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Abstract—Three novel peptidomimetic phosphinate inhibitors have been synthesized and evaluated as inhibitors of matrix metal-
loproteinases MMP-2 and MMP-8. Their IC50 values are in the micromolar range, and one of them showed to be the most effective
inhibitor of MMP-2. The differences in binding affinities for MMP-2 and MMP-8 of the three phosphinates have been rationalized
by means of modelling studies and molecular dynamics simulations.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Matrix metalloproteinases (MMPs) form a growing fam-
ily of zinc endopeptidases that play important roles in
physiological processes such as ovulation, embryogenic
growth, angiogenesis, and differentiation.1–4 Imbalances
in the expression of MMPs and their endogenous specific
inhibitors (TIMPs)5 are implicated in a number of patho-
logical states such as tumour growth and metastasis,6,7

multiple sclerosis,8 rheumatoid arthritis,9 Alzheimer�s
disease 10a and heart failure.10b Although TIMPs have
been successfully tested in animal experiments,11 they
could not be developed as therapeutic agents, owing
to inadequate pharmacological stability.12 Therefore,
design and synthesis of potent, small molecule MMP
inhibitors (MMPIs) endowed with adequate pharmaco-
logical and selectivity profile are actively investigated.13

General requirements for MMPIs are a peptidomimetic
backbone mimicking the substrate moiety recognized in
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the enzyme active site and a zinc-binding function (ZBF)
capable of coordinating the catalytic zinc ion. The
hydroxamate group is considered the most powerful
ZBF for MMPIs,14 since its simple replacement by other
zinc-binding groups causes a 100- to 2000-fold decrease
in potency.15 Hydroxamate inhibitors, however, are gen-
erally affected by lack of specificity,16 owing to the over-
whelming chelating power of the hydroxamate, which
often prevails over the contribution of the peptidomi-
metic moiety. They show, in addition, poor pharmacoki-
netic properties17 and can entail toxicity in long-term
therapy, due to the release of hydroxylamine, a known
carcinogenic agent.18 Novel MMPIs containing different
ZBF such as carboxylate, thiolate, phosphonate and
phosphinate are therefore currently investigated.
2. Inhibitor design

We have previously studied some tripeptide phospho-
nate MMPIs structurally related to endogenous
inhibitors isolated from snake venom.19 Their mode of
binding in the active site of zinc endopeptidases has
been determined by X-ray structure resolution of their
complexes. While the phosphonate Pro-Leu-LL-Trp(P)-
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(OH)2 binds in the S region of the MMP-8 active site,
the analogue containing a pyroglutamate in place of
the Pro residue is accommodated in the S 0 region of
the active site of adamalysin,19c a snake venom endopep-
tidase structurally related to human MMPs.

Superposition of these two crystal structures shows that
the [PO2

�] anion, ligating the catalytic zinc ion, main-
tains exactly the same position relative to the metal, in
both the complexes accommodating the peptidomimetic
chains in opposite directions. This finding prompted us
to start the design of novel MMP-8 phosphinic inhibi-
tors from the coordinates of the [PO2

�] chelating group.
Our efforts pointed to select peptidomimetic chains that,
extending from the phosphinate group, could establish
useful binding interactions in both the S and S 0 region
of the enzyme active site. While occupation of the S 0 re-
gion usually guarantees adequate potency of the inhibi-
tor, binding interactions in the S region could be chiefly
exploited to improve selectivity.20 Within the class of
phosphinic acid-based pseudopeptide inhibitors, two
main typologies of frameworks have been so far synthe-
tized (A and B, Fig. 1), following receptor-based drug
design strategies.20c,21

Our first approach towards phosphinate-based inhibi-
tors pointed to the synthesis and evaluation of the three
analogues 1a–1c (Fig. 2). They are based on the Pro-
Leu-NH-CH2-PO2

� sequence, in accordance with previ-
ous structural studies on both phosphonate19c and
hydroxamate22 inhibitors, complexed in the S region of
the MMP-8 active site. The second chain bound to the
central phosphorus atom was limited to a highly lipo-
philic biphenyl group, useful for increasing the affinity
of the ligands by insertion into the deep S0

1 hydrophobic
pocket of the enzyme. The biphenyl group was connect-
ed to phosphorus by means of a methylene group in the
phosphinates 1a and 1b. An ethylene bridge has been
inserted in 1c, to evaluate the effect of chain elongation,
reorientation of the rigid biphenyl group, in view of
higher flexibility, and deeper insertion into the S0

1

pocket.
Figure 1. Selected frameworks of phosphinic acid-based pseudopeptide

MMPIs. (A) Reiter, L. A., et al.20c; Hagmann, W. K., et al.21c. (B)

Goulet, J. L., et al.21d; Yiotakis, A., et al.21a; Schiodt, C. B., et al.21b.

Figure 2. Peptidyl biphenylalkylphosphinates designed on the basis of

the mode of binding of phosphonate inhibitors complexed in both S

and S 0 subsites of MMP-8.
3. Chemistry

Despite the interesting biological properties of pepti-
dyl phosphinates,23 difficulties often encountered in
the phosphorous alkylation steps, during their synthe-
sis, have greatly limited the study of this kind of
inhibitors.

Synthesis of the peptidyl phosphinates 1a–1c required
preparation of the biphenylalkyl iodides 4a–4c (Scheme
1), powerful alkylating reagents necessary for an efficient
phosphorous alkylation. The sequential double alkyl-
ation of the phosphorus atom, to give the protected
intermediates 8a–8c containing the unsymmetrically
disubstituted phosphinate core, followed by coupling
with the Pro-Leu dipeptide chain and protecting groups
removal, is summarized in Scheme 2.

