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An indole-based P1 moiety was incorporated into a previously established factor Xa inhibitor series. The
indole group was designed to hydrogen-bond with the carbonyl of Gly218, while its 3-methyl or 3-chloro
substituent was intended to interact with Tyr228. These interactions were subsequently observed in the
X-ray crystal structure of compound 18. SAR studies led to the identification of compound 20 as the most
potent FXa inhibitor in this series (IC50 ) 2.4 nM, EC2xPT ) 1.2 µM). An in-depth energetic analysis suggests
that the increased binding energy of 3-chloroindole-versus 3-methylindole-containing compounds in this
series is due primarily to (a) the more hydrophobic nature of chloro- versus methyl-containing compounds
and (b) an increased interaction of 3-chloroindole versus 3-methylindole with Gly218 backbone. The stronger
hydrophobicity of chloro- versus methyl-substituted aromatics may partly explain the general preference
for chloro- versus methyl-substituted P1 groups in FXa, which extends beyond the current series.

Introduction

Thromboembolic events are a leading cause of mortality
worldwide.1 However, only warfarin2 is approved as an oral
antithrombotic treatment in the U.S. Warfarin administration
requires careful monitoring, as its plasma concentration levels
can vary with patients’ CYP2C9 genotype, diet, and coadmin-
istration of other drugs, leading to an increased risk of bleeding
or thrombosis.3 There is clearly an unmet need for oral
anticoagulants with a better safety profile.

Factor Xa (FXaa), one of the serine proteases in the
coagulation pathway, has been a target for antithrombotic
development for some time.4,5 FXa is involved in the initiation
of coagulation when it is activated by the tissue factor/factor
VIIa complex upon vascular injury. It also participates in the
propagation stage of coagulation, catalyzing the cleavage of
prothrombin to form the large burst of thrombin that is necessary
for the final coagulation stage, clot formation.6 Direct FXa
inhibitors have been shown to be effective in animal models
without causing a significant increase in bleeding,7e,8b and
several compounds have progressed into late stage clinical
trials.7-10 Recent clinical trial disclosures on oral, direct FXa
inhibitors such as razaxaban,7 apixaban,8 rivaroxaban,9 and
N-[(1R)-2-[4-(1-methyl-4-piperidinyl)-1-piperazinyl]-2-oxo-1-
phenylethyl]-1H-indole-6-carboxamide (LY517717)10 have pro-
vided clinical support for preclinical findings.

We have reported some of our efforts in developing orally
active and selective FXa inhibitors.11 The ketene aminal
chemotype 2 (Scheme 1), which was derived from a high
throughput screening (HTS) hit (compound 1) by SAR develop-
ment through parallel syntheses and optimization via medicinal
chemistry, was attractive because of its nonpeptidic nature and
charge neutrality. Many early FXa inhibitors containing charged
benzamidine or guanidine moieties had poor oral bioavailability,
and we hoped to avoid this problem with a neutral FXa
inhibitor.12 Compound 2 is a selective FXa inhibitor relative to
related trypsin-like serine proteases and is active in rats after
intravenous administration by measurement of ex vivo clotting
time.13

While 2 and related FXa inhibitors containing a 2-methyl-
benzofuran group have many desirable properties, their potential
for mutagenicity and/or CYP inhibition due to the benzofuran
moiety limited our interest in these compounds.14 In addition,
the concentrations to double the prothrombin time (EC2xPT) are
on the order of 103 times higher than the corresponding IC50

values for this series.11a Several recent literature reports suggest
that highly nonpolar coagulation factor inhibitors can have a
tendency toward high protein binding.15 This tendency could
be associated with the relatively high concentrations required
to achieve efficacy in plasma-based assays and presumably in
vivo.7a,12,16 The 2-methylbenzofuran moiety may contribute to
the hydrophobic nature of compound 2 and result in its observed
high EC2xPT (19 µM). We thus sought to replace the 2-meth-
ylbenzofuran with a more hydrophilic pharmacophore while
retaining the FXa inhibition activity, oral bioavailability, and
other favorable properties of chemotype 2.11a

Rational Design

On the basis of the X-ray crystal structure of a compound
closely related to 2, we used computer modeling to assist in
identifying a replacement moiety. The starting point of design
was the model of 2 in FXa (see Experimental Section).11a In
this model (Figure 1), compound 2 adopts the commonly seen
L-shaped conformation in the FXa active site. The acylpyrro-
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lidine fills the hydrophobic S4 pocket, and the caprolactam
carbonyl oxygen forms a weak hydrogen bond with the
backbone NH of Gly216 (N-O distance of 3.3 Å). One of the
ligand’s nitrile groups packs against the disulfide bond between
Cys220 and Cys191 side chains. The 2-methylbenzofuran group
fits in the S1 pocket of the active site, with the methyl group
just above Tyr228. This interaction appears similar to that seen
for chloroaryl P1 groups in several recently published crystal
structures of serine proteases17 and will be discussed later in
further detail. The oxygen of the 2-methylbenzofuran does not
have an explicit hydrogen bond partner, but its electron-
withdrawing nature could enable the 3-CH to interact favorably
with Asp189.18

