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Using benzamidine as a lead molecule, two series of alkyl/aralkyl/arylsulfonylguanidines/
sulfonyl-O-methylisoureas have been prepared and assayed as inhibitors of two serine proteases,
thrombin and trypsin. The study showed that sulfaguanidine and its corresponding O-
methylisourea derivative possess moderate but intrinsically selective thrombin inhibitory
properties, with KI’s around 100 nM against thrombin and 1350-1500 nM against trypsin.
Further elaboration of these two molecules afforded compounds that inhibited thrombin with
KI’s in the range of 12-50 nM, whereas affinity for trypsin remained relatively low. Such
compounds were obtained by attaching benzyloxycarbonyl- or 4-toluenesulfonylureido-protected
amino acids (such as L- and D-Phe or L-Pro) or dipeptides (such as Phe-Pro, Gly-His, â-Ala-His,
or Pro-Gly) to the two leads mentioned above, sulfaguanidine and 4-aminobenzenesulfonyl-
O-methylisourea. Thus, the present study proposes two novel approaches for the preparation
of high-affinity, specific thrombin inhibitors: two novel S1 anchoring moieties in the already
large family of arginine/amidine-based inhibitors and novel peptidomimetic scaffolds obtained
by incorporating tosylureido amino acids in the hydrophobic binding site(s). The first one is
important for obtaining bioavailable thrombin inhibitors, devoid of the high basicity of the
commonly used arginine/amidine-based inhibitors, whereas the second one may lead to improved
water solubility of such compounds due to facilitated metal (sodium) salts formation (at the
relatively acidic SO2NHCO protons) as well as increased stability at hydrolysis (in vivo). A
QSAR study also explained the activity in terms of global properties of the molecules, electronic
properties of the sulfonylguanidine/sulfonylisourea moiety, and novel descriptors, the frontier
orbital phase angles (FOPA), that account for the directions of the nodes in the π orbitals in
the aromatic portion of those of the drugs in which the sulfonyl group was bound to a benzene
ring. For thrombin inhibition, the size of the molecule was the dominant influence, while for
trypsin inhibition the FOPA was the principal determinant of activity. The dependence of
activity on the FOPA variables is perhaps the clearest example of a quantum effect in
pharmacology and suggests a promising new tool for drug design.

Introduction
Thrombin (EC 3.4.21.5) has become an important

target for drug design in recent years, in the search for
low-molecular-weight, potent, and selective inhibitors
with applications as diagnostic and therapeutic agents
for the increasingly common thrombotic diseases.1-6

Although a large number of potent active site-directed
thrombin inhibitors such as peptide aldehydes,7,8 bor-
onates,9 and benzamidine-2,10,11 or arginine/guanidine-
derived12 inhibitors were reported, none meet all the
criteria needed for an ideal antithrombotic drug.2,13

Thus, the largest majority of the presently available low-
molecular-weight inhibitors, such as argatroban (MQPA)
(1),1 inogatran (2),6 NAPAP (3),15 4-TAPAP (4), or its
3-amidino isomer 3-TAPAP (5),2,15 are poorly bioavail-
able, due to their high basicity, connected with the
presence of guanidino/amidino moieties in their mol-
ecule, are not absorbable orally, or are rapidly elimi-

nated from the circulation, mainly due to their peptidic
nature. Although recently some nonbasic S1 anchoring
groups have been incorporated in the molecules of some
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thrombin inhibitors,3,5,16 the presence of guanidino/
benzamidino moieties in such compounds is critical,
since it is by means of the interaction of these highly
polar groups with Asp 189, the central amino acid
residue from the specificity pocket, that the enzyme-
inhibitor adduct is initially formed (obviously, a lot of
other secondary interactions are responsible for the
formation of high-affinity adducts between thrombin
and its inhibitors).3-5,10-12 To exploit the intrinsically
high affinity of guanidino/benzamidino-containing in-
hibitors for the thrombin active site, but also to avoid
undesired properties connected with their too high
basicity, we propose here a novel approach for designing
tight-binding inhibitors, by using sulfonylguanidino
(and some of its variants) moieties as anchoring groups
to the specificity S1 pocket. Obviously, the presence of
the SO2 group in the neighborhood of the guanidino
moiety strongly reduces the basicity of the latter,
presumably without precluding the binding of inhibitors
within the enzyme active site.

In this paper we report the preparation and serine
protease inhibitory properties (against human thrombin
and human trypsin) of two series of alkyl/aralkyl- or
arylsulfonylguanidines/sulfonyl-O-methylisoureas. The
most promising compounds (from the point of view of
their thrombin inhibitory properties, as well as that of
their specificity for thrombin over trypsin) were then
further elaborated, by attaching amino acyl/dipeptidyl
moieties into their molecule, leading thus to high-
affinity inhibitors, with potencies of the same order of
magnitude as those of the clinically used compounds
argatroban (MQPA) (1)14 and inogatran (2).6

Furthermore, a QSAR study of the new series of
obtained thrombin inhibitors should throw light on
the molecular features required for a good inhibitor and
also on the molecular environment of the drug in the
binding site and the mechanism of action. To this end
we have carried out AM1 molecular orbital (MO) calcu-
lations on the drugs and regression analyses to relate
the measured activity of the drugs to the calculated MO
indices. The chosen indices include charges and super-
delocalizabilities of atoms of the sulfonyl and guanidine/
isourea moieties, dipole moments, orbital energies,
polarizabilities, lipophilicities, aqueous solvation ener-
gies, and frontier orbital phase angles (FOPA).

Results

Synthesis. Compounds prepared by reaction of alkyl-,
aralkyl-, or arylsulfonyl halides with guanidine or
O-methylisourea, of types A,B(1-40), are shown in
Tables 1-4.

Nonexceptional routine synthetic procedures have
been used for the reactions of sulfonyl halides with
nucleophiles (for the preparation of compounds A,B(1-
32)),17,18 whereas for attaching the amino acyl moieties
to the leads A14 and B14, the procedure is outlined in
Scheme 1.

The key intermediate, sulfanilylcyanamide 6,19,20 was
coupled with N-Cbz- or N-tosylureido-protected amino
acids/dipeptides21 7 in the presence of EDCI or diiso-
propylcarbodiimide as condensing agents.22 The inter-
mediate sulfanilylcyanamide derivatives 8 were treated
with anhydrous HCl in methanol, to afford the sulfonyl-
O-methylisoureas B33-B40, which by reaction with

alcoholic ammonia led to the sulfonylguanidines A33-
A40.2b,19

Serine Protease Inhibitory Activity. Inhibition
data against two serine proteases, human thrombin and
human trypsin, are shown in Tables 1-4. The chro-
mogenic substrate Chromozym TH (Ts-Gly-Pro-Arg-p-
nitroanilide) was used in the assay, with the spectro-
photometric method of Lottenberg et al.23 Inhibition
data with the standard inhibitors 1-3 are also provided
for comparison in Tables 1 and 2.

QSAR Calculations. In addition to the compounds
of Tables 1-4, we include the sulfonylaminoguanidines
which we have described previously.24 The formulas and
activity of these compounds are given in Tables 5 and
6. Only those molecules with a benzene ring bound to
the sulfonamido sulfur were considered.