Alkylation of the phosphorus atom of ammonium
ipophosphite has been performed by a modification of
the Regan–Boyd24 procedure. In the first alkylation
step, pyrophoric bistrimethylsilylphosphonite (BTSP)25

(5) was generated in situ by treatment of ammonium
ipophosphite with hexamethyldisilazane (HMDS), and
reacted with the appropriate biphenylalkyl iodides 4a–
4c, to give the expected monoalkylphosphinic acids
6a–6c in 58–70% yields. These, in turn, were converted
into the bistrimethylsilyl phosphinates 7a–7c by
treatment with HMDS and reacted overnight in
CH2Cl2, under reflux, with commercially available
phthalimidomethyl bromide, to perform the second
alkylation step at the phosphorus atom. After conven-
tional workup, the expected dialkylphosphinic acids,
without further purification, were converted by treat-
ment with diazomethane into the corresponding methyl
esters 8a–8c that can be easily purified and completely
characterized.

Removal of the phthalimido protecting group was
accomplished by treatment of an ethanol solution of
methyl esters 8a–8c with hydrazine, at room tempera-
ture, for 18 h. Finally, the a-aminophosphinates 9a–9c
were coupled with Z-Pro-Leu-OH by reaction with
dicyclohexylcarbodiimide (DCC) in the presence of
1-hydroxybenzotriazole (HOBT)26 to afford the
expected peptidomimetics 10a–10c. Conversion into
the final phosphinates 1a–1c was carried out by treat-
ment with bistrimethylsilylacetamide (BTSA) and trim-
ethylsilyl iodide (TMSI), which caused contemporary
removal of the carbobenzyloxy group from the termi-
nal proline residue and of the methyl group from the
phosphinate ester. Phosphinates 1a–1c were isolated,
purified and fully characterized by 1H, 13C and 31P
NMR, ESI-MS, MALDI-TOF-MS and elemental
analyses.
4. Results and discussion

4.1. In vitro enzyme inhibition assays

The inhibiting activities of the new compounds were
evaluated against MMP-2 and MMP-8, measuring the



Scheme 1. Synthesis of the biphenylalkyl iodides 4a–4c. Reagents and conditions: (i) LiAlH4, DT, THF, 12 h, 87% yield for 3b; 5 h, 99% yield for 3c;

(ii) HI, CHCl3, rt, 4 h, 82% yield for 4a; HI, rt, acetone, 12 h, 99% yield for 4b; I2, PPh3, imidazole, CH2Cl2, rt, 3 h, 93% yield for 4c.

Scheme 2. Synthesis of peptidyl phosphinates 1a–1c. Reagents and conditions: (i) (Me3Si)2NH, 110 �C, 1–2 h; (ii) CH2Cl2 reflux, 12 h, 58–70% yield;

(iii) (Me3Si)2NH, CH2Cl2, 0 �C, 1 h; (iv) phthalimidomethyl bromide, CH2Cl2, reflux, 12 h, and phosphinate methylation after quenching: CH2N2,

0 �C, toluene/MeOH, 49–57% yield; (v) H2N–NH2, EtOH, rt, 18 h, 70–78% yield; (vi) Z-Pro-Leu-OH, DCC, HOBT, THF, 0 �C to rt, 15 h, 67–80%

yield; (vii) BTSA, CH2Cl2, rt, 1 h; TMSI, CH2Cl2, �20 �C to rt, 3 h, 72–83% yield.
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residual enzyme activity by means of continuous fluori-
metric assays in the presence of the fluorescent substrate
QF 24.27 The resulting IC50 values (Table 1) are in the
micromolar range, and represent a validation of our de-
sign of phosphinate inhibitors extending in both the S
and S 0 region of the MMP active site.

Both phosphinates 1a and 1b, characterized by a meth-
ylene bridge between the phosphorus atom and the
biphenyl group, are more potent than 1c, which contains
an ethylene bridge, against MMP-2 and MMP-8. Fur-
thermore, while 1a and 1b present similar affinity to-
wards MMP-2, 1a is about three times more potent
than 1b against MMP-8. An attempt to rationalize the
above results by means of computational simulations
is described in the following paragraphs.

4.2. Molecular modelling study

The comparison of the four putative complexes formed
by the inhibitors 1a and 1b in the active site of MMP-2
Table 1. In vitro inhibition of MMP-2 and MMP-8 by phosphinates

1a–1c

Inhibitor IC50 (lM)

MMP-2 MMP-8

1a 1.7 5.1

1b 1.4 17.6

1c 48 44.5
and MMP-8 can offer an interpretation at molecular
level of their behaviour. The two ligands 1a and 1b,
differing only in the terminal hydroxyl group, show
similar binding with the two enzymes. However, the
following different interactions emerge at the S3 and S0

1

subsites of the putative complexes formed with the two
enzymes. The aromatic side chains of Tyr 155, His 166
and Phe 168 surrounding the S3 subsite of MMP-2 form
a hydrophobic cavity where favourable contacts with
the Pro ring of each inhibitor can take place. At the S3
subsite of MMP-8, the shorter and hydrophilic side
chain of Ser 151, replacing the Tyr 155 present in
MMP-2, prevents similar interactions probably forming
H-bonds with water molecules. Moreover, the S0

1 pocket
of MMP-2 has the form of a tunnel open to the solvent,
whereas in MMP-8 it is bottom panelled by the side
chains of Arg 222 and Tyr 227. As a consequence, the
biphenyl groups of both ligands can be easily inserted
in the S0

1 pocket of MMP-2, whereas the terminal hydro-
xyl of 1b can give rise to steric hindrance with the side
chains of the residues paving the S0

1 pocket of MMP-8.
The better interactions of both ligands at S3 and S0

1 sub-
sites of MMP-2 can explain their better activities shown
on this enzyme. The steric hindrance occurring between
the terminal hydroxyl of 1b with the bottom of the S0

1

pocket in MMP-8 can give reason for the lower activity
of 1b compared to 1a. The similar activities shown by
the two ligands on MMP-2 can be interpreted by lack
of ligand–protein H-bond through the additional
hydroxyl group, probably solvated in the open tunnel
of MMP-2.
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4.3. Molecular dynamics simulation

The additional methylene group of 1c was unexpectedly
found to cause a decrease of inhibition (see Table 1), rel-
ative to other two ligands, of more than one order of
magnitude on both enzymes.

