (compound a). Selectivity
indices for MMP-2 over MMP-1, are expressed as ratios
of their inhibitory indices. On MMP-2, the substitution
on the P1 site with an i-Pr group on the carbon atom alpha
to the hydroxamate improves the inhibitory potency
about five times, passing from compound a (IC50 =
12.4 nM) to racemic (R,S)-b (IC50 = 2.44 nM). The (R)-
b enantiomer shows an improvement of the potency on
MMP-2 of threefold (IC50 = 0.81 nM) compared with
its racemate (R,S)-b and about nineteen times, compared
with its dystomer (S)-b (IC50 = 15.2 nM). In agreement
with the previous studies of the British Biotech
company.88 An analysis of the selectivity indices for the
N-hydroxy-2-(N-isopropoxybiphenyl-4-ylsulfonamido)-
3-methylbutanamides ((R/S)-b, (R)-b and (S)-b) and the
alpha unsubstituted compound N-hydroxy-2-(N-isopro-
poxybiphenyl-4-ylsulfonamido)acetamide (compound a)
able 3. Inhibitory activity of N-hydroxy-2-(N-isopropoxybiphenyl-4-

lsulfonamido)acetamide (compound a) and N-hydroxy-2-(N-isopro-

oxybiphenyl-4-ylsulfonamido)-3-methylbutanamides ((R/S)-b, (R)-b

nd (S)-b) towards MMP-1 and MMP-2

IC50 (nM)

Compound MMP-1a MMP-2a MMP-1/MMP-2 ratiob

a 12,460 ± 960 12.4 ± 1.5 1004.9

(R/S)-b 590 ± 25 2.44 ± 0.28 241.8

(R)-b 486 ± 76 0.81 ± 0.22 600

(S)-b 1199 ±52 15.2 ± 1.3 78.9

Mca-Lys-Pro-Leu-Gly-Leu-Dap (Dnp)-Ala-Arg- NH2 and Mca-Pro-

Leu-Gly-Leu-Dpa-Ala-Arg-NH2 have been used as substrates for

MMP-1 and MMP-2, respectively.

Selectivity indices are reported as MMP-1/MMP-2 IC50 ratios.
T

y

p

a

a

b

epresentation of spectrum of 3.
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indicates that the newly synthesized P1 substituted (i-Pr
group) compounds maintain a good selectivity profile.
As can be seen, the MMP-1/MMP-2 ratios range from
241.8 for the racemic (R/S)-b to 600 for the eutomer
(R)-b, respectively. A comparison of these selectivity indi-
ces with that of the previous N-hydroxy-2-(N-isopro-
poxybiphenyl-4-ylsulfonamido)acetamide (compound a)
indicates a reduction of about two times of the selectivity
ratio MMP-1/MMP-2 passing from the new, most potent
MMP-2 inhibitor, (R)-b to compound a. In every case, a
comparison between the new in vitro potent antiangio-
genic agent MMP-2 inhibitor (R)-b1 and the reference
drugs used indicates that this compound is 24.7 times
more potent on MMP-2 than the reference drug CGS
27023A. Moreover (R)-b proves to be 352.9 and 6 times
more selective than CGS 27023A and Prinomastat,
respectively.
3. Conclusions

In a rational planning of the new biphenylsulfonamido-
based hydroxamate derivatives recently studied by us,
which possess a good selectivity for MMP-2 over
MMP-1, we obtained the parameters for studying
MMPs and their complexes with hydroxamate inhibi-
tors by means of the AMBER force field. This modified
force field was able to simulate the geometrical data de-
rived from X-ray structures, thus making it possible to
carry out reliable molecular modelling studies on
hydroxamate inhibitor-MMP complexes. On the basis
of the docking studies, the two enantiomers of N-
hydroxy-2-(N-isopropoxybiphenyl-4-ylsulfonamido)-3-
methylbutanamide, (R)-b and (S)-b, were designed and
synthesized, as more potent MMP-2 inhibitors than
our previous compound a. An analysis of the inhibition
profile on MMP-1 and MMP-2 of these two inhibitors
shows that the eutomer (R)-b is 24.7 times and 15.3
times more potent than CGS 27023A and the parent
compound a on MMP-2, maintaining a higher index
of MMP-2/MMP-1 selectivity compared with the CGS
27023A and Prinomastat.

On this basis, the hydroxamate (R)-b can be considered
as a progenitor of a new class of biphenylsulfonamido-
based inhibitors that differ from a in the presence of
an alkyl side chain in the P1 0 position and show a good
potency and selectivity profile on the two MMPs
studied.
4. Experimental

4.1. Parameter calculations

In order to obtain all the parameters regarding the struc-
tural and catalytic zinc, it was necessary to optimize the
geometry of the two systems, calculate the partial charg-
es and then estimate and optimize the missing Force
constants.