We focused on satisfying two major interaction sites in the
S1 pocket in our design. The first is the by now well-known
hydrophobic interaction site above Tyr228, which is fully filled
by the methyl group of the 2-methylbenzofuran in 2 and is often
occupied by a nonpolar moiety in potent inhibitors of trypsin-
like serine proteases that have a neutral P1 group.5 The second
interaction site, not satisfied in 2, involves the carbonyl backbone
of Gly218,19 which could potentially accept a hydrogen bond
from an appropriately placed donor in the ligand. Inhibitors
containing basic P1 groups such as benzamidines commonly
form a hydrogen bond to this carbonyl. At the time of our
design, there were no known P1 pharmacophores that simul-
taneously achieved both the hydrophobic interaction with
Tyr228 and a direct (non-water-mediated) hydrogen bonding
interaction with Gly218 carbonyl.20 We envisioned that a P1

pharmacophore with these properties could impart potency
through the above interactions, while also improving pharma-
cological properties of the ligand relative to 2, by increasing
polarity (due to the hydrogen bond donor) and therefore
potentially reducing protein binding.

As a result of these considerations, we designed compound
3 (Scheme 1), which has a 3-methylindole in place of the
2-methylbenzofuran. The proposed binding model of 3 in FXa
is shown in Figure 2. As can be seen in Figure 2a, the methyl
group of the 3-methylindole overlays with the methyl group of
2-methylbenzofuran in 2 and should thus make similar interac-
tions with Tyr228 in the S1 pocket of FXa, although it does
not extend into the S1 pocket quite as far. Also, as intended by
the design, the NH of the indole forms a slightly elongated
hydrogen bond with the carbonyl group of Gly218 (3.3 Å, Figure
2b). In addition, compound 3 has a calculated log P of 2.42.21

This value is 0.57 units lower than that of compound 2, and
therefore, 3 is predicted to be more hydrophilic than 2 (Table
1).

Chemistry

All the compounds reported in this work were prepared from
their corresponding amines 6a-g or their isothiocyanates 7a-g
and the caprolactam amine 8.11b The amines 6a and 6c-g were
obtained from their corresponding nitro compounds, which are
either commercially available or readily prepared via known
procedures.22 The 3-methyl-7-aminoindole 6b was synthesized
by a two-step sequence from 7-nitro-1H-indole 4 as shown in
Scheme 2. Formylation of indole 4 and one-step reduction of
both the formyl and nitro groups with NaBH4 afforded 6b in
80% yield. The dicyano ketene aminals (3, 14, and 15) were
prepared by sequential displacement of the two methylthio
groups of 2-(bis(methylthio)methylene)malononitrile with 7-ami-
noindoles 6a-c and the caprolactam amine 8 (Scheme 3). The
ketene aminals 16-23 were prepared according to a one-pot
procedure we developed for N,N′-disubstituted ketene aminals
(Scheme 3).23 For example, treatment of methyl 2-cyanoacetate
(10) with sodium hydride and reaction of the resulting anion
with 3-chloroindole-7-isothiocyanate 7c afforded an intermediate
thioamide anion (12c). Subsequent reaction of 12c with capro-
lactam amine 8 and EDCI provided 18 (X ) CO2Me, Y ) CH,
Z ) Cl) in 85% yield. The cyanoguanidine analogues 25 and
26 were prepared from a similar sequence according to a
literature procedure (Scheme 4).24 Treatment of the indole-7-
isothiocyanates (7b and 7c) with sodium cyanoamide gave the
intermediates 24b and 24c, which were reacted with amine 8

Figure 1. Binding model of 2 in FXa. Key residues are shown in
stick representation, and the hydrogen bond between the ligand and
Gly216 amide NH is highlighted. This and the following figures were
created using PyMOL (http://www.pymol.org).

Scheme 1
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and EDCI to afford 25 and 26, respectively. The anti-FXa
activity for compounds 2, 3, 14-23, 25, and 26 are shown in
Table 1.

Results and Discussion

Although the proposed 3-methylindole compound 3 (IC50 )
114 nM) is about 4-fold less potent in FXa IC50 than 2, it shows
slight improvement in anticoagulation activity (EC2xPT ) 13
µM) compared to 2 (EC2xPT ) 19 µM). The des-methyl analogue
14 is about 4-fold less potent than 3, which is similar to what
was observed in the 2-methylbenzofuran series.11a The 3-chloro
substituted indole compound 15 (IC50 ) 9.3 nM) shows over
10-fold improvement in IC50 compared to 3 and is about 5-fold
more potent in EC2xPT (2.4 µM). The indole compound 3 (clogP
) 2.42) was designed to be more polar than 2 (clogP ) 2.99);
this probably leads to a lower protein binding value for 3 (77%)
in human plasma compared to 2 (92%). While the clogP of the
3-chloroindole compound 15 (clogP ) 2.93) is very close to
that of compound 2, it has a slightly lower protein binding value
(88%). The EC2xPT/IC50 ratios for both compounds 3 (114) and
15 (258) are substantially lower than for 2 (633).