To better ascertain the physicochemical reasons for this
behaviour, we carried out molecular dynamics (MD)
simulations. Our strategy was to compare the free en-
ergy values of the conformations adopted by 1c in aque-
ous solution and in the putative binding with the MMP
active site. To overcome the multidimensional problem
due to the large number of internal degrees of freedom,
we decided to analyze the simulated trajectories by
essential dynamics.28 This procedure greatly facilitates
the description of conformational behaviour of the li-
gand, since it allows us to define a new set of coordinates
where large amplitude motions (essential motions)
responsible for the conformational changes can be ex-
tracted. Two essential coordinates were found to be suf-
ficient for describing conformational fluctuations of
ligand 1c. This result allowed us to define a plane (essen-
tial plane) where Helmholtz free energy minima can be
easily located as a function of only two conformational
(essential) coordinates.29 Five energy minima, denoted
as I–V, populate the free energy map of 1c reported
in Figure 3, where contour lines are drawn every
2 kJ/mol. The binding conformation, indicated by a
cross, is practically never sampled during the simulation,
being characterized by a high value of free energy. The
analysis of the conformations sampled in the free energy
minima reveals that all of them present at least one
intramolecular H-bond.

Moreover, the torsion angles involving the ethylenic
bridge undergo an extent of fluctuations around the
equilibrium positions, much larger than those around
the other rotational degrees of the ligand (Table 2). Con-
sequently, even though a conclusive assessment can be
Figure 3. Three hundred kelvin free energy plot for 1c on the plane of

the first two essential motions.
drawn only in the presence of the complete picture
(i.e., the dynamical behaviour of 1c within the enzyme)
our results suggest that the inclusion of a further meth-
ylene group renders the confinement of 1c into the active
lock-and-key conformation, a high energy process.
5. Conclusion

Three novel peptidyl phosphinates 1a–1c have been
designed and synthesized as inhibitors of MMPs on
the basis of the structures of phosphonate inhibitors
complexed with MMPs. These ligands, extending in
both the S and S 0 subsites of MMPs, are based on the
common phosphinic tripeptide moiety Pro-Leu-Gly(P)-
(OH) linked to a biphenyl group through a methylene
or ethylene bridge. Inhibition of MMP-2 and MMP-8,
in the micromolar range, was confirmed by kinetic mea-
surements and validates our structure-based design of
this model of phosphinate inhibitors. Molecular model-
ling and molecular dynamics studies offer an interpreta-
tion at molecular level of their different behaviour and
give reason for the lower activity shown by the ligand
containing the longer ethylenic bridge 1c. These results
can be regarded as a useful starting point for future
improvements in the development of more potent and
selective phosphinate inhibitors of MMPs.
6. Experimental

6.1. Molecular dynamics

For the MD simulation of structure 1c, we have adopted
the gromos96 force field implemented in a modified ver-
sion of the Gromacs package.30 The point charges were
calculated using the CHelpG protocol on the Gamess
package.31

The structure in its �active� configuration, after energy
minimization, was put at the centre of a cubic box of
3.5 nm length filled with 868 water single point charge
molecules,32 and with one Cl� counterion to ensure elec-
troneutrality of the system.

After a short solvent relaxation at the desired density,
the overall system was gently heated to 300 K and a sim-
ulation of 20 ns was finally carried out under isothermal/
isochoric conditions (canonical ensemble) with a stan-
dard protocol.33

The simulation and the analysis of the trajectory were
performed using the Gromacs software package and
our own programs.

For checking the actual equilibration of the simulated
system, the root mean square deviation (RMSD) with
respect to the initial structures of 1c was evaluated. On
the equilibrated portion of the trajectory we finally car-
ried out essential dynamics analysis for evaluating the
conformationally relevant coordinates. This analysis,
due to the limited dimensions of the investigated sys-
tems, was performed including all the atoms.



Table 2. Free energy minima, their values and relevant backbone torsion angles together with their RMSFs (�) for 1c

Energy minima DA0 (kJ/mol) u1 w1 u2 w2 u3 w3 h1 h2 h3

I 0 127 ± 23 150 ± 20 79 ± 20 126 ± 15 79 ± 14 114 ± 7 165 ± 12 69 ± 21 174 ± 90

II 0 124 ± 21 133 ± 19 87 ± 19 102 ± 14 97 ± 19 116 ± 7 119 ± 16 87 ± 11 93 ± 66

III +1 127 ± 22 148 ± 19 90 ± 27 116 ± 18 77 ± 16 113 ± 8 166 ± 46 103 ± 59 162 ± 92

IV +2 127 ± 23 145 ± 21 101 ± 24 115 ± 15 76 ± 14 114 ± 7 176 ± 59 178 ± 11 163 ± 91

V +3 134 ± 25 143 ± 24 111 ± 26 52 ± 16 77 ± 12 118 ± 7 122 ± 67 172 ± 14 91 ± 18
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6.2. Molecular modelling

The ligands herein described have been designed follow-
ing structure-based drug-design criteria maximizing
their putative structural affinity within the enzyme ac-
tive site, using the program SYBYL on a Silicon Graph-
ics workstation O2. The coordinates of the enzymes
have been taken from PDB (entries 1QIB and 1I73
for MMP-2 and MMP-8, respectively). The same pro-
gram has been used for the minimization of the putative
complexes formed by 1a and 1b with MMP-2 and
MMP-8.