4.1.1. Geometry optimization. Starting from the geome-
try arising from the experimental crystallographic
structure of MMP-1,64 we constructed two models refer-
ring to the two zinc ions with their chemical surround-
ings. The model referring to the structural zinc was
made up of three methylimidazoles and one acetate
ion, while the one referring to the catalytic zinc was
made up of three methylimidazoles and one acetylhydr-
oxamate ion (see figures of Table 1 where R is replaced
by methyl). These models were subjected to a full geom-
etry optimization by means of quantum mechanical cal-
culations based on the Gaussian98 program,71 using the
B3LYP chemical model with a Lanl2DZ basis set, a di-
rect SCF calculation and an SCF convergence criterion
to 10�5. The B3LYP chemical model has been shown to
be an accurate density functional method,72 and it gives
as good or better geometries and energies as MP2 ab
initio methods for first-row transition metal complex-
es.73 The B3LYP model is a combination of the Becke
three-parameter hybrid functional74 with the Lee–
Yang–Parr correlation functional (which also includes
density gradient terms).75,76 As regards the basis set,
we used Lanl2DZ; this means that the zinc atom is de-
scribed through the Los Alamos non-relativistic electron
core potential of Hay and Wadt77 and an essentially
double-zeta basis set including 3d orbitals and 3d diffuse
functions for the valence shell. In this basis set, the rest
of the atoms are described through the Dunning–Huzi-
naga full double-f basis set.78 This method has already
been tested and has been found to be suitable to deal
with systems containing metal atoms, and in particular
zinc.60,79

4.1.2. Partial charges. The next step was to determine
the charges to be assigned to the zinc, to its chemical
surroundings, and, lastly, to the ligands. The method
used was an analysis of the RESP80 (restrained electro-
static potential fit); the basic idea behind this charge-fit-
ting algorithm is that the charges on non-hydrogen
atoms are restrained to an ‘optimal’ value of zero. The
RESP charges show less conformational variability than
the standard ESP charges.

4.1.3. Force constants. A frequency analysis was carried
out on the two models, and the diagonal elements of the
Hessian matrix, calculated in their internal coordinates,
were used as the value of the stretching constants. The
bending force constants were approximated to one-tenth
of the relative stretching constants. The torsional force
constants for zinc were not taken into consideration,
since the geometry refers to a structure which is quite
rigid and devoid of any significant torsional freedom.63

Given that molecular mechanics not only takes into con-
sideration the binding terms, but also the non-binding
ones (Coulombian and van der Waals interactions), un-
like quantum mechanics which determines the total
energy, it was necessary to test the values of the force
constants, obtained by means of frequency calculations,
within the AMBER force field, and, where necessary, to
adjust these values. For this reason, several conforma-
tions were taken into consideration, in which the stretch-
ing and bending values were varied around the
equilibrium value. Quantum mechanical calculations
were carried out on these models by the B3LYP/
LanL2DZ method, together with energy calculations
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based on the AMBER force field with the parameters
calculated for the zinc ion. Only small adjustments were
required to the force constants obtained from the fre-
quency calculation, in order to obtain the best agree-
ment between the energy values calculated by the two
methods. In fact, the modified AMBER force field after
optimization was able to calculate the conformational
energy of the model with a very good agreement with re-
spect to the DFT-B3LYP-LanL2DZ method and, for
the different parameters, the rms of the difference be-
tween the relative energies (kilocalories per mole) calcu-
lated by means of quantum mechanics (B3LYP/
LanL2DZ) and those calculated by means of molecular
mechanics (AMBER) showed an average value of
0.85 Å.

4.2. MD simulations

All simulations were performed using AMBER 8.0.81

MD simulations were carried out using the modified
parm94 force field at 300 K. An explicit solvent model
TIP3P water was used and the complexes were solvat-
ed with a 15 Å water cap. Sodium ions were added as
counterions to neutralize the system. Prior to MD
simulations, two steps of minimization were carried
out; in the first stage, we kept the protein fixed with
a constraint of 500 kcal/mol and we just minimized
the positions of the water molecules; then in the sec-
ond stage, we minimized the entire system applying
a constraint of 20 kcal/mol on the a carbon. The
two minimization stages consisted of 5000 steps in
which the first 1000 were steepest descent (SD) and
the last 4000 conjugate gradient (CG). Molecular
dynamics trajectories were run using the minimized
structure as a starting input, and the particle mesh
Ewald (PME) algorithm was used for dealing with
long-range interactions.82 The time step of the simula-
tions was 2.0 fs with a cutoff of 12 Å for the non-
bonded interaction and SHAKE was employed to
keep all bonds involving hydrogen atoms rigid. Con-
stant-volume was carried out for 40 ps, during which
the temperature was raised from 0 to 300 K (using
the Langevin dynamics method); then 600 ps (1 ns
for the X-ray complex) of constant-pressure MD was
carried out at 300 K. All the a carbons not within
15 Å of the catalytic zinc were blocked with a har-
monic force constant of 20 kcal/mol Å. The final struc-
ture of the complexes was obtained as the average of
the last 500 ps of MD minimized with the CG method
until a convergence of 0.05 kcal/mol Å.