The effect of the different substituents at the 3 position of
indole on anti-FXa activity was further examined with other
ketene aminal linker series (compounds 16-23) and in cyano-
guanidine compounds 25 and 26. The SAR are summarized as
follows: (1) The 3-chloroindole compounds are always more
potent than their 3-methylindole analogues (compare 15 to 3,
20 to 19, and 26 to 25), with the 3-methylindole compounds
having lower plasma protein binding values and EC2xPT/IC50

ratios in each pair. (2) The indazole compound 17 (IC50 ) 13700
nM) is about 30-fold less potent than the corresponding indole
analogue 16 (IC50 ) 650 nM), indicating the 2-nitrogen atom
of indazole has an unfavorable interaction with FXa protein.
(3) While the change of the 3-methylindole in compound 19
(IC50 ) 118 nM) to 3-chloro- (20, IC50 ) 2.4 nM) and
3-bromoindole (21, IC50 ) 9 nM) improves FXa inhibition
activity, the larger and more polar 3-cyano- (22, IC50 ) 290
nM) and 3-carboxamide indole (23, IC50 ) 17000 nM)
analogues are far less potent. This is consistent with our
modeling (vide supra) and X-ray crystal structure analysis of
18 (vide infra) in which the 3-chlorine atom is near Tyr228

and the size and polarity of the 3-substituent of the indole have
a strong impact on anti-FXa activity. (4) The linker between
the indole and caprolactam amine also has an important impact
on anti-FXa activity. The ketene aminal compounds are more
potent than their cyanoguanidine analogues. For example, all
the 3-chloroindole ketene aminal compounds 15 (X ) CN, IC50

) 9.3 nM), 18 (X ) CO2Me, IC50 ) 8.9 nM), and 20 (X )
CONMe2, IC50 ) 2.4 nM) are more potent than the 3-chlor-
oindole cynanoguanidine 26 (IC50 ) 46 nM). In addition, the
activities of the chloroindole compounds are more sensitive to
changes in the linker; replacing the ketene linker with a
cyanoguanidine in the chloroindole case decreases potency by
about 20-fold (compounds 20 and 26), whereas in the meth-
ylindole case, potency is decreased by only about 3-fold
(compounds 19 and 25). Compound 20 is the most potent FXa
inhibitor in this series, having IC50 ) 2.4 nM and EC2xPT ) 1.2
µM.

X-ray Crystal Structure of 18 Bound to FXa. Figure 3
depicts the crystal structure of 18 in FXa, measured at 2.3 Å
resolution. The ketene aminal adopts a typical syn-anti con-
formation23 with the methyl ester anti to the 3-chloroindole
group. The ketene and the aminal planes are significantly twisted
(40°) along the elongated CdC bond (1.42 Å). As was intended
by the design, the NH of the indole forms a hydrogen bond to
the backbone carbonyl of Gly218 (2.8 Å). Also as expected
from the modeling, the chlorine is slightly less deeply placed
than the methyl group of 2-methylbenzofuran compound 2 and
in other FXa compounds that contain a chlorine at the base of
the S1 pocket (4.2 Å distance between chlorine and the Tyr228
C-OH atom for the crystal of 18 compared with a typical
distance of 3.6 Å). This is consistent with the SAR observation
that a hydrophobic and much larger 3-bromine atom (compound
21, IC50 ) 9 nM) can also be accommodated at this position,
but the larger hydrophilic 3-cyano (compound 22) and 3-car-
boxamide groups (compound 23) are disfavored. The ester lies
along the disulfide bond, with the carbonyl forming a hydrogen
bond with the backbone NH of Gln192 (3.0 Å), in addition to
its intramolecular interaction with the indole aminal NH (2.6
Å). The lactam carbonyl forms a hydrogen bond with Gly216
NH (3.0 Å) and with a crystallographic water molecule (3.1
Å); this water also participates in a hydrogen bond with the

Figure 2. Model of the proposed compound 3 in FXa: (a) bound models of 2 (magenta carbons) and 3 (cyan carbons) superimposed in the FXa
protein (not shown); (b) model of 3 in FXa. Key residues are shown in stick representation. The hydrogen bond between the ligand and Gly216
amide NH is highlighted, as is the designed hydrogen bond between the indole NH and Gly218 carbonyl.
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side chain of Ser214. The pyrrolidine lies squarely in the S4
pocket. A surprising observation is that the Ser195 side chain
oxygen is rotated toward His57 side chain rather than toward
the ligand binding site, in a rare position/torsion angle.25,26 This
is presumably to accommodate the six-membered ring portion
of the chloroindole, which is in proximity because of the linkage
of the indole at its 7-position.

Chloro- versus Methyl-Substituted Indoles. In general,
there is a dramatic increase in the anti-FXa activity of 3-chloro
substituted indole compounds versus 3-methyl substituted indole
compounds (compare 15 with 3, 20 with 19, 26 with 25). This
increased potency due to substitution of a methyl with a chlorine
varies from 7- to 50-fold, corresponding to a difference in
binding energy of 1-2.3 kcal/mol at room temperature. A
preference for chlorine over methyl at the position above Tyr228
has been noted in other chemotypes as well.16c,18b,27 Signifi-
cantly, there are vastly more examples of FXa inhibitors in the
literature that contain chlorine atoms at this position in the P1

pocket versus a methyl group, although the two groups are
commonly considered to be of fairly similar size and hydro-
phobicity. The source of the binding energy associated with the
chlorine atom has been ascribed to (a) lipophilic interactions,17b,28

(b) a positive electrostatic potential at the tip of the chlorine
atom which interacts favorably with the π-electrons of Tyr
228,18b,20 (c) polarization of the C-H bond ortho to the chloro