The following constraints have been imposed on the
starting position of each ligand in the enzyme active site:
the two phosphinic oxygens have been positioned at 2.1
and 2.5 Å from the catalytic zinc ion; moreover, the
2.5 Å Zn-coordinated oxygen atom has been H-bound
(2.8 Å) to Glu 202 (MMP-2) and Glu 198 (MMP-8).
The Leu NH and CO groups of inhibitor have been
H-bound (2.8 Å) to CO and NH groups of Ala 167
(MMP-2) and Ala 163 (MMP-8), respectively. The
biphenyl substituent has been inserted in the S0

1 pocket.
Free rotation has been left to all torsion angles of the
inhibitors.

6.3. Chemistry

All reagents were purchased from commercial suppli-
ers and used without further purification. Dry tetra-
hydrofuran (THF) was freshly distilled from sodium
and benzophenone; dry dichloromethane was distilled
from P2O5. In all other cases, commercially available
reagent-grade solvents were employed without purifi-
cation. Reactions performed in dry solvents were car-
ried out in nitrogen atmosphere. Melting points are
uncorrected and were obtained on a capillary appara-
tus (Büchi 510). Analytical thin-layer chromatography
(TLC) was routinely used to monitor reactions: plates
precoated with E. Merck silica gel 60 F254 or RP-8
F254S of 0.25 mm thickness were used. Merck silica
gel 60 (230–400 ASTM mesh) or Aldrich RP-18 silica
gel (Cat. No. 377635) was employed for column flash-
chromatography (FC). 1H, 13C and 31P NMR spectra
were recorded on a Varian VXR 300 or a Bruker AC
200 spectrometer. Chemical shifts (d) for 13C and 1H
are given in parts per million relative to (CH3)4Si
(TMS) as the internal standard. Chemical shifts (d)
for 31P are given in parts per million relative to phos-
phoric acid as the internal standard. Peak multiplici-
ties are abbreviated: singlet, s; doublet, d; triplet, t;
quartet, q; multiplet, m; broad, br. [a]D values were
determined with a Perkin-Elmer 241 polarimeter. Mass
spectra were performed on an Applied Biosystems
Voyager DE-PRO MALDI-TOF and on a Micromass
Quattro triple-quadruple ESI-MS instrument. MAL-
DI-TOF-MS analyses were performed on a matrix of
a-cyano-4-hydroxycinnamic acid in acetonitrile/water
50:50, while for ESI-MS analyses samples were dis-
solved in acetonitrile solution containing 0.1% of tri-
fluoroacetic acid (TFA). Elemental microanalyses (C,
H, N) were within ±0.4% of the calculated values.

6.4. 2-(1,1 0-Biphenyl-4-yl)ethanol (3c)

To a cooled (0 �C) 250 mL two-necked flask containing
a solution of 2c (3.0 g, 14.1 mmol) in 70 mL of anhy-
drous THF, 1.6 g (42.4 mmol) of LiAlH4 was added
portionwise while stirring, under nitrogen. When effer-
vescence ceased, the mixture was heated at reflux for
5 h until disappearance of starting material. The mix-
ture was diluted with ethyl acetate, washed with
1.0 M aqueous solution of HCl, water, and brine,
and the organic layer dried over anhydrous sodium sul-
fate. Evaporation of the solvent afforded 2.76 g (99%
yield) of product 3c.

Compound 3c: mp (CHCl3) = 95–96 �C; 1H NMR (ace-
tone-d6): d 7.55–7.15 (m, 9H), 3.65 (t, J = 7 Hz, 2H),
2.80 (br signal, 1H), 2.72 (t, J = 7 Hz, 2H).

6.5. 4 0-(Hydroxymethyl)-1,1 0-biphenyl-4-ol (3b)

Compound 3b (87% yield) was prepared similarly to 3c.

Compound 3b: mp (CHCl3) = 181–183 �C; 1H NMR
(acetone-d6): d 8.46 (s, 1H), 7.60–7.35 (m, 6H), 6.92
(d, J = 8 Hz, 2H), 4.64 (s, 2H), 4.18 (br s, 1H).

6.6. 4-(Iodomethyl)-1,1 0-biphenyl (4a)

To a solution containing 3a (2 g, 10.9 mmol) in 10 mL of
chloroform, 14 mL of an aqueous solution of HI (57%)
was added dropwise, under stirring. The mixture was al-
lowed to react at room temperature (rt) for 4 h and later
worked-up as follows: the mixture was extracted with
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chloroform, the separated organic layers were washed
with a (10%) aqueous solution of NaHCO3 and dried
over anhydrous sodium sulfate. Evaporation of the
solvent afforded 2.63 g (82% yield) of product 4a.

Compound 4a: mp (n-hexane/EtOAc) = 104–106 �C;
1H NMR (CDCl3): d 7.60–7.38 (m, 9H), 4.51 (s, 2H).
13C NMR (CDCl3): d 140.75, 140.41, 138.27, 129.16,
128.79, 127.53, 127.00, 5.65.

6.7. 4-(2-Iodoethyl)-1,1 0-biphenyl (4c)

To a solution containing PPh3 (2.42 g, 9.23 mmol), imid-
azole (681 mg, 12 mol), and iodine (2.34 g, 9.23 mmol)
dissolved in 50 mL of dry dichloromethane, 1.52 g
(7.69 mmol) of alcohol 3c was added portionwise with
stirring, under nitrogen. The reaction was stirred for
3 h at rt, and then crude oil was purified by FC (n-hex-
ane/EtOAc 80:20) affording 2.20 g (93% yield) of prod-
uct 4c.

Compound 4c: mp (n-hexane/EtOAc) = 58–59 �C; 1H
NMR (CDCl3): d 7.60–7.20 (m, 9H), 3.45–3.15 (m, 4H).
13C NMR (CDCl3): d 140.64, 139.64, 139.54, 128.67,
127.26, 127.17, 126.91, 39.88, 5.50.

6.8. 4 0-(Iodomethyl)-1,1 0-biphenyl-4-ol (4b)

Compound 4b (99% yield) was prepared similarly to 4a.