4.3. Docking of the ligands

The four inhibitors were placed into MMP-1 (1HFC)41

and MMP-2 (1QIB)66 using as reference positions those
of the MMP complexes determined by X-ray and NMR
methods deposited at the Protein Databank.83 For
Batimastat, we superimposed the binding site of
MMP-1 and MMP-2 on the MMP-8-Batimastat com-
plex (1MMB).84 As regards Prinomastat, we used the
position of a diphenyl-ether sulfone-based hydroxamic
acid complexed with the MMP-1 (966C)65 as a template,
while for CGS 27023A and compound a we used the
NMR study carried out on MMP-2 complexed with a
hydroxamic acid inhibitor (1HOV).85

4.4. GRID calculations

The GRID box dimensions were chosen to encompass
all the important parts of the active site. The grid spac-
ing was set to 1 Å, and the molecular interaction fields
(MIFs) were calculated for the DRY (hydrophobic
probe), C1@ (sp2 CH aromatic or vinyl), C3 (methyl
CH3 group), N2 (neutral flat NH2, e.g., amide), O (sp2

carbonyl oxygen) and OH (phenol or carboxy OH)
probes using the GRID program, version 22.67

4.5. General synthetic methods and materials

All commercially available starting materials and sol-
vents were of reagent grade. Solutions containing prod-
ucts were dried over anhydrous sodium sulfate
(Na2SO4). Melting points were determined on a Kofler
hot-stage apparatus and are uncorrected. 1H NMR
spectra were recorded on a Varian Gemini 200
(200 MHz) or a Varian INOVA600 spectrometer oper-
ating at 600 MHz using a 5 mm broadband inverse
probe with z-axis gradient, and CDCl3 or DMSO-d6 as
solvents unless otherwise indicated. Peak positions are
given in parts per million (ppm, d units). Mass spectra
were recorded on a GC/MS Trace GCQ Plus Thermo
Quest Finnigan spectrometer using a direct injection
probe and an electron beam energy of 40 eV. Optical
rotations were obtained on a Perkin-Elmer 241 polarim-
eter with a continuous Na lamp (569 nM). Reactions
were routinely monitored by thin-layer chromatography
(TLC) on 0.25 mm silica gel plates (Merck 60 F254) and
hydroxamic acids were visualised with FeCl3 aqueous
solution. Flash chromatography was carried out
through glass columns containing silica gel 60 (Merck
230–400 Mesh). HPLC analysis was carried out with a
liquid Waters Associates chromatograph 6000 A,
equipped with a 480 UV detector reading at 254 nm,
using a Resolver Spherical C18 (Merck 3.9 · 300 mm)
5 lm column. Elemental analyses were carried out by
our analytical laboratory and were consistent with theo-
retical values to within ±0.4%.

4.5.1. General procedure for the preparation of carboxylic
acids (R/S)-2, (S)-2 and (R)-2. A solution of the sulfon-
amide 1 (1 mmol) in anhydrous DMF (3 mL) was
treated with racemic, (R) or (S)-tert-butyl 2-bromo-3-
methyl butanoate (1.2 mmol), caesium carbonate
(1 mmol) and tetrabutylammonium hydrogen sulfate
(1 mmol). The reaction mixture was stirred for 3 days
at room temperature, diluted with H2O (3 · 20 mL)
and extracted three times with EtOAc (20 mL) giving,
after work-up, racemic, (S)- and (R)-tert-butyl esters
which were used in the next step without further puri-
fication. TFA (4.4 mL, 57 mmol) was added dropwise
to a stirred, ice-chilled solution of racemic, (S)- and
(R)-tert-butyl esters (1 mmol) in freshly distilled
(P2O5) dichloromethane (3.4 mL). The mixture was
stirred under these reaction conditions for 5 h and
the solvent was removed in vacuo to give the carboxyl-
ic acids (R/S)-2, (S)-2 or (R)-2.