Table 1. Human FXa Inhibitory Activity and Plasma Protein Bindings of 2, 3, 14-23, 25, and 26

compd X Ar IC50 (nM)a EC2xPT (µM)b EC2xPT/IC50 clogPc protein binding (%)d

2 CN 2-methylbenzofuran-5-yl 30 19 633 2.99 92
3 CN 3-methyl-1H-indol-7-yl 114 13 114 2.42 77

14 CN 1H-indol-7-yl 430 >50
15 CN 3-Cl-1H-indol-7-yl 9.3 2.4 258 2.93 88
16 COOMe 1H-indol-7-yl 650 50
17 COOMe 1H-indazol-7-yl 13700 >50
18 COOMe 3-Cl-1H-indol-7-yl 8.9 4.9 550
19 CONMe2 3-Me-1H-indol-7-yl 118 17 144 2.40 80
20 CONMe2 3-Cl-1H-indol-7-yl 2.4 1.2 500 2.91 84
21 CONMe2 3-Br-1H-indol-7-yl 9 6 667
22 CONMe2 3-cyano-1H-indol-7-yl 290 42 143
23 CONMe2 3-carboxamide-1H-indol-7-yl 17000 >50
25 3-Me-1H-indol-7-yl 336 45 133 2.65 80
26 3-Cl-1H-indol-7-yl 46 15 326 3.09 84

a IC50 values are measured against human FXa utilizing the cleavage of a synthetic substrate S-2222. b Concentration of inhibitor required to double the
prothrombin based clotting time in human plasma. c Biobyte clogP, version 4.2. d Protein binding in human serum by equilibrium dialysis (n ) 3).

Scheme 2. Synthesis of Amine 6b and Isothiocyanates 7a-ga

a Reagents and conditions: (a) DMF, POCl3; (b) NaBH4 (80% for two
steps); (c) 1,1′-thiocarbonyldi-2(1H)-pyridone, CH2Cl2 (50-95%).

Scheme 3. Synthesis of 3 and 14-23a

a Reagents and conditions: (a) 2-(bis(methylthio)methylene)malononitrile,
EtOH, 70 °C; (b) 8, EtOH, 70 °C (40-85% for two steps); (c) NaH, DMF;
(d) 7a-g, 60 °C; (e) 8, EDCI (35-91%).

Scheme 4. Synthesis of 25 and 26a

a Reagents and conditions: (a) NaNHCN, DMF; (b) 8, EDCI (83-87%
for two steps).
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substituent, leading to a favorable interaction with the nearby
Asp189,18 and (d) favorable dispersion interactions with the
π-electrons of Tyr228.29a As yet, however, few studies have
critically and quantitatively examined or rank-ordered the
reasons for the apparent preference for chlorine over methyl in
the FXa S1 pocket. In the following sections, we present
quantitative calculations and examine relevant experimental data
with the goal of rationalizing the difference between the
activities of the methyl- and chloro-substituted indole com-
pounds in the current series.

Quantum Chemical Calculations. To probe which residues
in FXa are responsible for the difference in binding energy of
the chloro versus methyl compounds, quantum chemical interac-
tion energies were calculated between an isolated chloroindole
or methylindole ligand fragment and various nearby residue
fragments from FXa. The residue fragments selected for analysis
were the Tyr228 side chain (modeled by p-cresol), the Asp189
side chain (modeled by acetic acid), and the backbone carbonyl
of Gly218 (modeled by N-methylacetamide). The calculations
involving the Asp189 side chain were performed for both the
ionized and neutral forms of the side chain. According to the
crystal structure of 18, the carboxylate is in very close contact
with the ligand but does not have a salt bridge or ion partner,
so the neutral form could be energetically favored when the
ligand is bound due to desolvation penalties for burying charged
species. The results of these calculations, shown in Table 2,

demonstrate that all of the FXa residue fragments interact
favorably with both the 3-chloro- and 3-methylindole (see
∆Hchloroindole and ∆Hmethylindole interaction energy columns). The
residue fragment with the largest interaction energies is the
charged Asp189 side chain, followed by the Gly218 carbonyl;
the Tyr228 and Asp189 neutral side chains have the smallest
interaction energies. As noted in the relative interaction energies
column (∆∆H) of Table 2, the Tyr228 side chain shows virtually
no preference for 3-chloroindole versus 3-methylindole. Instead,
the FXa residue fragment most responsible for the preferred
binding of 3-chloroindole over 3-methylindole is the Gly218
backbone carbonyl; presumably the hydrogen bond between the
Gly218 backbone carbonyl and the indole NH, or the electro-
static interaction in general is strengthened when the electron-

Figure 3. (a) Crystal structure of 18 bound in FXa. Hydrogen bonds between the ligand and protein partners Gly218 backbone carbonyl, Gln192
backbone amide NH, and Gly216 backbone amide NH are highlighted, as is a hydrogen bond between the ligand’s lactam carbonyl and a
crystallographic water molecule (red sphere). (b) Alternative view of bound X-ray crystal structure of 18. The 2Fo - Fc electron density contoured
at 1σ is shown for Ser195 and surrounding residues, supporting the unusual torsion of Ser195 side chain oxygen toward His57 rather than toward
the ligand. The hydrogen bond interactions between the crystallographic water and the ligand/protein are also shown. (c) X-ray crystal structure of
18 (orange carbons) overlaid with the bound models of 2 (magenta carbons) and 3 (cyan carbons) (protein not shown).