The structures were set up using the program Hy-
perchem25 and initially optimized using the MM+
molecular mechanics option, varying in particular the
dihedral angles of the guanidine/aminoguanidine/
isourea moiety to obtain a global minimum. The peptide
parts of molecules 33-40 were added assuming R-heli-
cal stereochemistry, and the completed molecules were
then optimized with MOPAC 6,26 using the AM1 Hamil-
tonian,27 the EF (eigenvector following) optimization
option, and the PRECISE option to ensure complete
convergence. The polarizability was also computed
during this step. The molecules were oriented such that
the center of the benzene ring was at the origin, atom
1 (to which the sulfonamido S was bonded) was on the
positive X axis, and the midpoint of atoms 2 and 3 was
in the X-Y plane. The Z coordinate of the guanidine/
isourea carbon was positive. A single-point calculation
was then run on this geometry using MOPAC 93,28

employing the COSMO29 model to approximate the

Scheme 1
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properties of the molecule in solution in water, using a
dielectric constant of 72.7. The FOPA ΘH and ΘL were
calculated for the aromatic molecules,30 and the Mul-
liken charges Q and the Fukui electrophilic and nucleo-
philic superdelocalizabilities SE and SN 31,32 were cal-
culated for each atom in the molecules. For those com-
pounds with a carboxyl group (A-C, 17-20) a prelimi-
nary Pallas calculation indicated that the compound was
ionized at physiological pH, and the compound was
calculated as an anion. All others were calculated as
neutral molecules. The octanol-water partition con-
stants were calculated using the program ClogP.33

The descriptors chosen for examination in the QSAR
study included, for the sulfonamido moiety, Q, SE, and
SN for the sulfonamide S, O, and N and the guanidine
C for all of the molecules, the mean values of these for
the guanidine and aminoguanidine NH2 N and NH2 H,
the value for the isourea NH2 N, and the mean value
for the isourea NH2 H. The symbol Na will refer to the
guanidine nitrogen and Nb to the sulfonamide nitrogen.
Thus, for example, QNa refers to the Mulliken charge of
the guanidine/aminoguanidine/isourea NH2 nitrogen
atom, or the mean if there is more than one. In addition,
ESH, EH, EL, and ESL refer to the second highest, highest,
lowest, and second lowest π orbital of the benzene ring.
Such a π orbital was recognized in the output by 1. The
sum of squares of all of the pz atomic orbital coefficients

in the molecular orbital exceeded 0.5, 2. There were no
large coefficients on any s, px, or py atomic orbitals, and

Table 1. Sulfonylguanidines A1-A32 Prepared in the Present
Study, with Their Inhibition Data Against Human Thrombin
and Human Trypsin

KI (nM)a

compd A R thrombin trypsin

1 Me2N 1200 2890
2 PhCH2 330 1350
3 CF3 890 1275
4 p-F-C6H4 240 1090
5 p-Cl-C6H4 225 1170
6 p-Br-C6H4 220 1230
7 p-I-C6H4 210 1350
8 p-CH3-C6H4 290 1810
9 p-O2N-C6H4 180 975

10 m-O2N-C6H4 190 1100
11 o-O2N-C6H4 320 1850
12 3-Cl-4-O2N-C6H3 160 990
13 p-AcNH-C6H4 195 1070
14 p-H2N-C6H4 95 1350
15 m-H2N-C6H4 107 1145
16 C6F5 146 1350
17 o-HOOC-C6H4 240 1445
18 m-HOOC-C6H4 121 1500
19 p-HOOC-C6H4 104 1235
20 o-HOOC-C6Br4 225 1250
21 p-CH3O-C6H4 240 1320
22 2,4,6-(CH3)3-C6H2 255 1450
23 4-CH3O-3-H2N-C6H3 103 1080
24 2-HO-3,5-Cl2-C6H2 152 1420
25 4-Me2N-C6H4-NdN-C6H4 134 1245
26 5-dimethylamino-1-naphthyl 120 1150
27 1-naphthyl 136 1230
28 2-naphthyl 132 1300
29 n-C4F9 520 2100
30 n-C8F17 360 1950
31 2-thienyl 185 1320
32 camphor-10-yl 320 980

benzamidine 300 450
a KI values were obtained from Dixon plots using a linear

regression program, from at least three different assays. Errors
(data not shown) were (5-10 % of the shown values.

Table 2. Derivatives A33-A40 Obtained from Sulfaguanidine
A14 as Lead, with Their Inhibition Data Against Human
Thrombin and Human Trypsin (standards 1-3 also included)

KI (nM)a

compd Xc thrombin trypsin

A33 Cbz-D-Phe 54 1285
A34 ts-D-Phe 43 1250
A35 ts-L-Pro 48 1445
A36 ts-D-PhePro 12 1315
A37 Cbz-D-PhePro 13 1360
A38 ts-GlyHis 18 1455
A39 ts-â-AlaHis 15 1350
A40 ts-L-ProGly 21 1400
1 argatrobanb 19
2 inogatran 15 540
3 NAPAP 6.5 690

a KI values were obtained from Dixon plots using a linear
regression program, from at least three different assays. Errors
(data not shown) were (5-10 % of the shown values. b From ref
5a. c Cbz ) PhCH2OCO, ts ) p-MeC6H4SO2NHCO; these groups
acylate the amino-terminal H2N moiety. When configuration is
not specified, L-amino acid moieties where employed. The usual
polypeptide formalism is used: the amino-terminal residue is
written first (and is always protected by either the Cbz or the ts
moieties), whereas the carboxy-terminal residue is acylating the
sulfaguanidine N-4 amino group.

Table 3. Sulfonyl-O-methylisoureas B1-B32 Prepared in the
Present Study, with Their Inhibition Data Against Human
Thrombin and Human Trypsin

KI (nM)a

compd B R thrombin trypsin

1 Me2N 1365 3300
2 PhCH2 450 1900
3 CF3 895 1450
4 p-F-C6H4 280 1200
5 p-Cl-C6H4 266 1325
6 p-Br-C6H4 265 1370
7 p-I-C6H4 243 1415
8 p-CH3-C6H4 328 2150
9 p-O2N-C6H4 189 1235

10 m-O2N-C6H4 213 1375
11 o-O2N-C6H4 355 2340
12 3-Cl-4-O2N-C6H3 177 1200
13 p-AcNH-C6H4 202 1345
14 p-H2N-C6H4 106 1580
15 m-H2N-C6H4 99 1370
16 C6F5 153 1425
17 o-HOOC-C6H4 325 1550
18 m-HOOC-C6H4 197 1595
19 p-HOOC-C6H4 133 1340
20 o-HOOC-C6Br4 239 1300
21 p-CH3O-C6H4 276 1460
22 2,4,6-(CH3)3-C6H2 348 1785
23 4-CH3O-3-H2N-C6H3 96 1235
24 2-HO-3,5-Cl2-C6H2 170 1550
25 4-Me2N-C6H4-NdN-C6H4 169 1350
26 5-dimethylamino-1-naphthyl 138 1375
27 1-naphthyl 154 1425
28 2-naphthyl 147 1445
29 n-C4F9 565 2180
30 n-C8F17 403 2135
31 2-thienyl 213 1350
32 camphor-10-yl 336 1075

a KI values were obtained from Dixon plots using a linear
regression program, from at least three different assays. Errors
(data not shown) were (5-10 % of the shown values.
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3. There were large coefficients on pz atomic orbitals on
the benzene ring bonded to the sulfonamide moiety. This
isolated the particular molecular orbitals corresponding
to the degenerate HOMO and LUMO of benzene ap-
proximating to the aromatic part of the drug molecule.
The FOPA descriptors were calculated from these six
coefficients as described previously,30 numbering as 1
the atom bonded to the sulfonamide S. The splitting
energies ∆H and ∆L were defined as EH - ESH and ESL

-EL, respectively. Two indicator variables IA and IB
were defined such that IB ) 1 for isoureas and IB ) 0
otherwise and IA ) 1 for aminoguanidines and IA ) 0
otherwise. The lipophilicity log P could be calculated
explicitly only for the guanidines. For the isoureas and
aminoguanidines, it will differ from the result for the
guanidines by a constant, and this constant will be
incorporated into IA and IB. The polarizabilities Πxx, Πyy,
and Πzz are referred to the inertial axes and the dipole
moment components µx, µy, and µz to the input orienta-
tion. The computed solvation energy ∆HS is the differ-
ence between the heat of formation calculated by the
COSMO method and the vacuum calculation. The van
der Waals surface area Aw was obtained from the
MOPAC 93 calculation and served as a measure of
molecular size. The mean absolute Mulliken charge Qm
and the local dipole index Dl served as measures of
charge separation in the molecule.