4272 T. Tuccinardi et al. / Bioorg. Med. Chem. 14 (2006) 4260–4276
4.5.2. (R/S)-2-(N-Isopropoxybiphenyl-4-ylsulfonamido)-
3-methylbutanoic acid (R/S)-(2). The title compound
was prepared from (±)-tert-butyl 2-bromo-3-methyl but-
anoate following the general procedure. White solid
(60.3% yield); mp 156–158 �C; 1H NMR (CDCl3) d:
0.87 (d, J = 6.4 Hz, 6H); 1.21 (d, J = 6.2 Hz, 3H); 1.27
(d, J = 6.2 Hz, 3H); 2.12 (m, 1H); 3.84 (d, J = 10.0 Hz,
1H); 4.44 (septet, J = 6.2 Hz, 1H); 7.42–7.51 (m, 3H);
7.59–7.62 (m, 2H); 7.66–7.70 (m, 2H); 7.90–7.94 (m,
2H). Anal. Calcd for C20H25NO5S: C, 61.36; H, 6.44,
N, 3.58. Found: C, 61.50; H, 6.55; N, 3.50.

4.5.3. (S)-2-(N-Isopropoxybiphenyl-4-ylsulfonamido)-3-
methylbutanoic acid (S)-(2). The title compound was pre-
pared from (R)-tert-butyl 2-bromo-3-methyl butanoate
following the general procedure. White solid (94.4%
yield); mp 159–161 �C; ½a�20

D �88.35 (c 0.01, MeOH);
1H NMR (CDCl3) d: 0.91 (d, J = 6.5 Hz, 6H); 1.25 (d,
J = 6.2 Hz, 3H); 1.30 (d, J = 6.2 Hz, 3H); 2.13 (m,
1H); 3.90 (d, J = 10.4 Hz, 1H); 4.48 (septet, J = 6.2 Hz,
1H); 7.42–7.53 (m, 3H); 7.59–7.64 (m, 2H); 7.68–7.72
(m, 2H); 7.91–7.95 (m, 2H). Anal. Calcd for
C20H25NO5S: C, 61.36; H, 6.44; N, 3.58. Found: C,
61.42; H, 6.46; N, 3.57.

4.5.4. (R)-2-(N-Isopropoxybiphenyl-4-ylsulfonamido)-3-
methylbutanoic acid (R)-(2). The title compound was
prepared from (S)-tert-butyl 2-bromo-3-methyl butano-
ate following the general procedure. White solid (71%
yield); mp 135–137 �C; ½a�20

D +6 (c 0.01, MeOH); 1H
NMR (CDCl3) d: 0.91 (d, J = 6.4 Hz, 6H); 1.24 (d,
J = 6.2 Hz, 3H); 1.31 (d, J = 6.2 Hz, 3H); 2.12 (m,
1H); 3.90 (d, J = 10.2 Hz, 1H); 4.48 (septet, J = 6.2 Hz,
1H); 7.42–7.53 (m, 3H); 7.59–7.64 (m, 2H); 7.68–7.72
(m, 2H); 7.91–7.95 (m, 2H). Anal. Calcd for
C20H25NO5S: C, 61.36; H, 6.44; N, 3.58. Found: C,
61.47; H, 6.45; N, 3.57.

4.5.5. Preparation of diastereoisomeric amides (S,S)-3
and (R,S)-3 from acid (R/S)-2. To a solution of the
carboxylic acid (R/S)-2, (56.5 mg, 0.14 mmol) in freshly
distilled (P2O5) CH2Cl2 (2.2 mL) were added (S)-1-phen-
ylethylamine (0.018 mL, 0.14 mmol), NMM (0.030 mL,
0.28 mmol), HOBt (18.9 mg, 0.14 mmol) and EDCI
(26.8 mg, 0.14 mmol). The reaction mixture was stirred
overnight at room temperature. The organic layer,
washed with water and brine, dried over anhydrous
Na2SO4 and evaporated at reduced pressure, gave an
oil consisting of a 1:1 diastereoisomeric mixture of
amides (R,S)-3 and (S,S)-3 (1H NMR, HPLC). The
crude oil was purified by column chromatography on
silica gel, eluting with a mixture of isopropyl ether/
TEA, 98:2. The first fractions obtained gave pure (R)-
2-(N-isopropoxybiphenyl-4-ylsulfonamido)-3-methyl-N-
((S)-1-phenylethyl)butanamide (3) as an oil. 1H NMR
(CDCl3) d: 0.83 (d, J = 6.6 Hz, 6H); 1.21 (d,
J = 6.2 Hz, 3H); 1.23–1.27 (m, 2H); 2.01 (m, 1H); 3.86
(m, 1H); 4.40–4.60 (m, 2H); 6.44 (m, 1H); 7.13–7.22
(m, 5H); 7.42–7.54 (m, 3H); 7.57–7.63 (m, 2H); 7.73–
7.77 (m, 2H); 7.97–8.01 (m, 2H). Anal. Calcd for
C28H34N2O4S: C, 67.99; H, 6.93; N, 5.66. Found: C,
68.09; H, 6.93; N, 5.46. HPLC: tR = 51.2 min
F = 0.5 lL/min; eluent: MeOH/H2O, 73:27. From the
second fractions, pure (S)-2-(N-isopropoxybiphenyl-4-
ylsulfonamido)-3-methyl-N-((S)-1-phenylethyl)butana-
mide (3) was obtained as an oil. 1H NMR (CDCl3) d:
0.95 (d, J = 6.5 Hz, 6H), 1.12 (m, 9H); 2.08 (m, 1H);
3.82 (d, J = 9.4 Hz,1H); 4.46–4.58 (m, 2H); 6.40 (d,
J = 7.1 Hz, 1H); 7.02–7.25 (m, 5H); 7.42–7.55 (m, 7H);
7.86–7.90 (m, 2H). Anal. Calcd for C28H34N2O4S: C,
67.99; H, 6.93; N, 5.66. Found: C, 68.03; H, 6.94; N,
5.60. HPLC: tR = 52.8 min; F = 0.5 lL/min; eluent:
MeOH/H2O, 73:27.