Table 2. MP2 Quantum Chemical Interaction Energies (kcal/mol)
between Isolated FXa Residue Surrogates and the 3-Chloroindole or
3-Methylindole Fragment of 18 in Its Bound Conformation

FXa residue surrogate ∆Hchloroindole
a ∆Hmethylindole

b ∆∆Hc

Tyr228 side chain -0.67 -0.63 -0.04
Asp189 side chain (charged) -11.62 -12.11 0.49
Asp189 side chain (neutral) -1.03 -0.31 -0.72
Gly218 carbonyl -5.43 -4.39 -1.04

a Calculated heat of formation of the 3-chloroindole-residue complex
minus heats of formation of the 3-chloroindole and FXa residue alone.
b Calculated heat of formation of the 3-methylindole-residue complex minus
heats of formation of the 3-methylindole and FXa residue alone. c ∆∆H )
∆Hchloroindole - ∆Hmethylindole.
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withdrawing chlorine is substituted for the electron-donating
methyl group on the indole ring. This is consistent with the
observation that changing the ketene linker to a cyanoguanidine
linker has a more dramatic effect on FXa potency in chloroin-
dole (20 and 26) versus methylindole (19 and 25) compounds
(vide supra); differences in linker geometry could influence the
indole NH-Gly218CdO interaction. The Asp189 charged side
chain actually shows a preference for 3-methylindole over
3-chloroindole, in contrast to the expectation based on Cl- versus
Me-induced polarization of the indole 2C-H bond. However,
the neutral version of the Asp189 side chain favors 3-chloroin-
dole over 3-methylindole, in agreement with the experimental
findings. In summary, the quantum calculations suggest that the
preference for 3-chloroindole over 3-methylindole is due to
enhanced interactions between the ligand and the backbone
carbonyl of Gly218 but not due to changes in interactions with
Tyr228. In addition, calculations indicate the chloroindole to
interact more favorably with the neutral form of Asp189 side
chain than does the methylindole, raising the possibility of a
significant pKa shift of Asp189 when these ligands are bound.

It should be noted that the chlorine or methyl group on the
7-linked 3-substituted indole ligand studied here is considerably
farther from Tyr228 than are the chlorines in most chloro-P1
groups (4.2 Å versus 3.6 Å), which could explain the insensitiv-
ity of the calculated Tyr228-ligand interaction energy to the
chloro versus methyl substitution. Interestingly, in a recent study
of Cl-π interactions in simplified systems,29a dispersion was
highlighted as the major contributor for the Cl-ethyne/benzene
interaction at ∼3.5 Å, i.e., near the minimum of the interaction
energy curve. The calculated interactions decrease with distance
for both the Cl-ethyne/benzene and the methane/benzene
pairs;29a-c however, more detailed comparisons to that work
are difficult, as the model systems differ from those studied
here. Notably, a previous, similar assessment of a more typically
positioned chlorine-containing P1 ligand in FXa found that
interactions with Tyr228 actually slightly disfavored binding
of the chlorine- versus methyl-containing ligands; in that case,
interactions with the charged Asp189 residue favored the chloro-
versus methyl-P1 group.18a

As mentioned above, the preference for chlorine over methyl
substituents in the S1 pocket has previously been attributed to
a positive electrostatic potential at the tip of the chlorine in
chlorobenzene which might interact favorably with the π-elec-
trons of Tyr228. Rather than estimating interactions based on
ligand surface potentials, the quantum method used here
computes total interaction energies between the two molecular
fragments. Additionally, the quantum energies are calculated
at a higher level of theory, permitting a more reliable quantitative
estimate of the interaction between Tyr228 and the chloro versus
the methyl substituent.

Desolvation Contributions. The experimental measurements
of protein binding (Table 1) are higher for the 3-chloroindole
compounds versus their 3-methylindole counterparts, indicating
that the chloroindole-containing compounds are likely more
hydrophobic (compare 15, 20, and 26 with 3, 19, and 25). Higher
hydrophobicity indicates that desolvation contributions favor
removal from water and therefore binding of the chlorine-
containing ligands, in agreement with the observed increased
binding of chlorine- versus methyl-containing compounds to
FXa. Additionally, the ratios of EC2xPT to IC50 increase upon
replacement of a methyl with a chloro group (Table 1), again
suggesting that the chlorine-containing ligands are more hy-
drophobic and are likely easier to desolvate. Experimental and
calculated log P values are shown for compounds 3, 15, 19,

20, 25, 26, and several relevant small molecules in Tables 1
and 3. The log P and clogP differences between each matched
pair of chlorine versus methyl-containing compounds in this
group range from 0.15 to 0.51, corresponding to a 0.2-0.7 kcal/
mol desolvation contribution that consistently favors binding
of the chlorine-containing compounds. This amount is less than
the observed 1-2.3 kcal/mol preference based on measured FXa
IC50 values in the current series; thus, desolvation by itself only
partially explains why chloro compounds are favored in FXa
over their methyl-containing counterparts for this series. How-
ever, we note that a stronger hydrophobicity, and thus a more
favorable desolvation contribution, is likely at least part of the
reason that chloro-, rather than methyl-, substituted aromatics
are commonly preferred in the S1 pocket in general.