Compound 3c: mp (Et2O) = 153–155 �C; 1H NMR
(CDCl3): d 7.52–7.40 (m, 7H), 6.90 (d, J = 8.8 Hz, 2H),
4.51 (s, 2H). 13C NMR (acetone-d6): d 158.14, 141.22,
138.85, 132.41, 130.17, 128.78, 127.40, 116.56, 6.84.

6.9. 1,1 0-Biphenyl-4-yl-methylphosphinic acid (6a)

A two-necked flask containing ammonium hypo-
phosphite24b (564 mg, 6.8 mmol) was added with
2.13 mL (10.2 mmol) HMDS and the mixture was
heated at 105 �C (temperature value controlled with
Vertex) for 2 h, under nitrogen in order to synthesize
BTSP 5.25 The system was cooled at rt, added via syr-
inge with 2 g (6.8 mmol) of 4a previously dissolved in
5 mL of anhydrous dichloromethane and refluxed un-
der nitrogen for 12 h. The reaction mixture was fil-
tered, and the solvent was removed to yield an oil,
which was dissolved in dichloromethane and added
with a stoichiometric amount (6.8 mmol) of methanol
(to achieve desilylation and solution). The mixture
was newly filtered and the solution was washed with
2.0 M aqueous solution of HCl, dried over anhydrous
sodium sulfate, followed by removal of the solvent
affording 1.03 g (70% yield) of product 6a as a white
solid; the latter was carefully dried over P2O5 over-
night, under vacuum. The product was used without
further purification.

Compound 6a: Rf = 0.39 (EtOAc/AcOH 8:2); mp
(CH2Cl2) = >220 �C; 1H NMR (CD3OD): d 7.62–7.25
(m, 9H), 6.8 (d, J = 666.6 Hz, 1H), 3.16 (d, J = 21.7 Hz,
2H). 13C NMR (CD3OD): d 142.14 (d, J = 1.5 Hz),
140.8 (d, J = 3.8 Hz), 133.47 (d, J = 9.4 Hz), 131.4 (d,
J = 6.4 Hz), 129.84, 128.24, 127.95 (d, J = 3.2 Hz),
127.84 (d, J = 0.6 Hz), 35.48 (d, J = 134.8 Hz). 31P
NMR (CD3OD): d 33.25. MS-ESI+: m/z = 233 [M+H]+.

6.10. 2-(1,1 0-Biphenyl-4-yl)ethylphosphinic acid (6c) and
(4 0-hydroxy-1,1 0-biphenyl-4-yl)methylphosphinic acid (6b)

Compounds 6c (58% yield) and 6b (60% yield) were pre-
pared starting, respectively, from 4c and 4b, analogously
as described for 6a.

Compound 6c: Rf = 0.29 (EtOAc/AcOH 8:2); mp
(CH2Cl2) = 203–205 �C; 1H NMR (CDCl3): d 9.75 (br
s, 1H), 7.60–7.22 (m, 9H), 7.15 (d, J = 548 Hz, 1H),
3.05–2.88 (m, 2H), 2.25–2.05 (m, 2H). 13C NMR
(CDCl3): d 140.74, 139.53, 139.18 (d, J = 15.8 Hz),
128.80, 128.57, 127.43, 127.24, 127.01, 30.94 (d,
J = 92.5 Hz), 26.48. 31P NMR (CD3OD): d 37.90. MS-
ESI+: m/z = 247 [M+H]+.

Compound 6b: Rf = 0.26 (EtOAc/AcOH 8:2); mp
(CHCl3) = 211–213 �C; 1H NMR (CD3OD): d 7.55–
7.28 (m, 6H), 6.84 (d, J = 8.6 Hz, 2H), 6.98 (d,
J = 550 Hz, 1H), 3.20 (d, J = 18.5 Hz, 2H). 13C NMR
(CD3OD): d 158.20, 141.01 (d, J = 3.9 Hz), 133.20,
131.25, (d, J = 6.1 Hz), 130.61 (d, J = 7.5 Hz), 128.90,
127.68 (d, J = 3.1 Hz), 116.63, 38.77 (d, J = 86.3 Hz).
31P NMR (CD3OD): d 32.52. MALDI-TOF-MS:
m/z = 249 [M+H+].

6.11. Methyl-1,1 0-biphenyl-4-yl-methyl[(1,3-dioxo-1,3-
dihydro-2H-isoindol-2-yl)methyl]phosphinate (8a)

A two-necked flask containing a suspension of 6a
(500 mg, 2.17 mmol) in 6 mL of dry dichloromethane
was added with 0.5 mL (2.4 mmol) HMDS, under nitro-
gen. The resulting solution was stirred for 1 h at rt,
added with phthalimidomethyl bromide (521 mg,
2.17 mmol) and refluxed overnight. After TLC control
(n-hexane/ethyl acetate 7:3) showed the disappearance
of reagent 6a, solvent was evaporated in vacuo and
the residue, dissolved in 5 mL of a 1:1 methanol/toluene
mixture, was cooled to 0 �C and added with an excess of
an ethereal solution of diazomethane under stirring.
After 1 h, TLC control (toluene/acetone 1:1) showed
the end of reaction: solvent was evaporated in a rotava-
por containing some drops of acetic acid in the receiver
flask and crude oil was purified by FC (toluene/acetone
70:30 as eluent mixture) affording 500 mg (57% yield) of
product 8a as a white solid.