4.5.6. General procedure for the preparation of diaste-
reoisomeric amides (S,S)-3 and (R,S)-3 from optically
enriched acids (S)-2 and (R)-2. The title diastereoisomers
were obtained from acids (S)-2 and (R)-2 according to
the synthetic method described above. HPLC analysis
carried out as described above on both the crude reac-
tion mixtures, in order to determine their de, gave the
following results:

(S,S)-3. HPLC: (R,S) amide: tR = 50.9 min (6%); (S,S)
amide: tR = 52.7 min (94%), de 88%.

(R,S)-3. HPLC: (R,S) amide: tR = 51.2 min (52.3%);
(S,S) amide: tR = 52.9 min (47.7%), de 4.6%.

4.5.7. General procedure for the preparation of
O-TBDMS acid hydroxyamides (S)-4 and (R/S)-4. 1-[3-
(Dimethylamino)propyl]-3-ethyl carbodiimide hydro-
chloride (EDCI) was added portionwise (1 mmol) to a
stirred and cooled solution (0 �C) of the carboxylic acid
(S)-2 or (R/S)-2 (1 mmol), and O-(tert-butyldimethylsi-
lyl)hydroxylamine (1 mmol) in freshly distilled (P2O5)
CH2Cl2 (18 mL). After stirring at room temperature
for 24 h, the mixture was washed with water (20 mL)
and the organic phase was dried and evaporated in vac-
uo. The crude residue was purified by flash chromatog-
raphy on silica gel to yield (S)-4 and (R/S)-4 as oils.

4.5.8. (S)-N-(tert-Butyldimethylsilyloxy)-2-(N-isopro-
poxybiphenyl-4-ylsulfonamido)-3-methylbutanamide (S)-
(4). The title compound was prepared from the carboxylic
acid (S)-2 following the general procedure. The crude
product was purified by flash chromatography on silica
gel (n-hexane/EtOAc, 4:1) to yield (S)-4 (27.4% yield) as
an oil. Rf = 0.25; 1H NMR (CDCl3) d: 0.06 (s, 6H);
0.84–0.94 (m, 15H); 1.24–1.29 (m, 6H); 2.14 (m, 1H);
3.81 (m, 1H); 4.39 (m, 1H); 7.41–7.51 (m, 3H); 7.61–7.64
(m, 2H); 7.75–7.79 (m, 2H); 7.95–7.98 (m, 2H); 8.17 (br
s, 1H). Anal. Calcd for C26H40N2O5SSi: C, 59.97; H,
7.74; N, 5.38. Found: C, 60.02; H, 7.75; N, 5.36.

4.5.9. (R/S)-N-(tert-Butyldimethylsilyloxy)-2-(N-isopro-
poxybiphenyl-4-ylsulfonamido)-3-methylbutanamide (R/
S)-(4). The title compound was prepared from the race-
mic carboxylic acid (R/S)-2 following the general proce-
dure. The crude product was purified by flash
chromatography on silica gel (n-hexane/EtOAc, 4:1) to
give (R/S)-4 (30% yield) as a yellow oil. 1H NMR
(CDCl3) d: 0.06 (s, 6H); 0.84–0.94 (m, 15H); 1.24–1.27
(m, 6H); 2.14 (m, 1H); 3.82 (m, 1H); 4.39 (m, 1H);
7.41–7.52 (m, 3H); 7.60–7.65 (m, 2H); 7.74–7.79 (m,
2H); 7.94–7.98 (m, 2H); 8.17 (br s,1H). Anal. Calcd
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for C26H40N2O5SSi: C, 59.97; H, 7.74; N, 5.38. Found:
C, 60.05; H, 7.75; N, 5.37.