Statistical calculations were carried out with the
BMDP statistical package.34 Regressions were done with
the all possible subsets method,35 with control of col-
linearity being exercised by running principal compo-
nents analysis on the subsets of variables. The quan-
tity36

was calculated, where N is the number of variables in
the subset and λi are the eigenvalues of the correlation
matrix of the subset of independent variables. A value
of Λ less than 5 indicates no significant collinearity. If
in any subset of interest Λ exceeded 5, the eigenvector
matrix of the correlation matrix was examined. For the
eigenvector corresponding to the smallest eigenvalue,
large loadings indicated a collinearity between the
corresponding variables. One or more such variables
were excluded from consideration, or two or more
variables combined, and the entire procedure was
repeated until Λ values were obtained that indicated
that collinearity was absent. Combined variables in-

Table 4. Derivatives B33-B40 Obtained from
Sulfanilyl-O-methylisourea B14 as Lead, with Their Inhibition
Data Against Human Thrombin and Human Trypsin

KI (nM)a

compd B Xb thrombin trypsin

33 Cbz-D-Phe 62 1425
34 ts-D-Phe 60 1320
35 ts-L-Pro 63 1500
36 ts-D-PhePro 18 1420
37 Cbz-D-PhePro 16 1435
38 ts-GlyHis 21 1550
39 ts-â-AlaHis 19 1420
40 ts-L-ProGly 27 1540

a KI values were obtained from Dixon plots using a linear
regression program, from at least three different assays. Errors
(data not shown) were (5-10 % of the shown values. b Cbz )
PhCH2OCO, ts ) p-MeC6H4SO2NHCO; these groups acylate the
amino-terminal H2N moiety. When configuration is not specified,
it means that L-amino acid moieties where employed. The usual
polypeptide formalism is used: the amino-terminal residue is
written first (and is always protected by either the Cbz or the ts
moieties), whereas the carboxy-terminal residue is acylating the
sulfanilyl-O-methylisourea N-4 amino group.

Table 5. Sulfonylaminoguanidines C4-C28 Prepared in the
Present Study, with Their Inhibition Data Against Human
Thrombin and Human Trypsin

C4-C28

KI (nM)a

compd C R thrombin trypsin

4 p-F-C6H4 225 1025
5 p-Cl-C6H4 212 1100
6 p-Br-C6H4 203 1215
7 p-I-C6H4 177 1300
8 p-CH3-C6H4 270 1775
9 p-O2N-C6H4 166 990

10 m-O2N-C6H4 170 1235
11 o-O2N-C6H4 324 1800
12 3-Cl-4-O2N-C6H3 154 1010
13 p-AcNH-C6H4 172 1025
14 p-H2N-C6H4 91 1425
15 m-H2N-C6H4 88 1400
16 C6F5 123 1350
17 o-HOOC-C6H4 205 1400
18 m-HOOC-C6H4 112 1520
19 p-HOOC-C6H4 97 1335
20 o-HOOC-C6Br4 213 1200
21 p-CH3O-C6H4 227 1275
22 2,4,6-(CH3)3-C6H2 219 1345
23 4-CH3O-3-H2N-C6H3 219 1100
24 2-HO-3,5-Cl2-C6H2 98 1100
25 4-Me2N-C6H4-NdN-C6H4 139 1355
26 5-dimethylamino-1-naphthyl 130 1200
27 1-naphthyl 125 1200
28 2-naphthyl 129 1285

a KI values were obtained from Dixon plots using a linear
regression program, from at least three different assays. Errors
(data not shown) were (5-10 % of the shown values.

Table 6. Derivatives C33-C40 Obtained from
Sulfanilylaminoguanidine C14 as Lead, with Their Inhibition
Data Against Human Thrombin and Human Trypsin

KI (nM)a

compd C Xb thrombin trypsin

33 Cbz-D-Phe 50 1315
34 ts-D-Phe 44 1340
35 ts-L-Pro 43 1530
36 ts-D-PhePro 10 1450
37 Cbz-D-PhePro 11 1400
38 ts-GlyHis 15 1555
39 ts-â-AlaHis 10 1390
40 ts-L-ProGly 15 1560

a KI values were obtained from Dixon plots using a linear
regression program, from at least three different assays. Errors
(data not shown) were (5-10 % of the shown values. b Cbz )
PhCH2OCO, ts ) p-MeC6H4SO2NHCO; these groups acylate the
amino-terminal H2N moiety. When configuration is not specified,
L-amino acid moieties where employed. The usual polypeptide
formalism is used: the amino-terminal residue is written first (and
is always protected by either the Cbz or the ts moieties), whereas
the carboxy-terminal residue is acylating the sulfaguanidine N-4
amino group.

Λ )
1

N
∑
i)1

N 1

λi
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cluded Π ) (Πxx+ Πyy + Πzz)/3, EL-H ) EL - EH, and
EL+H ) EL+ EH. Subsets of variables meeting these
criteria are presented.

When selecting a subset of variables from a pool, the
statistical significance tends to be inflated due to lack
of consideration of the multitude of possible models,
as shown by Topliss et al.37,38 In the present study,
this inflation of significance was controlled by the calcu-
lation of many stepwise regressions using the Effroym-
son algorithm39 with the dependent variable randomly
reassigned. Statistical significance was calculated from
the distribution of R, as described previously.40,41

Discussion

Chemistry. The lead molecule for obtaining novel
types of thrombin inhibitors considered by us was
benzamidine 9, one of the simplest such compounds,
which possesses an inhibition constant KI ) 300 nM
against human thrombin; moreover, the X-ray crystal-
lographic structure for the complex of benzamidine with
this enzyme has recently been reported (PDB entry:
1DWB).42 From the X-ray data it was observed that the
amidino moiety of the inhibitor is anchored to the S1
specificity pocket of the enzyme, interacting electrostati-
cally and by means of hydrogen bonds with Asp 189.
Several other van der Waals contacts between the
inhibitor molecule and the enzyme were also evi-
denced.42 Obviously, benzamidine is a weak thrombin
inhibitor, since the binding energy is only gained due
to the strong electrostatic interaction of the carboxylate
of Asp 189 and the positively charged amidino moiety.
On the other hand, as already mentioned in the Intro-
duction, the amidino moiety possesses too high a basic-
ity for allowing the formation of bioavailable enzyme
inhibitors, and it appeared thus of great interest to
elaborate nonbasic variants of this attractive thrombin
anchoring group. The sulfonylguanidino moiety (as well
as some of its variants, such as for instance the sulfonyl-
O-methylisourea group) appeared as an attractive can-
didate for such a purpose, since the presence of the SO2
moiety in the neighborhood of the strong base, guani-
dine, should drastically weaken its basicity. The second
moiety on the other hand (SO2NdC(OMe)NH2) is much
less basic than the guanidino group. Such modified
anchoring groups should not presumably interfere with
the binding of the inhibitor to the enzyme, since the
hydrogen-bonding donor/acceptor properties as well as
the possibility to interact electrostatically with the
enzyme for the compounds incorporating them should
not differ too much from those of the classical amidino/
guanidino-based inhibitors of types 1-5 or 9. Since
sulfonylguanidines or sulfonyl-O-methylisoureas possess
a large number of possible tautomeric forms, and this
factor might be a critical one for the binding of such a
compound to thrombin, we performed MOPAC as well
as AM1 calculations in order to identify the most stable
tautomers.

pKa values for the amidino/guanidino as well as sul-
fonamido moieties of some of the newly synthesized
serine protease inhibitors and standard compounds such
as inogatran, argatroban, and NAPAP (Table 7) prove
that the approach proposed here for reducing the
basicity of such an enzyme inhibitor is a successful one.
Thus, unlike the highly basic guanidines/amidines of

types 1-3 (pKa’s around 12.3-12.6), sulfaguanidine
A14 and some of its derivatives reported here have
pKa values of the guanidino moiety around 7.9-8.4,
being around 104 times less basic than the previously
mentioned derivatives. Furthermore, due to the pres-
ence of the sulfonyl moiety in their molecules, these
compounds also possess a weakly acidic character, with
another ionization step around the pKa value of 6.2-
7.3, due to the loss of the SO2NH proton. These fea-
tures should positively influence the pharmacological
profile of a thrombin inhibitor of the type described here.