In Vivo Activity. The ketene aminals described above are
selective FXa inhibitors relative to related trypsin-like serine
proteases. Table 4 shows the activity profiles of compounds 15
and 20. Furthermore, compound 15 partially protected against
lethality in mice induced by intravenous injection of Russel’s
viper venom (which causes FXa activation and lethality due to
pulmonary thrombosis). Vehicle-treated mice died within 2.4
( 0.3 min (n ) 22) after the Russel’s viper venom injection,
while survival times were increased to 18.0 ( 5.2 min (n ) 4)
after oral administration of 5 mg/kg 15.30

Conclusion

We have reported here the design and incorporation of an
indole-based P1 moiety onto a previously established FXa
inhibitor series. The indole group was designed and subsequently
observed in an X-ray crystal structure to achieve a hydrogen
bond with the backbone carbonyl of Gly218. While there have
been previous reports of indoles as P1 groups,20,31 this is the
first report of a series of FXa inhibitors linked at the 7-position
of indole, which causes the primary hydrogen bond partner to
be Gly218 in place of Asp189, and the Ser195 side chain to
move into a rarely seen torsional position. The new torsion angle
creates a slightly larger and more hydrophobic pocket which
could be capitalized upon in future ligand designs. An in-depth
energetic analysis suggests that the increased binding energy
of 3-chloroindole versus 3-methylindole-containing compounds
in this series is due primarily to (a) the more hydrophobic nature

Table 3. The log P and clogP Values for Compounds Containing an
Arylmethyl versus an Arylchlorine Group

compd exptl log Poct
a clogPb

toluene 2.69 2.64
chlorobenzene 2.84 2.86
3-methylindole 2.60 2.63
3-chloroindole 3.07

a Hansch, C.; Leo, A. Substituent Constants for Correlation Analysis in
Chemistry and Biology; Wiley: New York, 1979. b Biobyte clogP, version
4.2.

Table 4. Selectivity Profiles of 15 and 20

IC50 (nM) or % inhibition at 33 µM

human enzymes 15 20

factor Xa 9.3 2.4
trypsin 10813 1043
thrombin 7360 1100
tryptase 27% 13%
activated protein C >33000 >33000
factor IXa 32% 17%
factor VIIa >33000 >33000
urokinase >33000 >33000
plasmin 11% 32%
tPA 3990 45%
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of chloro- versus methyl-containing compounds, which makes
them easier to desolvate, and (b) increased interactions of
3-chloro- versus 3-methyl-containing indoles with Gly218
backbone. Interactions with Asp189 may play a secondary role.
The Tyr228 interacts well with both 3-chloroindoles and
3-methylindoles without special preference. The stronger hy-
drophobic nature of chloro- versus methyl-substituted aromatic
rings may explain in part the general preference for chloro-
versus methyl-substituted P1 groups in FXa, which extends
beyond the current series. These calculations have led to a deeper
understanding of the role played by chlorine in indole- as well
as nonindole-containing ligand-FXa interactions.

Experimental Section

Generation of Binding Models. Models were obtained by
minimizing ligands 2 and 3 in the published FXa crystal structure
1fjs32 using a distance-dependent dielectric in Discover, version
98.0, in the InsightII package (Accelrys, Inc., San Diego, CA) with
the CFF force field.33 The ligand was initially placed in the FXa
active site based on an in-house crystal structure of a compound
identical to 2 but with an acylguanidine linker in place of the ketene
aminal.11a The ligand and all residues in the protein were held fixed
with the exception of Tyr99, Phe174, Cys191, Cys220, Trp215,
Ser195, Gln192, Arg143, Glu146, and Gly218. Following conver-
gence, the minimization was repeated with the ligand free to move.

Calculation of Quantum Mechanical Interaction Energies.
All molecules were minimized separately in the gas phase in the
Jaguar program34 (Schrödinger, LLC) using ab initio density
functional theory B3LYP/6-31G*. Subsequently, either chloroindole
or methylindole was placed near the molecule representing the side
chain or backbone moiety of interest in a geometry taken from the
crystal structure of 18 (for 3-methylindole, the indole was fixed to
its position in the crystal structure of 18). The interaction energies
were calculated with fixed geometries at the MP2 level with basis
set 6-311+G** using Gaussian35 with counterpoise (CP) corrections.

Crystallization of FXa with Compound 18. When complexed
with the inhibitor, the protein stock solution consisted of FXa at
9.8 mg/mL (0.27 mM based on the calculated molecular weight of
36.1 kDa) in 20 mM Tris-HCl at pH 7.5, 150 mM NaCl, 5% v/v
DMSO, and 100 µM compound 18. All co-crystallization trials of
FXa were prepared by the hanging-drop, vapor-diffusion method.
The initial crystallization screens, which were prepared on a
Cyberlab/Gilson C-240 (Middleton, WI) in NeuroProbe (Gaithers-
burg, MD) CT300L2/5 trays, consisted of several commercial kits
from Hampton Research (Aliso Viejo, CA).