4.5.10. General procedure for the preparation of acid
hydroxyamides (S)-(b) and (R/S)-(b). TFA (4.4 mL,
57 mmol) was added dropwise to a stirred and ice-chilled
solution of (S)-4 or (R/S)-4 (1 mmol) in freshly distilled
(P2O5) CH2Cl2 (3.4 mL). The solution was stirred under
these reaction conditions for 5 h and the solvent was re-
moved in vacuo to give (S)-b and (R/S)-b as solids.

4.5.11. (S)-N-Hydroxy-2-(N-isopropoxybiphenyl-4-yl-
sulfonamido)-3-methylbutanamide (S)-(b). The title com-
pound was prepared from (S)-4 following the general
procedure. White solid (77.3% yield); mp 117–119 �C;
½a�20

D �31.7 (c 0.01, MeOH); 1H NMR (CDCl3) d: 0.92
(d, J = 6.5 Hz, 6H); 1.29 (d, J = 6.2 Hz, 3H); 1.36 (d,
J = 6.2 Hz, 3H); 2.04 (m, 1H); 3.97 (m, 1H); 4.54 (septet,
J = 6.2 Hz, 1H); 7.42–7.53 (m, 3H); 7.58–7.63 (m, 2H);
7.72–7.77 (m, 2H); 7.91–7.95 (m, 2H). Anal. Calcd for
C20H26N2O5S: C, 59.09; H, 6.45; N, 6.89. Found: C,
59.21; H, 6.46; N, 6.88.

4.5.12. (R/S)-N-Hydroxy-2-(N-isopropoxybiphenyl-4-yl-
sulfonamido)-3-methylbutanamide (R/S)-(b). The title
compound was prepared from (R/S)-4 following the
general procedure. The crude product was recrystallized
from Et2O and n-hexane to give (R/S)-b (64% yield) as a
white solid; mp 132–134 �C; 1H NMR (CDCl3) d: 0.91
(d, J = 6.7 Hz, 6H); 1.30 (d, J = 6.2 Hz, 3H); 1.35 (d,
J = 6.2 Hz, 3H); 2.03 (m, 1H); 3.93 (m, 1H); 4.53 (septet,
J = 6.4 Hz, 1H); 7.42–7.52 (m, 3H); 7.58–7.63 (m, 2H);
7.72–7.76 (m, 2H); 7.90–7.95 (m, 2H). Anal. Calcd for
C20H26O5N2S: C, 59.09; H, 6.45; N, 6.89. Found: C,
59.19; H, 6.47; N, 6.88.

4.5.13. (S)-2-Acetoxy-3-methylbutanoic acid (S)-(6). Ace-
tyl chloride (3.43 mL, 48.30 mmol) was slowly added to
(S)-(+)-2-hydroxy-3-methylbutanoic acid 5 (2.50 g,
21.0 mmol) maintained in an ice bath to keep the tem-
perature below 10 �C. After the addition, the mixture
was left overnight at room temperature and was then
evaporated in vacuo at 20 �C, and subsequently at
50 �C with the addition of toluene. Compound 6 (84%
yield) was used without further purification. Pale yellow
oil; ½a�20

D �22.2 (c 0.01, MeOH); 1H NMR (CDCl3): d
0.99 (d, J = 3.4 Hz, 3H), 1.02 (d, J = 3.4 Hz, 3H), 2.14
(s, 3H), 2.20-2.32 (m, 1H), 4.86 (d, J = 4.4 Hz, 1H),
10.78 (br s, 1H). Anal. Calcd for C7H12O4: C, 52.49;
H, 7.55. Found: C, 52.58; H, 7.56.

4.5.14. (S)-tert-Butyl-2-Hydroxy-3-methylbutanoate (S)-
(7). A solution of 6 (0.66 g, 4.16 mmol) in toluene
(8 mL) containing N,N-dimethylformamide di-tert-butyl
acetal (4 mL, 16.64 mmol) was heated to 95 �C for 3 h.
The solvent was then evaporated and the crude product
was purified by flash chromatography on silica gel (n-
hexane/EtOAc, 4:1) to give the tert-butyl ester as an
oil. A solution of LiOH (0.03 g, 1.31 mmol) in H2O
(2.6 mL) was added to a solution of the tert-butyl ester
(0.28 g, 1.31 mmol) in MeOH (2.6 mL) and THF
(1.3 mL) at 0 �C. After the addition, the mixture was
stirred for 3 h at room temperature, then diluted with
H2O, saturated with NaCl and extracted with Et2O.
The combined ethereal extracts were dried over anhy-
drous Na2SO4, filtered and evaporated under reduced
pressure to afford 7 as a yellow oil, which solidified on
standing (87.8% yield); mp 28–29 �C; ½a�20