Calculations were done with Gaussian 9443 and MO-
PAC 93.26 For the molecules phenylsulfonylguanidine,
phenylsulfonyl-O-methylpseudourea, and phenylsulfo-
nylaminoguanidine, two tautomeric structures of each
(shown in Scheme 2) were generated using Hyperchem
5.125 and optimized using Hyperchem’s MM+ molecular
mechanics optimizer. These geometries were further
optimized with MOPAC 93 using the AM1 Hamilto-
nian.27 The geometries thus obtained were used in one-
point calculations to obtain the heats of formation in
vacuo and in a medium of dielectric constant 72.7 using
the COSMO29 approximation (by MOPAC) and with the
B3LYP method44,45 and in the latter medium using
SCIPCM46 (by Gaussian). pKa values were calculated
using the Pallas software.47

The results are shown in Table 8 for the stabilities
and Table 9 for the pKa’s. For both the density functional
and AM1 methods, solvation increased the stability of
structure 1 over structure 2. For the sulfonylguanidine
and sulfonyl-O-methylpseudourea, both methods pre-
dicted greater stability for structure 1, but for the sul-
fonylaminoguanidine, AM1 predicted greater stability

Table 7. Experimentally Determined pKa Values of Some
Thrombin Inhibitors

pKa
a

inhibitor
guandino/amidino/

isourea moiety
SO2NH
moiety

1, argatrobanb 12.5
2, inogatranb 12.3
3, NAPAP 12.6
A14, sulfaguanidine 8.4 7.0
B14, sulfanilyl-O-Me-isourea cannot be determined 6.2
C14, sulfanilylaminoguanidine 7.9 7.3

a pKa’s were determined in EtOH-water, 30% (v/v), as described
in the Experimental section. b From ref 8.

Scheme 2
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for structure 1 but the density functional method pre-
dicted the reverse, albeit with a fairly small difference.

Pallas predicts that in all cases, structure 1 will not
protonate under aqueous conditions. Structure 2 for the
sulfonylguanidine will protonate only at low pH, but for
the sulfonylaminoguanidine it will undergo protonation
close to physiological pH.

The tautomer of type 10A is much more stable than
the tautomer 10B (Scheme 2) in the case of benzene-
sulfonylguanidine. The same situation is true for the
corresponding benzenesulfonyl-O-methylisoureas 11A,B
(Scheme 2).

It is obvious from the above data that the symmetric
nature of the favored tautomer 10A should enable
strong interactions with the carboxylate moiety of Asp
189 and the presumable formations of high-affinity E-I
adducts. The same situation should apply for the
formation of sulfonylisourea derivatives, although the
pattern of hydrogen bonds/electrostatic interactions
should be different in this case. In this context one
should also mention that recently Salemme et al.5b have
shown that the 4-hydroxy-3-methoxybenzyl group is
capable of interacting with the guanidino-binding site
of thrombin (when attached to a D-Phe-Pro scaffold).
This last anchoring group is relatively similar with the
sulfonyl-O-methylisourea moiety evidenced by us in this
paper as an efficient S1 anchoring moiety. Thus, two
series of sulfonylguanidines A1-A32 and sulfonyl-O-
methylisoureas B1-B32 were prepared in order to test
this hypothesis (Tables 1 and 3). These compounds were
obtained by simple reactions of alkyl/aralkyl/aryl/hetar-
ylsulfonyl halides or sulfonic acid anhydrides with
nucleophiles such as guanidine, O-methylisourea, etc.
The sulfanilyl derivatives A14 and B14 obtained as
mentioned above were then chosen for further elabora-
tion, with the goal of obtaining more efficient thrombin
inhibitors. Two main approaches have been used for
attaining this purpose: (1) Attachment of protected
amino acyl/dipeptidyl moieties to the N-4 atom of the
two leads A14 and B14, based primarily on the well-
known scaffold Phe-Pro-Arg,3-5,7,48 which ensures ef-
fective binding within thrombin active site. Since our
compounds already possessed the S1 anchoring moiety,

basically Phe and Pro substitutions were performed
initially. The terminal amino moiety of these amino
acids was protected by means of the classical benzyl-
oxycarbonyl group (Cbz) or by the new tosylureido (ts)
group, which has not been used up to now for the design
of serine protease inhibitors. Our choice is motivated
by the following facts: the toluenesulfonyl group con-
tained in this moiety might participate in interactions
with the hydrophobic moieties of the thrombin binding
site (such as S2 or/and S4; in the case of compounds
possessing a larger molecule, see later in the text);
additionally, the SO2NHCONH part of the molecule
might also be critical for binding, as in the X-ray struc-
ture of the NAPAP adduct of thrombin it was observed
that the SO2NHCH2CO moiety forms two strong hydro-
gen bonds with Gly 216.49 Thus, the dipeptidyl deriva-
tives ts-D-Phe-Pro- as well as Cbz-D-Phe-Pro- of the two
leads have been prepared (compounds A,B(36,37)), and
in fact they proved to be the most potent inhibitors in
the whole series. (2) Considering the fact that the
well-known serine protease substrate Chromozym TH
(Ts-Gly-Pro-Arg-p-nitroanilide,Ts ) 4-toluenesulfonyl;
it should not be confused with “ts” which is our ab-
breviation for tosylureido) possesses a strong affinity for
thrombin (Km between 4 and 12 µM)23 we decided to
use part of this scaffold for designing sulfanilylguani-
dine- and sulfanilyl-O-methylisourea-based inhibitors.
This scaffold was modified as follows: the tosyl group
has been changed to the ts (tosylureido) one; the amino
terminal Gly was either maintained (such as in A38)
or changed to â-Ala (such as in A39) in order to study
the influence of the length of this part of the molecule
to binding to the enzyme. Most importantly, the Pro of
the original scaffold was changed to the much more
polar His in the new compounds A38 and A39. All these
changes led to effective thrombin inhibitors in some
cases. Finally, among the different other dipeptides
attached to the two lead molecules mentioned above
(data not shown), the one leading to strong and selective
thrombin inhibitors was that based on the ts-Pro-Gly
scaffold, in derivatives A40 and B40. No structural data
are available up to now for explaining the high affinity
of such inhibitors to thrombin.

Serine Protease Inhibition. Data of Tables 1 and
3 show that the sulfonylguanidines A1-A32 and the
corresponding sulfonyl-O-methylisoureas B1-B32 pos-
sess weak thrombin inhibitory properties, comparable
with those of the lead benzamidine 9. The main differ-
ence between the two classes of inhibitors regards the
decreased affinity of our compounds for trypsin, as
compared to benzamidine. These data also clearly show
that the presence of an aromatic/heterocyclic ring into

Table 8. Stability Resultsa

compound AM1/vacuum AM1/COSMO DF/vacuum DF/SCIPCM

guanidine/tautomer 1 -21.44 -63.12 -984.962005 -984.985592
guanidine/tautomer 2 -13.75 -49.48 -984.952926 -984.969578
difference (1 - 2) -7.69 -13.64 -5.70 -10.05
isourea/tautomer 1 -64.00 -101.32 -1044.117509 -1044.136993
isourea/tautomer 2 -56.36 -89.98 -1044.115495 -1044.131326
difference (1 - 2) -7.64 -11.34 -1.26 -3.56
aminoguanidine/tautomer 1 0.47 -38.42 -1040.254819 -1040.278149
aminoguanidine/tautomer 2 10.95 -28.77 -1040.262145 -1040.282850
difference (1 - 2) -10.48 -9.65 +4.60 +2.95

a DF ) B3LYP/6-31G*//AM1. The AM1 results are in kcal and the density functional results in Hartrees, except for the differences (in
bold) which are in kcal throughout.