Compound 8a: Rf = 0.38 (toluene/acetone 6:4); mp
(EtOAc) = 146–148 �C; 1H NMR (CDCl3): d 7.91–7.82
(m, 2H), 7.79–7.71 (m, 2H), 7.59–7.30 (m, 9H), 4.1 (d,
J = 7.9 Hz, 2H), 3.78 (d, J = 10.7 Hz, 3H), 3.36 (ABX
dd, J = 15.65 and 23.86 Hz, 1H), 3.28 (ABX dd,
J = 15.65 and 23.86 Hz, 1H). 13C NMR (CDCl3): d
167.39, 140.62, 139.96, 134.35, 131.85, 130.47 (d,
J = 5.8 Hz), 129.32 (d, J = 9.3 Hz), 128.74, 127.38 (d,
J = 2.7 Hz), 127.29, 127.02, 123.64, 52.23 (d,
J = 6.9 Hz), 35.93 (d, J = 89.7 Hz), 34.73 (d,
J = 95.5 Hz). 31P NMR (CDCl3): d 45.03. MS-ESI+:
m/z = 406 [M+H]+.
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6.12. Methyl-2-(1,1 0-biphenyl-4-yl)ethyl[(1,3-dioxo-1,3-
dihydro-2H-isoindol-2-yl)methyl]phosphinate (8c) and
methyl (1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)methyl-
[(4 0-hydroxy-1,1 0-biphenyl-4-yl)methyl]phosphinate (8b)

Compounds 8c (55% yield) and 8b (49% yield) were pre-
pared starting, respectively, from 6c and 6b, analogously
as described for 8a.

Compound 8c: Rf = 0.27 (toluene/acetone 7:3); sticky
oil; 1H NMR (CDCl3): d 7.88–7.81 (m, 2H), 7.76–7.69
(m, 2H), 7.57–7.26 (m, 9H), 4.10 (d, J = 8.2 Hz, 2H),
3.83 (d, J = 10.7 Hz, 3H), 3.14–2.93 (m, 2H), 2.22–2.04
(m, 2H). 13C NMR (CDCl3): d 167.25, 140.78, 139.99,
139.66, 139.30, 134.34, 131.75, 128.67 (d, J = 4.25 Hz),
127.29, 127.14, 126.94, 123.62, 51.83 (d, J = 6.7 Hz),
34.77 (d, J = 92.9 Hz), 29.90 (d, J = 91.8 Hz), 26.85
(d, J = 3.5 Hz). 31P NMR (CDCl3): d 49.84. MS-ESI+:
m/z = 420 [M+H]+.

Compound 8b:Rf = 0.4 (toluene/acetone 1:1); mp = 215–
217 �C; 1HNMR(CDCl3): d 7.91–7.87 (m, 2H), 7.78–7.74
(m, 2H), 7.44–7.33 (m, 6H), 6.86 (d, J = 8.7 Hz, 2H), 4.10
(d, J = 7.7 Hz, 2H), 3.77 (d, J = 10.8 Hz, 3H), 3.38–3.26
(m, 2H). 13C NMR (CDCl3): d 167.59, 156.59, 140.05,
134.58, 132.07, 131.81, 130.44 (d, J = 5.9 Hz), 128.10,
127.85, 126.88 (d, J = 2.7 Hz), 123.75, 115.71, 52.46
(d, J = 7.1 Hz), 35.73 (d, J = 89.3 Hz), 34.62 (d,
J = 95.5 Hz). 31P NMR (CDCl3): d 51.88. MALDI-
TOF-MS: m/z = 422 [M+H+].

6.13. Methyl-aminomethyl(1,1 0-biphenyl-4-yl-
methyl)phosphinate (9a)

To a flask containing 8a (225 mg, 0.56 mmol) dissolved
in 3 mL of absolute ethanol, 556 lL (2.80 mmol) of
hydrazine monohydrate was added under stirring and
the reaction mixture was allowed to stir, at room tem-
perature, for 18 h. After filtration, the solvent was evap-
orated and crude oil was purified by FC (AcOEt/MeOH,
60:40) affording 120 mg of product 9a (78% yield).

Compound 9a: Rf = 0.21 (EtOAc/MeOH 7:3); sticky oil;
1H NMR (CDCl3): d 7.51–7.25 (m, 9H), 3.66 (d,
J = 10.3 Hz, 3H), 3.22 (d, J = 16.7 Hz, 2H), 3.10–2.75
(m, 2H), 1.64 (br s, 2H). 13C NMR (CDCl3): d 140.57,
139.98, 130.37 (d, J = 7.4 Hz), 130.07 (d, J = 5.5 Hz),
128.82, 127.58 (d, J = 2.8 Hz), 127.38, 127.01, 51.75 (d,
J = 7 Hz), 38.69 (d, J = 101.2 Hz), 33.51 (d,
J = 82.5 Hz). 31P NMR (CDCl3): d 52.51.

6.14. Methyl-aminomethyl[2-(1,1 0-biphenyl-4-yl)ethyl]-
phosphinate (9c) and methyl-aminomethyl[(4 0-hydroxy-
1,1 0-biphenyl-4-yl)methyl]phosphinate (9b)

Compounds 9c (70% yield) and 9b (74% yield) were pre-
pared starting, respectively, from 8c and 8b, analogously
as described for 9a.

Compound 9c: Rf = 0.35 (EtOAc/MeOH 1:1); sticky oil;
1H NMR (CDCl3): d 7.60–7.26 (m, 9H), 3.76 (d,
J = 10.3 Hz, 3H), 3.05–2.92 (m, 4H), 2.25–2.10 (m,
2H), 1.58 (br s, 2H). 13C NMR (CDCl3): d 140.82,
139.87, 139.75, 128.97, 128.71, 127.58, 127.46, 127.17,
51.75 (d, J = 6.9 Hz), 39.05 (d, J = 97.3 Hz), 27.45 (d,
J = 87.1 Hz), 27.45 (d, J = 2.3 Hz). 31P NMR (CDCl3):
d 57.38.

Compound 9b: Rf = 0.34 (EtOAc/MeOH 6:4); sticky oil;
1H NMR (CD3OD): d 7.54–7.41 (m, 6H), 6.83 (d,
J = 8.6, 2H), 3.85 (d, J = 8.2 Hz, 2H), 3.74 (d,
J = 10.2 Hz, 3H), 3.44 (d, J = 17.6 Hz, 2H). 13C NMR
(CD3OD): d 158.36, 141.48, 133.0, 131.42 (d,
J = 5.7 Hz), 129.85, 128.92, 127.81, 116.68, 52.91 (d,
J = 7.1 Hz), 37.28 (d, J = 99.3 Hz), 34.28 (d,
J = 86.9 Hz). 31P NMR (CD3OD): d 55.67.