D +1.6
(c = 0.01, MeOH); 1H NMR (CDCl3) d: 0.83 (d,
J = 6.7 Hz, 3H), 0.99 (d, J = 6.7 Hz, 3H), 1.47 (s, 9H),
1.95–2.10 (m, 1H), 2.78 (br s, 1H), 3.89 (d, J = 3.3 Hz,
1H). Anal. Calcd for C9H18O3: C, 62.04; H, 10.41.
Found: C, 62.12; H, 10.43.

4.5.15. (R)-tert-Butyl 2-(N-isopropoxybiphenyl-4-ylsulfo-
namido)-3-methylbutanoate (R)-(8). Diethyl azodicarb-
oxylate (DEAD) (0.42 mL, 2.71 mmol) was added
dropwise to a solution containing (S)-7 (2.71 mmol), sul-
fonamide1 (2.71 mmol) and triphenylphosphine (0.71 g,
2.71 mmol) in anhydrous THF (48 mL) under nitrogen
atmosphere at 0 �C. The resulting mixture was stirred
for 5 h at 0 �C and evaporated under reduced pressure
to afford a crude product, which was purified by flash
chromatography on silica gel (n-hexane/EtOAc, 20:1),
to give (R)-8 (53% yield) as a yellow oil. Rf = 0.29;
½a�20

D +90.4 (c 0.01, MeOH); 1H NMR (CD3COCD3-d6)
d: 0.89 (d, J = 6.4 Hz, 6H), 1.11 (br s, 9H), 1.24 (d,
J = 6.6 Hz, 3H), 1.29 (d, J = 6.4 Hz, 3H), 2.25 (m, 1H),
3.77 (d, J = 10.4 Hz, 1H), 4.44 (septet, 1H), 7.45–7.58
(m, 3H), 7.72–7.77 (m, 2H), 7.90–7.94 (m, 2H), 8.00–
8.04 (m, 2H). Anal. Calcd for C24H33NO5S: C, 64.40; H,
7.43; N, 3.13. Found: C, 64.51; H, 7.44; N, 3.13.

4.5.16. (R)-2-(N-Isopropoxybiphenyl-4-ylsulfonamido)-3-
methylbutanoic acid (R)-(2). TFA (4.4 mL, 57.3 mmol)
was added dropwise to a stirred solution of tert-butyl es-
ter (R)-8 (1 mmol) in freshly distilled CH2Cl2 (3.4 mL),
cooled to 0 �C. The solution was stirred for 5 h at 0 �C
and the solvent was removed in vacuo to give a solid.
The crude product was triturated with n-hexane to give
(R)-2 (78% yield) as a white crystalline solid. Mp 162–
163 �C; ½a�20

D +101.7 (c 0.01, MeOH); 1H NMR (CDCl3)
d: 0.91 (d, J = 6.4 Hz, 6H), 1.24 (d, J = 6.2 Hz, 3H), 1.30
(d, J = 6.2 Hz, 3H), 2.09–2.17 (m, 1H), 3.90 (d,
J = 10.2 Hz, 1H), 4.48 (septet, 1H), 5.11 (br s,1H),
7.42–7.53 (m, 3H), 7.59–7.64 (m, 2H), 7.67–7.72 (m,
2H), 7.91–7.96 (m, 2H). Anal. Calcd for C20H25NO5S:
C, 61.36; H, 6.44; N, 3.58. Found: C, 61.40; H, 6.44;
N, 3.57.

4.5.17. Preparation of diastereoisomeric amide (R,S)-3
from enantiomerically enriched acid (R)-2. (R,S)-3 was
re-synthesized as reported above from the enantiomeri-
cally enriched acid (R)-2.

HPLC: (R,S) amide: tR = 51.2 min (95.5%); (S,S) amide:
tR = 52.8 min; (4.5%), de 91%. F = 0.5 lL/min; eluent
MeOH/H2O, 73:27.