Table 9. pKa Results

compound pKa Pallas

guanidine/tautomer 1 a
guanidine/tautomer 2 2.3
isourea/tautomer 1 -6.82
isourea/tautomer 2 10.45, -4.92
aminoguanidine/tautomer 1 a
aminoguanidine/tautomer 2 6.84

a No acidic or basic groups found within aqeous range.
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the molecule of such a compound highly enhances its
affinity for thrombin. The aliphatic compounds, such as
the dimethylamino derivatives A1 and B1 or the per-
fluoroalkylsulfonylguanidines A3, A29, and A30, and
the corresponding perfluoroalkylsulfonyl-O-methyliso-
ureas B3, B29, and B30, were among the most ineffec-
tive thrombin/trypsin inhibitors in the whole series of
prepared compounds, with lower affinities than benz-
amidine 9 for the first enzyme. The derivatives of the
substituted-benzenesulfonylguanidine/O-methyliso-
urea on the other hand possessed generally a higher
affinity for thrombin, as compared to benzamidine.
Typically, they inhibited thrombin with KI’s between
100 and 300 nM but possessed a lower affinity for
trypsin as compared to benzamidine, which is a highly
desirable feature for an inhibitor to be developed for
clinical applications. Moieties leading to effective throm-
bin inhibitors were: p-halogenophenyl, p-nitrophenyl,
3-chloro-4-nitrophenyl, p- and m-aminophenyl, perfluo-
rophenyl, p-carboxyphenyl, 4-methoxy-3-aminophenyl,
1- and 2-naphthyl, or 2-thienyl, among others. The
sulfonylguanidines of type A were slightly more active
as thrombin/trypsin inhibitors as compared to the
corresponding sulfonyl-O-methylisoureas B. In the two
series of obtained compounds, the best thrombin inhibi-
tors proved to be those containing p- or m-amino
moieties. Thus, one such compound in each series has
been chosen as a lead for further elaboration, with the
scope of obtaining more efficient inhibitors. The two
selected compounds were the sulfanilyl derivatives A14
and B14, respectively. In the two subseries of amino
acyl/dipeptidyl-containing inhibitors A,B(33-40), the
following facts should be noted (Tables 2 and 4): (i)
All these compounds behave as stronger thrombin
inhibitors (KI’s in the range of 12-62 nM) as com-
pared to the two leads from which they were obtained,
whereas their affinity for trypsin remained relatively
low (KI’s in the range of 1200-1540 nM). Furthermore,
the affinity of the best inhibitors for thrombin is
comparable to or slightly better than that of the clini-
cally used argatroban and inogatran, being at the same
time less effective than NAPAP. On the other hand, the
thrombin over trypsin selectivity of our compounds is
much better as compared to that of other reported
inhibitors. (ii) Protected dipeptide derivatives (such as
A,B(36-40)) were more effective inhibitors as compared
to the protected amino acyl derivatives A,B(33-35). (iii)
The ts moiety seems to be slightly more beneficial than
the Cbz one for potency as thrombin inhibitors of the
obtained compounds. (iv) Prolongation of the molecule
from Gly to â-Ala in compounds A39 and B39 is also
beneficial for their potency/selectivity profiles. (v) Amino

acyl/dipeptidylsulfaguanidines A were more effective
thrombin inhibitors as compared to the corresponding
acyl/dipeptidyl-O-methylsulfonylisoureas B.

Although the thrombin and trypsin S1 pockets are
quite similar, the substitution Ser190Ala has as a
consequence in the fact that a hydrogen-bonding partner
for the P1 residue (OH from Ser 190 in thrombin) is
lost in trypsin.50 The specificity for thrombin over
trypsin of the compounds reported here might be thus
explained by considering the characteristic features of
the thrombin active site, which, unlike that of trypsin,
is also partially occluded.51 Furthermore, thrombin
shows a greater selectivity for the P2 and P3 residues,
as compared to trypsin,52 and it has also been showed
that it is the residue Glu 192 that plays a major role in
the determination of the specificity of the coagulation
proteases toward their substrates/inhibitors.53 All these
factors might thus explain the good selectivity profile
of the compounds reported here for thrombin over
trypsin. X-ray crystallographic work is in progress in
our laboratory in order to better understand the binding
mode to the serine proteases of these new classes of
inhibitors.

QSAR Calculations. 1. Guanidines. 1.1. Com-
pounds Without Peptide Chains. 1.1.1. Thrombin.
The best single-variable equation involved ∆H, with R2

) 0.47. Of the best 10 equations on the Cp criterion, the
only one with all terms statistically significant was:

Here N is the number of drugs under consideration, R2

is the squared correlation coefficient, Q2 is the same
based on the predicted residuals (the leave-one-out tech-
nique), s is the standard error of estimate, F is the
Fisher variance ratio for the regression, and P is the
corresponding probability (the statistical significance).
The statistic Λ has been described above. For each vari-
able in the regression, Ci is the regression coefficient, σ
is the standard error, and R is the statistical signifi-
cance.

One of QC, QNb, or EH entered next but was not sig-
nificant by t-test, followed by either cos 2ΘH or sin 2ΘH.

1.1.2. Trypsin. The best single-variable equation
involved ∆H. The best equation on the Cp criterion was:

log KI ) C1µx + C2∆H + C3∆L + C4Π + C5 (1)

N ) 25, R2 ) 0.752, Q2 ) 0.626, s ) 0.083,
Λ ) 1.46, F ) 15.17, P ) 7 × 10-6

log KI ) C1∆H + C2∆L + C3 (2)
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An equation with R2 ) 0.393 and almost equally good
in Cp involved log P, EL, and cos 2ΘH - sin 2ΘH.

1.2. All Compounds. 1.2.1. Thrombin. The best
equation on the Cp criterion was:

Aw could substitute for Πzz and ∆H and EL could
replace EH with little loss of fit.

1.2.2. Trypsin. The best equation found on the Cp
criterion was:

2. Aminoguanidines. 2.1. Compounds Without
Peptide Chains. 2.1.1. Thrombin. The only equation
among the best 10 with all terms statistically significant
was:

The next variables to enter were Π or cos 2ΘL, but
neither was statistically significant.

2.1.2. Trypsin. The best equation found on the basis
of Cp was the one-variable expression:

No other equation among the best 10 had all terms
significant.

2.2. All Compounds. 2.2.1. Thrombin. The best
equation on the basis of Cp had 10 terms and an R2 of
0.956 and had two terms which did not achieve statisti-
cal significance. The best equation for which all terms
were statistically significant was:

2.2.2. Trypsin. The best equation on the basis of Cp
was:

3. Isoureas. 3.1. Compounds Without Peptide
Chains. 3.1.1. Thrombin. The best equation in terms
of Cp was:

3.1.2. Trypsin. The best equation in terms of Cp was
statistically nonsignificant:

N ) 25, R2 ) 0.310, Q2 ) 0.153, s ) 0.060,
Λ ) 1.13, F ) 4.94, P ) 0.016

log KI ) C1Πzz + C2∆HS + C3S
E

H + C4EH + C5 (3)

N ) 33, R2 ) 0.943, Q2 ) 0.924, s ) 0.106,
Λ ) 1.52, F ) 116.8, P ) 5 × 10-17

log KI ) C1S
N

S + C2S
N

Na + C3S
N

H + C4∆H +
C5 cos 2ΘH + C6EH + C7 (4)

N ) 33, R2 ) 0.673, Q2 ) 0.474, s ) 0.040,
Λ ) 4.04, F ) 8.93, P ) 2 × 10-5

log KI ) C1µx + C2EH + C3 (5)

N ) 25, R2 ) 0.693, Q2 ) 0.622, s ) 0.090,
Λ ) 1.12, F ) 24.85, P ) 2 × 10-6

log KI ) C1 sin 2ΘL + C2 (6)

C1 ) 0.147 ( 0.049, C2 ) 3.220 ( 0.040,

R2 ) 0.278, Q2 ) 0.146, and s ) 0.058

log KI ) C1µ + C2QC + C3QNb + C4S
N

H + C5 log P +
C6EH+L + C7Π + C8 (7)

N ) 33, R2 ) 0.937, Q2 ) 0.895, s ) 0.124,
Λ ) 4.72, F ) 53.37, P ) 2 × 10-13

log KI ) C1µx + C2∆HS + C3 sin 2ΘL + C4 (8)

N ) 33, R2 ) 0.463, Q2 ) 0.297, s ) 0.049,
Λ ) 1.05, F ) 8.33, P ) 4 × 10-4

log KI ) C1µx + C2µz + C3QC + C4 log P + C5∆L +
C6EH + C7Π + C8 (9)

N ) 25, R2 ) 0.863, Q2 ) 0.677, s ) 0.074,
Λ ) 2.14, F ) 15.32, P ) 8 × 10-6

log KI ) C1QC + C2 sin 2ΘL + C3 (10)
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3.2. All Compounds. 3.2.1. Thrombin. The best
equation by the Cp criterion was:

3.2.2. Trypsin. The best equation in terms of Cp was
statistically nonsignificant:

4. All Three Carbimido Derivatives. 4.1. Com-
pounds Without Peptide Chains. 4.1.1. Thrombin.
The best equation by the Cp criterion with all variables
statistically significant was:

Figure 1 shows the fit of the data to this equation.