The initial crystals were observed from solution 26 of Crystal
Screen 2 and were further optimized on siliconized cover slips in
24-well Linbro plates. The 1 mL reservoir solution consisted of
15-22% w/v PEG MME 5000, 10 mM calcium acetate, 350 mM
sodium acetate, 100 mM lithium sulfate, and 100 mM MES pH
6.0. Drops were formed from 1 µL of the protein solution and 1
µL of the reservoir solution (total initial drop volume of 2 µL),
mixed, and equilibrated at room temperature. Crystals appeared
within 1 week. Single crystals were removed and prepared for data
collection with 20% v/v glycerol added to the reservoir solution as
the cryoprotectant. The diffraction pattern from crystals gave unit
cell parameters of a ) 62.3 Å, b ) 78.9 Å, c ) 73.9 Å, and � )
102.8°. The symmetry was consistent with space group P21. On
the basis of the unit cell and space group, the asymmetric unit was
estimated to contain two FXa molecules (50% solvent fraction).

Structure Refinement. Diffraction images were recorded on a
R-axis IV++ image plate detector mounted on a Rigaku RU-200
X-ray generator run at 50 kV and 100 mA (5 kW) with Osmic
“blue” confocal optics. A collimator with 0.3 mm × 0.6 mm
pinholes was used to collimate the Cu KR beam. An Oxford
Cryosystems model 600 liquid-nitrogen cooler maintained the
mounted crystal at 100 K. The diffraction images were processed
with DENZO and SCALEPACK from the HKL36 suite. The
intensities were converted to structure-factor amplitudes and placed

on an absolute scale with TRUNCATE37 from the CCP438 suite.
An earlier in-house structure, with its inhibitor and waters removed,
was used as the initial model. The structure was first refined to 2.3
Å resolution with CNX39 (Accelrys, Inc., San Diego, CA) and
modeled with QUANTA (Accelrys, Inc., San Diego, CA). The
refinement was completed with PHENIX,40 modeled with COOT,41

and checked with MolProbity.42 Ligand parametrization was done
with eLBOW;40 however, the target length of the vinyl bond was
set to 1.41 Å based on the structures of similar compounds23 and
QChem 3.043 RI-MP2/6-31+G(d,p) ab initio calculations on the
truncated structure (Z)-methyl 2-cyano-3-(methylamino)-3-(pheny-
lamino)acrylate. The measured structure factors and refined coor-
dinates were deposited in the Protein Data Bank44 as PDB entry
3ens.

Chemistry. All reagents and solvents were of commercial quality
and used without further purification. Column chromatography was
performed using Merck silica gel 60 (230-400 mesh). Proton NMR
spectra (500 MHz) and carbon NMR (126 MHz) were obtained on
a Joel 500 spectrometer. Chemical shifts are reported in parts per
million relative to CDCl3 (7.26 ppm for proton and 77.00 ppm for
carbon NMR). All new final SAR compounds were determined to
be consistent with the proposed structures by 1H and 13C NMR,
MS, HRMS, and combustion elemental analysis.

General Procedure for the Synthesis of Compounds 2, 3,
14, and 15. A solution of 2-(bis(methylthio)methylene)malononitrile
(42.5 mg, 0.25 mmol) and 1H-indol-7-amine 6a (36.3 mg, 0.28
mmol) in absolute ethanol (1.5 mL) was stirred at 70 °C for 6 h.
The caprolactam amine 8 (60 mg, 0.25 mmol) was added, and the
reaction mixture was stirred at 70 °C overnight. The mixture was
then concentrated to dryness and the residue was purified by flash
chromatography on silica gel (0-5% methanol in ethyl acetate) to
afford compound 14 as a yellow solid (44.5 mg, 40% yield).

General Procedure for the Synthesis of Compounds
16-23, 25, and 26. To a solution of methyl 2-cyanoacetate (24.8
mg, 0.25 mmol) in dry DMF (1.5 mL) was added NaH (95%, 8.2
mg, 0.33 mmol). The mixture was stirred for 10 min at room
temperature, upon which time 3-chloro-7-isothiocyanato-1H-indole
7c (47 mg, 0.23 mmol) was added in one portion. The mixture
was stirred for 30 min at 60 °C, and the HPLC analysis showed
the disappearance of 3-chloro-7-isothiocyanato-1H-indole. The
caprolactam amine 8 (60 mg, 0.25 mmol) and 1-(3-dimethylami-
nopropyl)-2-ethylcarbodiimide hydrochloride (58 mg, 0.30 mmol)
were added in that order. The reaction mixture was stirred at room
temperature overnight. The reaction was then quenched by addition
of 10% of lithium chloride solution (2 mL) and extracted with ethyl
acetate three times (3 × 10 mL). The combined organic fractions
were washed once with brine, dried over MgSO4, and evaporated.
The residue was purified by flash chromatography on silica gel
(0-5% methanol in ethyl acetate) to afford compound 18 as a
yellow solid (116 mg, 91% yield). The products were analyzed
with HPLC with following method: column-YMC S-5 ODS-A, 4.6
mm × 50 mm; detection at 220 nm; flow rate 4 mL/min; 4 min
linear gradient from 10:90 methanol/water (containing 0.2%
phosphoric acid) to 90:10 methanol/water (containing 0.2% phos-
phoric acid).