6.15. 1-[(Benzyloxy)carbonyl]prolyl-N1-{[(1,10-biphenyl-4-
yl-methyl)(methoxy)phosphoryl] methyl}leucinamide (10a)

To a cooled (0 �C) funnel-equipped flask containing a
dry THF (4 mL) solution of 9a (118 mg, 0.43 mmol)
and Z-Pro-Leu-OH (155 mg, 0.43 mmol), a solution
of DCC (97 mg, 0.47 mmol) and HOBT (64 mg,
0.47 mmol) dissolved in 2 mL of the same solvent was
added dropwise under stirring. After standing at rt over-
night, N,N 0-dicyclohexylurea was filtered off and the
solution was evaporated under reduced pressure. The
residue, dissolved in EtOAc, was washed with saturated
solution of NaHCO3 and brine, and organic layer dried
over anhydrous Na2SO4. Crude oil was purified by FC
(EtOAc/MeOH 95:5) affording 212 mg (80% yield) of
product 10a as 1:1 mixture of diastereomers.

Compound 10a: Rf = 0.60 (EtOAc/MeOH 9:1); 1H
NMR (CDCl3): d 7.60–7.20 (m, 14H), 7.05 (br signal,
1H), 6.80 (br signal, 1H), 5.15 (s, 2H), 4.58–4.40 (m,
1H), 4.40–4.28 (m, 1H), 3.85–3.35 (br m, 7H), 3.26 (d,
J = 17.4 Hz, 2H), 2.25–1.10 (br m, 7H), 1.05–0.75 (br
signal, 6H). 13C NMR (CDCl3): d 172.31, 172.02,
156.41, 140.64, 139.95, 136.23, 130.39, 129.63, 128.76,
128.60, 128.26, 127.87, 127.47, 127.30, 127.00, 67.62,
60.97, 52.03, 47.24, 40.20, 36.3 (d, J = 94 Hz), 34.42
(d, J = 78 Hz), 29.00, 25.02, 24.70, 22.99, 21.65. 31P
NMR (CDCl3): d 48.95, 48.62. MS-ESI+: m/z = 620
[M+H+], 642 [M+Na+].

6.16. 1-[(Benzyloxy)carbonyl]prolyl-N1-{[[2-(1,10-biphenyl-
4-yl)ethyl](methoxy)phosphoryl] methyl}leucinamide (10c)
and 1-[(benzyloxy)carbonyl]prolyl-N1-{[[(4 0-hydroxy-1,1 0-
biphenyl-4-yl)methyl](methoxy)phosphoryl]methyl}leucin-
amide (10b)

Tripeptides 10c (67% yield) and 10b (71% yield) were
prepared starting, respectively, from 9c and 9b, analo-
gously as described for 10a.

Compound 10c:Rf = 0.69 (EtOAc/MeOH 8:2); 1HNMR
(CDCl3): d 7.56–7.26 (m, 14H), 7.05 (br signal, 1H), 6.70
(br signal, 1H), 5.15 (s, 2H), 4.42–4.36 (m, 1H), 4.32–4.26
(m, 1H), 3.76–3.48 (m, 7H), 3.00–2.92 (m, 2H), 2.16–2.05
(m, 3H), 1.96–1.90 (m, 3H), 1.73–1.66 (m, 3H), 0.91–0.86
(br signal, 6H). 13C NMR (CDCl3): d 172.09, 157.12,
141.09, 140.23 (d, J = 15.5 Hz), 139.54, 136.41, 128.96,
128.83, 128.79, 128.53, 128.12, 128.04, 127.53, 127.37,
127.21, 67.86, 61.22, 52.28, 47.47, 40.28, 36.6 (d,
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J = 98 Hz), 29.56 (d, J = 53 Hz), 27.22 (d, J = 3.7 Hz),
25.28, 24.91, 23.19, 21.82. 31P NMR (CDCl3): d 53.31,
53.02. ESI+-MS: m/z = 634.8 [M+H+], 656.7 [M+Na+].

Compound 10b: Rf = 0.33 (EtOAc/MeOH 9:1); 1H
NMR (CD3OD): d 7.53–7.25 (m, 11H), 6.81 (d,
J = 8.9 Hz, 2H), 5.14–5.06 (m, 2H), 4.43–4.25 (m, 2H),
3.69–3.43 (m, 9H), 2.32–1.48 (m, 7H), 0.96–0.80 (m,
6H). 13C NMR (CD3OD): d 174.89, 174.54, 157.11,
156.12, 141.61, 141.07, 137.56, 131.49 (d, J = 5.4 Hz),
130.55 (d, J = 8.9 Hz), 129.66, 129.34, 128.94, 128.79,
128.65, 128.19, 128.04 (d, J = 2.5 Hz), 127.70, 68.31,
61.92, 60.71, 53.05, 41.45, 40.92, 36.70 (d,
J = 98.5 Hz), 31.81 (d, J = 54 Hz), 25.30, 24.37, 23.45,
21.72. 31P NMR (CDCl3): d 51.12, 50.10. MALDI-
TOF-MS: m/z = 636 [M+H+], 658 [M+Na+].