4.1.2. Trypsin. The best equations by the Cp criterion
with all variables statistically significant were:

and

4.2. All Compounds. 4.2.1. Thrombin. The best
equation by the Cp criterion with all variables statisti-
cally significant was:

N ) 25, R2 ) 0.210, Q2 ) -0.627, s ) 0.066,
Λ ) 1.09, F ) 2.91, P ) 7 × 10-2

log KI ) C1µy + C2S
N

S + C3S
E

Na + C4 log P +
C5∆H + C6∆L + C7Π + C8 (11)

N ) 33, R2 ) 0.958, Q2 ) 0.920, s ) 0.092,
Λ ) 2.04, F ) 82.5, P ) 1 × 10-15

log KI ) C1 cos 2ΘL + C2EL + C3 (12)

N ) 33, R2 ) 0.193, Q2 ) -0.681, s ) 0.058,
Λ ) 1.23, F ) 3.59, P ) 4 × 10-2

log KI ) C1IB + C2µx + C3S
E

O + C4∆HS + C5EH +

C6S
E

H + C7 (13)

N ) 75, R2 ) 0.749, Q2 ) 0.698, s ) 0.085,
Λ ) 4.31, F ) 33.76, P ) 1 × 10-18

Figure 1. Fitted versus experimental log KI for all nonpep-
tide-bearing compounds (75 compounds).

log KI ) C1 log P + C2µ + C3EL + C4S
N

Na + C5S
N

H +
C6 sin 2ΘL + C7 (14)

N ) 75, R2 ) 0.493, Q2 ) 0.313, s ) 0.055,
Λ ) 4.15, F ) 11.02, P ) 2 × 10-8

log KI ) C1IB + C2 log P + C3EL + C4 cos 2ΘL +
C5 sin 2ΘL + C6 (15)

N ) 75, R2 ) 0.428, Q2 ) 0.242, s ) 0.058,
Λ ) 1.26, F ) 10.33, P ) 2 × 10-7

log KI ) C1 log P + C2IB + C3µx + C4µz + C5Π +
C6∆L+ C7∆H + C8 (16)
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Figure 2 shows the fit of the data to this equation.
When stepwise regression was carried out on the full
data set with random reassignment of the dependent
variable, allowing nine variables to enter, a statistical
significance of 2 × 10-30 was obtained.40,41

4.2.2. Trypsin. The best equation by the Cp criterion
with all variables statistically significant was:

When the random reassignment technique was ap-
plied to this data set allowing eight descriptors to enter,
a statistical significance of 0.001 was obtained for the
stepwise procedure.

It is clear from the activity data that the compounds
fall into three distinct groups. Least active are the
aliphatic sulfonamide derivatives, for which the QSARs
will not be considered. The aromatics are more active,
probably because of favorable π-π interactions. The
aromatics bearing peptide chains are especially active
in the case of thrombin inhibition. There is much greater
variation among the thrombin inhibitory activity than
the trypsin, and this is reflected in the better R2 for the
thrombin data. Although R2 for trypsin inhibitory
activity is poor, the standard errors of estimate for this
activity tend to be very small and reflect a fit in which
the lack of fit is little greater than the experimental
error in the data.

The statistics of chance correlation in the stepwise
regression has been calculated only for the pooled data
sets, using all of the aromatics, and found to be of
extremely high significance for the thrombin results and
acceptable for the trypsin results. It would be hard to
compute for the small data sets as variables had to be
arbitrarily excluded from the calculation in order to get
any results from the all possible subsets procedure. That
is, there were too many variables for the number of
cases in these subsets. This suggests that the results
for the pooled data are much to be preferred.

In the equations for antithrombin activity, a term
representing size such as Aw or Π or one of its compo-
nents was nearly always present and of very high
statistical significance, especially when the highly active
peptide derivatives were included. This was not the case
in equations for antitrypsin activity. The regressions on
the pooled data from all three sets of compounds are of
much higher significance and are more informative than
that for the individual sets. For the aromatics with
peptide appendages, the FOPA descriptors all have
nearly the same value, resulting in many nearly coin-

cident points in the parameter space. It is perhaps more
informative to consider just the 75 compounds without
such groups.

The dependence on polarizability or size of antithrom-
bin activity becomes greater when the compounds with
bulky peptide substituents, which are highly active, are
included but is nevertheless present in the other com-
pounds. In this data set, as is usually the case, polar-
izability correlates strongly with size, and both can
explain activity, the former through dispersion forces
and the latter through steric effects. For trypsin inhibi-
tion, the FOPA variables, orbital energies, and orbital
energy splitting are the most important. EH tends to be
more important for thrombin inhibition and EL for
trypsin inhibition. The physical significance of some of
these correlations becomes apparent when it is realized
that ΘH and ΘL are simply related to the angles which
the nodes in the HOMO and LUMO of the drug molecule
make at the center of the benzene ring with atom 1.54

The angle the node of the highest occupied π orbital
(HOPO) makes with the reference atom (here the atom
of the benzene ring to which the sulfonamide S is bound)
is ΘH + π/6. The two lowest unoccupied π orbital
(LUPO) nodes, mutually perpendicular at the center of
the ring in the approximation, make angles of 1/2(ΘH -
π/6) and 1/2(ΘH + 5π/6). Part of the binding force
between the enzyme and inhibitor is due to an interac-
tion between a frontier π orbital on the drug with a π
system on some component of the enzyme, and this is
greatest when the splitting of the frontier orbital of
benzene is greatest and when the directions of the nodes
in the drug orbital most nearly correspond with those
on the enzyme.

A drug bound to a receptor or enzyme is severely
restricted in the orientations it can assume. If an
aromatic group in such a drug is interacting with an
aromatic group on the receptor, the interaction will be
strongest when the nodes in the interacting orbitals,
usually the HOPO and LUPO, most nearly coincide
when the drug is in the bound orientation. Thus for a
member of a congeneric series of such drugs, there will
be an optimum ΘH and/or ΘL, at which the interaction
will be maximal. From eq 16 (all compounds without
peptide chains), trypsin inhibitory activity is maximal
when ΘL is 144.6°. This corresponds to the LUPO node
making an angle at the center of the benzene ring of
3.1° with the carbon atom bearing the sulfonamide

N ) 99, R2 ) 0.924, Q2 ) 0.908, s ) 0.120,
Λ ) 1.38, F ) 157.3, P ) 5 × 10-48

log KI ) C1µx + C2IB + C3∆HS + C4∆H +

C5 cos 2ΘH + C6 sin 2ΘL + C7QC + C8S
E

O + C9 (17)

N ) 99, R2 ) 0.430, Q2 ) 0.243, s ) 0.052,
Λ ) 3.74, F ) 8.45, P ) 2 × 10-8

Figure 2. Fitted versus experimental log KI for all compounds
(99 compounds).
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group. Similarly, from eq 17 (all compounds) a maxi-
mum activity occurs when the node angle for the LUMO
is 75° and that for the HOPO is 120°. These latter angles
are not most probable values, as statistically insignifi-
cant terms have been discarded.

The difference between EH and EL is an approxima-
tion to the Pearson hardness of the molecule, and it is
well-established that hard-hard and soft-soft interac-
tions are preferred over hard-soft. By Koopmans’
theorem, ∆H and ∆L are related to the hardness of the
corresponding radical cation and radical anion, respec-
tively, and from the origins of the FOPA descriptors, it
may be supposed that the smaller ∆H and ∆L, then the
more easily the contributing orbitals on one molecule
may be distorted to allow a match of nodes with the
corresponding orbitals on the other. When the ∆H and
∆L terms are small however, if ΘH or ΘL is favorable
there is an unfavorably oriented orbital lying just below
the frontier orbital. In this circumstance the orientation
effect may be small.