4.5.18. (R)-N-(tert-Butyldimethylsilyloxy)-2-(N-isopro-
poxybiphenyl-4-ylsulfonamido)-3-methylbutanamide (R)-
(4). 1-[3-(Dimethylamino)propyl]-3-ethyl carbodiimide
hydrochloride (EDCI) was added portionwise to a solu-
tion of the carboxylic acid (R)-2 (1 mmol) and O-(tert-
butyldimethylsilyl)hydroxylamine (147.3 mg, 1 mmol)
in freshly distilled CH2Cl2 (18 mL) cooled to 0 �C,
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(191.7 mg, 1 mmol). After stirring at room temperature
for 20 h, the mixture was washed with H2O and the
organic phase was dried and evaporated in vacuo. The
residue was purified by flash chromatography on silica
gel (n-hexane/EtOAc, 5:1) to give (R)-4 (30% yield) as
a white solid. 1H NMR (CDCl3) d: 0.064 (s, 6H), 0.84
(s, 9H), 0.91–1.01 (m, 6H), 1.23–1.27 (m, 6H), 2.17 (m,
1H), 3.77 (d, J = 10.8 Hz, 1H), 4.39 (septet, 1H), 7.41–
7.54 (m, 3H), 7.58–7.64 (m, 2H), 7.74–7.78 (m, 2H),
7.94–7.98 (m, 2H), 8.18 (br s, 1H). Anal. Calcd for
C26H40N2O5SSi: C, 59.97; H, 7.74; N, 5.38. Found: C,
59.99; H, 7.75; N, 5.37.

4.5.19. (R)-N-Hydroxy-2-(N-isopropoxybiphenyl-4-yls-
ulfonamido)-3-methylbutanamide (R)-(b). TFA (4.4 mL,
57.3 mmol) was added dropwise to a stirred solution of
O-(tert-butyldimethylsilyl)hydroxamate (R)-4 (1 mmol)
in freshly distilled dichloromethane (3.4 mL), cooled to
0 �C. The solution was stirred for 5 h at 0 �C and the
solvent was removed in vacuo to give a solid. The crude
product was recrystallized from Et2O and n-hexane to
give (R)-b (48% yield) as a white solid; mp 114–115 �C;
½a�20

D +94 (c 0.01, CHCl3); ee = 91% (R); 1H NMR
(CDCl3) d: 0.93 (d, J = 6.6 Hz, 6H), 1.30 (d, J = 6.2 Hz,
3H), 1.36 (d, J = 6.4 Hz, 3H), 2.04 (m, 1H), 3.94
(m, 1H), 4.54 (septet, 1H), 7.42–7.53 (m, 3H), 7.59–7.63
(m, 2H), 7.73–7.77 (m, 2H), 7.91–7.95 (m, 2H); EI-MS,
m/z: 152 (45); 202 (71); 364 (18); 407 (100); 408 (M+1,
23). Anal. Calcd for C20H26N2O5S: C, 59.09; H, 6.45; N,
6.89. Found: C, 59.19; H, 6.54; N, 6.86.

4.5.20. MMP inhibition assays. Type I procollagenase
(pro-MMP-1, human recombinant) was purchased from
Calbiochem; recombinant human Progelatinase A (pro-
MMP-2, from transfected mouse myeloma cells) was
prepared in our laboratory.1 Proenzymes were activated
immediately prior to use with p-aminophenylmercuric
acetate (APMA 2 mM for 1 h at 37 �C for MMP-2
and 1 mM for 2 h at 37 �C for MMP-1). For assay mea-
surements, the inhibitor stock solutions (DMSO,
100 mM) were further diluted, at seven different concen-
trations (0.01 nM–300 lM) for each MMP in the fluori-
metric assay buffer (FAB: Tris 50 mM, pH 7.5, NaCl
150 mM, CaCl2 10 mM, Brij 35 0.05% and DMSO
1%). The activated enzymes (final concentration
0.5 nM for MMP-1 and 2.8 nM for MMP-2) and the
inhibitor solutions were incubated in the assay buffer
for 4 h at 25 �C. After the addition of 200 lM solution
of the fluorogenic substrates (Mca-Lys-Pro-Leu-Gly-
Leu-Dap (Dnp)-Ala-Arg-NH2 for MMP-1 and Mca-
Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 for MMP-2)in
DMSO (final concentration 2 lM), the hydrolysis was
monitored every 15 s for 10 min, recording the increase
in fluorescence (kex = 328 nm, kem = 393 nm) using a
Molecular Device M-2 Gemini plate reader. The assays
were performed in quadruplicate in a total volume of
200 lL per well in 96-well microtitre plates (Corning,
black, NBS). Control wells lacked the inhibitor. The
MMP inhibition activity was expressed in relative fluo-
rescent units (RFU). The percentage of inhibition was
calculated from control reactions without the inhibitor.
The IC50 was determined by using the formula: Vi/
Vo = 1/(1 + [I]/IC50), where Vi is the initial velocity of
substrate cleavage in the presence of the inhibitor at
concentration [I] and Vo is the initial velocity in the ab-
sence of the inhibitor. Results were analyzed using Soft-
Max Pro software and GraFit software.86,87
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