6.17. Prolyl-N1-{[(1,1 0-biphenyl-4-yl-methyl)(hydroxy)-
phosphoryl]methyl}leucinamide (1a)

To a solution containing tripeptide 10a (190 mg,
0.307 mmol) dissolved in 4 mL of dry dichloromethane
was added an excess of BTSA (0.825 mL, 3.37 mmol)
while stirring, under nitrogen. After 1 h at rt, the reac-
tion mixture was cooled (�20 �C) and an excess of
TMSI (0.349 mL, 2.45 mmol) was added dropwise.
The solution was allowed to warm at rt within 1 h and
after 2 h solvent was evaporated under reduced pressure.
Crude oil was taken up with 3.0 mL of a 7:3 CH3CN/
H2O mixture. After removal of the solvents, the residue
was purified by RP-18 FC (CH3CN/H2O, from 60/40 to
80/20) affording 109 mg (75% yield) of free pseudo-tri-
peptide 1a as white solid.38

Compound 1a: ½a�20D �69 (c 0.29, DMSO); 1H NMR
(DMSO-d6, 600 MHz): d 9.0 (br signal, 1H), 8.38 (br
s, 1H), 7.61 (d, J = 8 Hz, 2H), 7.53 (d, J = 8 Hz, 2H),
7.48–7.30 (m, 5H), 4.42 (br signal, 1H), 4.12 (br signal,
1H), 3.38–3.05 (m, 4H), 2.93 (d, 2H), 2.23–2.18 (m,
1H), 1.90–1.83 (m, 1H), 1.82–1.75 (m, 2H), 1.65–1.43
(m, 3H), 0.91–0.83 (m, 6H). 13C NMR (DMSO-d6): d
171.48, 167.97, 140.03, 137.78, 130.44, 130.33, 128.95,
127.27, 126.5, 126.33, 58.91, 51.65, 45.69, 29.35, 24.24,
23.40, 23.09, 21.54. 31P NMR (DMSO-d6): d 67.86.
ESI+-MS: m/z = 472 [M+H+], 494 [M+Na+]. Calcd for
C25H34N3O4PÆ2H2O: C, 59.16; H, 7.55; N, 8.28. Found:
C, 58.76; H, 7.38; N, 8.14.

6.18. Prolyl-N1-{[[2-(1,1 0-biphenyl-4-yl)ethyl](hydroxy)-
phosphoryl]methyl}leucinamide (1c) and prolyl-N1-({hydr-
oxy[(4 0-hydroxy-1,1 0- biphenyl-4-yl)methyl]phosphoryl}
methyl)leucinamide (1b)

Final tripeptides 1c (83% yield) and 1b (72% yield) were
prepared starting, respectively, from 10c and 10b, anal-
ogously as described for 1a.

Compound 1c: ½a�20D �54.3 (c 0.35, CH3OH); 1H NMR
(CD3OD): d 7.59–7.30 (m, 9H), 4.49–4.42 (m, 1H),
4.35–4.28 (m, 1H), 3.38–3.31 (m, 4H), 3.01–2.87 (m,
2H), 2.51–2.37 (m, 1H), 2.17–2.00 (m, 5H), 1.71–1.68
(m, 3H), 0.99–0.93 (m, 6H). 13C NMR (CD3OD): d
175.20, 169.66, 141.95, 140.96, 140.54, 129.67, 129.54,
129.37, 128.07, 127.71, 60.72, 52.33, 41.11, 32.33 (d,
J = 85.8 Hz), 30.85, 29.28 (d, J = 35.5 Hz), 27.59, 25.90,
24.79, 23.33, 21.61. 31P NMR (CD3OD): d 64.01. ESI+-
MS: m/z = 486.7 [M+H+], 508.7 [M+Na+]. Calcd for
C26H36N3O4PÆH2O: C, 62.01; H, 7.61; N, 8.34. Found:
C, 62.38; H, 7.42; N, 8.60.

Compound 1b: ½a�20D �59.2 (c 1.35, CH3OH); 1H NMR
(CD3OD): d 7.51–7.32 (m, 6H), 6.83 (d, J = 8.6 Hz, 2H),
4.48–4.31 (m, 2H), 3.59 (d, J = 9.2 Hz, 2H), 3.34–3.31
(m, 2H), 3.18 (d, J = 16 Hz, 2H), 2.53–2.36 (m, 1H),
2.16–1.97 (m, 3H), 1.68–1.61 (m, 3H), 0.99–0.94 (m,
6H). 13C NMR (CD3OD): d 174.51, 169.95, 158.23,
148.32, 134.02, 131.60, 128.87, 127.49, 126.54, 116.64,
60.89, 53.93, 41.60, 38.82 (d, J = 98.6 Hz), 35.54 (d,
J = 82.3 Hz), 31.10, 25.91, 24.96, 23.41, 21.88. 31P NMR
(CD3OD): d 62.86. MALDI-TOF-MS: m/z = 488
[M+H+]. Calcd for C25H34N3O5PÆ2H2O: C, 57.35; H,
7.32; N, 8.03. Found: C, 57.02; H, 7.52; N, 8.23.

6.19. MMPs activation and inhibition assays

The proenzymes27 (pro-MMP-2 and -8) were activated
immediately before their use with p-aminophenylmercu-
ric acetate (APMA, 1 mM) for 1 h at 37 �C.39 For assay
measurements, 10�2 mM solutions of the inhibitors (in
MeOH for 1a, 1b and in a 90:10 mixture of MeOH/
DMSO for 1c) were further diluted as required in the
assay buffer (50 mM Tris–HCl, 5 mM CaCl2, 0.02%
NaN3, 0.05% Brij 35, pH 7.4, for MMP-2, and 50 mM
Tris–HCl, 10 mM CaCl2, 150 mM NaCl, pH 7.5, for
MMP-8). The activated enzyme added with inhibitor
solution was incubated in the assay buffer for 3 h, the
temperature being maintained at 25 �C for MMP-2
and at 37 �C for MMP-8. After addition of a
0.054 mM DMSO solution of fluorogenic substrate
QF24, hydrolysis was monitored by recording the
increase in fluorescence (kex 328 nm, kem 393 nm), during
30 min, using a Perkin-Elmer spectrofluorimeter LS
50B. The IC50 values were calculated from control reac-
tions without the inhibitor. The mean IC50 was obtained
from at least three independent measurements, and the
standard deviation of the mean was less than 10%.
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