From regressions in which statistically nonsignificant
terms were retained, and using the theoretical inter-
pretation of ΘH and ΘL, maximum antitrypsin activity
of the drug occurs when the HOMO node makes an
angle of 97.5° with the sulfonamide group at the center
of the benzene ring and one of the LUMO nodes makes
an angle of 3.0° with the same group. For antithrombin
activity, the corresponding angles are 120.8° for the
HOMO and 77.8° for the LUMO, but these must be
regarded as very doubtful, because of the very poor
statistical significance of the FOPA variables for anti-
thrombin activity. The results indicate that the benzene
moiety of the drugs interacts with a π electron system
in the enzyme and that this interaction is much more
pronounced in trypsin than in thrombin. Dependence
of activity on the FOPA descriptors is perhaps the
clearest indication yet of a quantum effect in pharma-
cology.

The known structure of thrombin lends plausibility
to the hypothesis that aromatic residues of the enzyme
bond to the drug. The two insertion loops around
residues Trp 60D and Trp 148 in thrombin restrict the
active site region from opposite sides, producing a
particularly narrow active site, as compared to that of
other serine proteases. Other aromatic residues within
the active site, such as Tyr 60A, Trp 215, Tyr 228, or
Phe 227, were also shown by X-ray crystallography to
interact with inhibitors/substrates.

It is expected that the FOPA parameters, ΘH and ΘL,
together with the associated ∆H and ∆L will become a
powerful tool in the design of drugs based on multisub-
stituted benzene whenever the benzene ring is involved
in binding to the receptor. The maximal interaction will
occur when the nodes of the interacting orbitals coincide.
This will depend on ΘH and ΘL for the drug, the similar
terms for the receptor, and the relative orientations of
the two in the bound complex. Ideally, the HOPO of the
benzene ring of the drug interacts with the HOPO
orbital of similar symmetry on part of the receptor,
giving in the complex two new orbitals, one of which is
higher in energy than either of the originals and the
other lower. A similar interaction occurs with the LUPO
orbitals, resulting in a reduced HOPO-LUPO gap for
the complex. In cases where there is more than one set

of π orbitals, it should of course be confirmed that the
appropriate orbitals are being used. This can easily be
seen from a printout of the eigenvectors, with an
appropriate molecular orientation. The effective com-
ponent of the receptor is probably a π electron system
on an amino acid residue, such as benzene, indole,
imidazole, or guanidine.

The superdelocalizabilities SE and SN are measures
of susceptibility of the atom in question to electrophilic
and nucleophilic attack. It should be noted that these
terms and the Mulliken charges are strongly intercor-
related. A correlation dendrogram for them is shown in
Figure 3, for the 99 compounds. While SE correlates
positively with Q, the expected negative correlation with
SN is not always apparent. Caution is needed in the
interpretation of SN as it is numerically unstable, with
the small and not very accurately known virtual or-
bital energies appearing in denominators, leading to
large errors. This is similar to but less severe than the
problem encountered by Gomez-Jeria with CNDO cal-
culations.55 They become rather dependent to the
local conformation in the neighborhood of the atoms in
question. Charges tend to relate to fast reactions where
the transition state resembles the reactants, while
superdelocalizabilities are more relevant when they
differ.

Since the dependent variable is log KI, a negative
regression coefficient indicates that activity increases
with increasing value of the correspoding descriptor.
Examination of eqs 1-16 shows that large ∆H favors
high activity for both trypsin and thrombin. Large ∆L
increases activity against trypsin but reduces anti-
thrombin activity. Antithrombin activity is disfavored
and antitrypsin activity is favored by high solvation
energy, as calculated by the COSMO procedure. Both
are favored by large x and z components of the dipole
moment and by low lipophilicity.

Figure 3. Correlation dendrogram of the sulfonylguanidine/
isourea/aminoguanidine electronic descriptors for all com-
pounds.
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The cross-validated residuals corresponding to eq 16
were examined more closely. Those larger than 0.1
corresponded to A8, A10, A11, B4, B10, B11, C8, and
C11. None of these reached 0.2. They do not correspond
to any particular structure except nitro, and in particu-
lar, none correspond to an anion. The anions are well-
described by eq 16, and there seems to be no significant
lack of fit.

Experimental Section

General. Melting points: heating plate microscope; not
corrected. IR spectra: KBr pellets; 400-4000 cm-1 Perkin-
Elmer 16PC FTIR spectrometer. 1H NMR spectra: Varian
300CXP apparatus; chemical shifts are expressed as δ values
relative to Me4Si as standard; J values are in Hz. Elemental
analysis: (0.4% of the theoretical values, calculated for the
proposed formulas, data not shown; Carlo Erba Instrument
CHNS elemental analyzer, model 1106. All reactions were
monitored by thin-layer chromatography (TLC) using 0.25-mm
precoated silica gel plates (E. Merck). Preparative HPLC was
performed on a Dynamax-60A column (25 × 250 mm), with a
Beckman EM-1760 instrument. The detection wavelength was
254 nm. Sulfonyl halides, guanidine, O-methylisourea hydro-
chloride, triethylamine, carbodiimides, amino acids, Cbz-amino
acids, dipeptides, and tosyl isocyanate used in the syntheses
were commercially available compounds (from Sigma, Acros
or Aldrich). Acetonitrile, acetone, dioxane, ethyl acetate (E.
Merck, Darmstadt, Germany) or other solvents used in the
synthesis were doubly distilled and kept on molecular sieves
in order to maintain them in anhydrous conditions. Inogatran
was from Astra Hassle (Molndal, Sweden). Benzamidine,
NAPAP, human thrombin, human trypsin and Chromozym TH
were from Sigma Chemical Co. (St. Louis, MO).

General Procedure for the Preparation of Compounds
A,B(1-32). Methods A and B: An amount of 10 mM sulfonyl
halide (chloride for method A and fluoride for method B) was
dissolved in 50 mL of acetone and the stoichiometric amount
of guanidine/O-methylisourea‚HCl dissolved in 5 mL of water
was added dropwise, together with the stoichiometric amount
of solid NaHCO3 needed for the neutralization of the acid. The
mixture was magnetically stirred at 25 °C for 5 h, then the
reaction mixture was acidified with 0.1 N HCl solution till pH
3. The obtained sulfonyl derivatives generally precipitated by
leaving the above-mentioned reaction mixture at 4 °C over-
night and were then filtered and recrystallized from ethanol.

Method C: An amount of 5 mmol of guanidine/O-methyliso-
urea‚HCl and 0.84 mL (5 mmol) of triflic anhydride were
suspended in 10 mL of acetone and 0.35 mL (5 mmol) of
triethylamine was added dropwise. The mixture was magneti-
cally stirred at 4 °C for 5 h. The solvent was then evaporated
in vacuo and the tan residue treated with 5 mL of cold water.
The triflate salt of triethylamine being water soluble was
separated from the triflated guanidine/O-methylisourea (much
less water soluble) by a simple filtration. The latter compounds
were recrystallized from 2-propanol.

Method D: An amount of 10 mmol of guanidine/O-
methylisourea‚HCl, 0.70 mL (10 mmol) of triethylamine and
10 mmol of sulfobenzoic cyclic anhydride or tetrabromo-O-
sulfobenzoic cyclic anhydride were heated at reflux in 50 mL
of anhydrous acetonitrile for 2 h, with a small amount of
p-toluenesulfonic acid added as catalyst. After evaporation of
the solvent, the products were treated with 10 mL of water
and the precipitated derivatives filtered and recrystallized
from ethanol.

General Procedure for the Preparation of N-Tosyl-
ureido-Protected Amino Acids/Dipeptides. An amount of
10 mM of amino acid/dipeptide was suspended/dissolved in 50
mL of anhydrous acetone and 1.97 g (1.52 mL, 10 mM) of tosyl
isocyanate was added dropwise. The reaction mixture was
stirred at 4 °C for 4 h, when by means of TLC it was observed
that the reaction was completed. Evaporation of the solvent

in vacuo afforded white foams of N-tosylureido-protected amino
acid derivatives, which were recrystallized from ethanol-water
(1:1, v/v).

General Procedure for the Preparation of Compounds
8. An amount of 1 mM N-Cbz- or N-tosylureido-protected
amino acid/dipeptide 7 was dissolved/suspended in 25 mL of
anhydrous acetonitrile or acetone and then treated with 197
mg (1 mM) of sulfanilylcyanamide 6 and 190 mg (1 mM) of
EDCI‚HCl. The reaction mixture was magnetically stirred at
room temperature for 15 min, then 30 µL (2mM) of triethyl-
amine was added and stirring was continued for 16 h at 4 °C.
The solvent was evaporated in vacuo and the residue taken
up in ethyl acetate (5 mL), poured into a 5% solution of sodium
bicarbonate (5 mL) and extracted with ethyl acetate. The
combined organic layers were dried over sodium sulfate and
filtered and the solvent removed in vacuo. Preparative HPLC
(Dynamax-60A column (25 × 250 mm); 90% acetonitrile/8%
methanol/2% water; flow rate of 30 mL/min) afforded the pure
compounds 8 as colorless solids.

General Procedure for the Preparation of Compounds
B33-B40. An amount of 2 mM derivative 8 was dissolved in
30 mL of absolute MeOH and 15 mL of absolute dioxane and
cooled to 0 °C, and 0.45 g (12 mM) of dried gaseous HCl was
introduced into the reaction mixture. The obtained solution
was kept at 4 °C for 4 days, then poured into 100 mL of diethyl
ether, and the resulting precipitate was triturated with 50 mL
of THF until crystallization took place. The obtained crystals
were washed with diethyl ether and dried in vacuo. Yields were
almost quantitative (95-97%).

General Procedure for the Preparation of Compounds
A33-A40. An amount of 1 mM derivative B33-B40 was
suspended in 30 mL of methanol and an excess of ethanolic
ammonia solution was added. The mixture was heated on a
steam bath at 60 °C for 4 h. Then the solvents were evaporated
in vacuo and the residue retaken in 25 of mL of ethanol.
Addition of ethyl acetate and 2 mL of 2 N HCl solution led to
the precipitation of hydrochloride salts of compounds A33-
A40. The neutral compounds were obtained by neutralization
of the salts with solid sodium bicarbonate.

4-(4-Toluenesulfonylureido-â-alanyl-L-histidinylamido)-
benzenesulfonylguanidine, A39: mp 279 °C; 1H NMR
(DMSO) δ 2.63 (s, 3H, CH3C6H4), 2.79-2.88 (m, 2H, CH2 of
â-Ala), 3.11-3.26 (m, 2H, CH2 of â-Ala), 3.34-3.45 (m, 2H,
CHCH2 of His), 4.57-4.63 (m, 1H, CHCH2 of His), 7.32 (s, 1H,
CH-5 of His), 7.56 (d, 3JHH ) 8.1, 2H, Hortho of CH3C6H4), 7.69
(d, 3JHH ) 7.9, 2H, Hortho of XNHC6H4SO2), 7.87 (d, 3JHH ) 8.1,
2H, Hmeta of CH3C6H4), 7.94 (d, 3JHH ) 7.9, 2H, Hmeta of
XNHC6H4SO2), 8.35 (s, 1H, CH-2 of His), 9.21 (br s, 4H, SO2Nd
C(NH2)2); 13C NMR (DMSO) δ 25.9 (s, CH3C6H4), 33.3 (s, CH2

of His), 37.4 (s, NHCH2CH2 of â-Ala), 40.8 (s, CH2CH2CO of
â-Ala), 59.6 (s, CHCH2 of His), 122.2 (s, C-4 of His), 130.6 (s,
Cmeta of CH3C6H4), 130.9 (s, Cmeta of XNHC6H4SO2), 131.8 (s,
C-5 of His), 134.2 (s, Cortho of CH3C6H4), 135.1 (s, Cortho of
XNHC6H4SO2), 137.2 (s, C-2 of His), 139.1 (s, Cpara of CH3C6H4),
140.4 (s, Cpara of XNHC6H4SO2), 145.6 (s, Cipso of CH3C6H4),
148.5 (s, Cipso of XNHC6H4SO2), 149.1 (s, NHCONH), 175.6 (s,
CH2CO of â-Ala), 176.4 (s, CONH of His), 178.9 (s, SO2NdC).
Anal. (C24H29N9O7S2) C, H, N, S.

4-(4-Toluenesulfonylureido-D-phenylalanylamido)ben-
zenesulfonyl-O-methylisourea, B34: mp 263 °C; 1H NMR
(DMSO) δ 2.65 (s, 3H, CH3C6H4), 3.10-3.55 (m, 2H, CH2CH
of Phe), 3.76 (s, 3H, OCH3), 4.08 (dd, 3JHH ) 5.0, 3JHH ) 7.8,
1H, CH2CH of Phe), 7.29-7.58 (m, 7H, Hortho of tosyl and Harom

of Phe), 7.65 (d, 3JHH ) 7.9, 2H, Hortho of XNHC6H4SO2), 7.90
(d, 3JHH ) 7.9, 2H, Hmeta of XNHC6H4SO2), 7.95 (d, 3JHH ) 8.3,
2H, Hmeta of tosyl), 9.13 (br s, 2H, SO2NdC(NH2)OMe); 13C
NMR (DMSO) δ 26.2 (s, CH3C6H4), 41.7 (s, CH2CH of Phe),
50.8 (s, OCH3), 59.3 (s, CHCH2 of Phe), 130.9 (s, Cpara of Phe),
132.3 (s, Cmeta of CH3C6H4), 133.5 (s, Cmeta of XNHC6H4SO2),
133.8 (s, Cmeta of Phe), 134.4 (s, Cortho of Phe), 135.1(s, Cortho of
CH3C6H4), 135.5 (s, Cortho of XNHC6H4SO2), 141.5 (s, Cipso of
Phe), 142.9 (s, Cpara of XNHC6H4SO2), 145.0 (s, Cpara of
CH3C6H4), 148.6 (s, Cipso of CH3C6H4), 148.9 (s, Cipso of
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XNHC6H4SO2), 149.1 (s, NHCONH), 175.1 (s, SO2NdC). Anal.
(C25H27N5O7S2, 573.65) C, H, N, S.

pKa Determination. The half-neutralization point was
measured by titrating the organic acids/bases with 0.05 N
NaOH and 0.05 N HCl in EtOH-water (30%, v/v), using a
glass electrode, as described by Bell and Roblin56 for the
structurally related antibacterial sulfonamides.

Enzyme Assays: KI Determinations. Human thrombin
and human trypsin were purchased from Sigma Chemical Co.
(St. Louis, MO); their concentrations were determined from
the absorbance at 280 nm and the extinction coefficients
furnished by the supplier. The activity of such preparations
was in the range of 2500-3000 NIH units/mg. The potency of
standard and newly obtained inhibitors was determined from
the inhibition of the enzymatic (amidolytic) activity of these
serine proteases, at 21 °C, using Ts-Gly-Pro-Arg-pNA (Chro-
mozym TH) from Sigma as substrate, by the method of
Lottenberg et al.23 The substrate was reconstituted as 4 mM
stock in ultrapure water and brought to pH 4 with hydrochloric
acid. Substrate concentrations were determined from absor-
bance at the isosbestic wavelength for the peptide-p-nitro-
anilide-p-nitroaniline mixtures. Extinction coefficients of 8270
L‚mol-1‚cm-1 in the used buffer (0.01 M Hepes-0.01 M Tris-
0.1 M NaCl-0.1% poly(ethylene glycol) 6000) were employed.
The rate of p-nitroanilide hydrolysis was determined from the
change in absorbance at 405 nm using an extinction coefficient
for p-nitroaniline of 9920 L‚mol-1‚cm-1 for the above-men-
tioned reaction buffer. Measurements were made using a Cart
3 spectrophotometer interfaced with a PC. Initial velocities
were thus estimated using the direct linear plot-based proce-
dure as reported by Lottenberg et al.23 KI’s were then deter-
mined according to Dixon, using a linear regression program.57

The KI values determined are the means of at least three
determinations.
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