(S)-2-((2-Methylbenzofuran-5-ylamino)(2-oxo-1-(2-oxo-2-
(pyrrolidin-1-yl)ethyl)azepan-3-ylamino)methylene)malononi-
trile (2). This compound was prepared in 95% yield from
2-methylbenzofuran-5-amine, 2-(bis(methylthio)methylene)ma-
lononitrile, and 8. 1H NMR (CDCl3) δ 7.40 (d, 1H, J ) 8.2
Hz), 7.25 (s, 1H), 7.09 (s, 1H), 6.96 (d, 2H, J ) 6.6 Hz), 6.36
(s, 1H), 4.90 (br s, 1H), 4.06 (s, 2H), 3.60 (t, 1H, J ) 11.8 Hz),
3.40 (t, 2H, J ) 6.9 Hz), 3.30 (t, 2H, J ) 6.9 Hz), 3.16 (dd, 1H,
J ) 13.2, 3.3 Hz), 2.43 (s, 3 H), 2.15 (d, 1H, J ) 13.2 Hz),
2.06 (br s, 1H), 1.55-1.95 (m, 8H) ppm; 13C NMR (126 MHz,
CDCl3) δ 171.86, 165.47, 160.01, 157.66, 153.78, 130.73 (2C),
128.62, 121.37, 118.21, 117.93, 112.03, 102.88 (2C), 53.99,
51.64, 50.57, 46.04, 45.60, 31.02, 26.33, 26.10, 25.62, 23.98,
14.11 ppm. HRMS for C25H28N6O3 calcd for (M + H)+,
461.2301; measured, 461.2303. Anal. (C25H28N6O3) C, H, N.
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(S)-2-((3-Methyl-1H-indol-7-ylamino)(2-oxo-1-(2-oxo-2-(pyr-
rolidin-1-yl)ethyl)azepan-3-ylamino)methylene)malononitrile
(3). This compound was prepared in 85% yield from 6b, 8, and
2-(bis(methylthio)methylene)malononitrile. 1H NMR (CDCl3) δ
9.38 (s, 1H), 7.47 (d, 1H, J ) 8.2 Hz), 7.30 (s, 1H), 7.01 (t, 1H, J
) 7.7 Hz), 6.92 (s, 1H), 6.81 (d, 1H, J ) 7.7 Hz), 6.32 (d, 1H, J
) 5.0 Hz), 4.72 (br s, 1H), 4.0-4.12 (m, 2H), 3.69 (s, 3H), 3.47
(br s, 1H), 3.33-3.40 (m, 2H), 3.30 (t, 2H, J ) 6.6 Hz), 3.12 (d,
1H, J ) 6.0 Hz), 2.26 (s, 3 H), 1.40 -1.92 (m, 10H) ppm; 13C
NMR (126 MHz, CDCl3) δ 172.12, 165.81, 164.92, 131.25, 130.91,
123.23, 119.36, 119.26, 119.06, 116.86, 116.65, 116.03, 112.35,
54.74, 52.01, 50.37, 46.12, 45.72, 30.49, 26.22, 26.10, 26.00, 24.00,
9.66 ppm. HRMS for C25H29N7O2 calcd for (M + H)+, 460.2461;
measured, 460.2463. Anal. (C25H29N7O2) C, H, N.

(S)-2-((1H-Indol-7-ylamino)(2-oxo-1-(2-oxo-2-(pyrrolidin-1-
yl)ethyl)azepan-3-ylamino)methylene)malononitrile (14). This
compound was prepared in 40% yield from 6a, 8, and malononitrile.
1H NMR (500 MHz, CDCl3) δ 9.93 (s, 1 H), 7.59 (d, J ) 7.9 Hz,
1 H), 7.48 (s, 1 H), 7.21 (s, 1 H), 7.07 (t, J ) 7.5 Hz, 1H), 6.92 (d,
J ) 7.5 Hz, 1 H), 6.54 (s, 1 H), 6.35 (s, 1H), 5.25 (s, 1H), 4.75 (s,
1H), 4.12 (s, 1 H), 3.19-3.60 (m, 6 H),1.39-1.90 (m, 10 H) ppm.
HRMS for C24H27N7O2 calcd for (M + H)+, 446.2305; measured,
446.2304. Anal. (C24H27N7O2) C, H, N.

(S)-2-((3-Chloro-1H-indol-7-ylamino)(2-oxo-1-(2-oxo-2-(pyr-
rolidin-1-yl)ethyl)azepan-3-ylamino)methylene)malononitrile
(15). This compound was prepared in 79% yield from 6c, 8, and
2-(bis(methylthio)methylene)malononitrile. 1H NMR (500 MHz,
CDCl3) δ 10.10 (s, 1H), 7.61 (s, 1H), 7.52 (d, 1H, J ) 8.3 Hz),
7.04-7.12 (m, 2H), 6.92 (d, 1H, J ) 7.2 Hz), 6.34 (s, 1H), 4.73
(s, 1H), 4.15 (d, 1H, J ) 16.5 Hz), 3.96 (d, 1H, J ) 14.9 Hz), 3.49
(m, 1H), 3.26-3.34 (m, 1H), 3.19-3.27 (m, 2H), 3.05-3.19 (m,
2H, J ) 16.8 Hz), 1.39-1.90 (m, 10H) ppm; 13C NMR (126 MHz,
CDCl3) δ 172.34, 165.81, 165.59, 129.94, 129.58, 127.69, 122.66,
120.90, 120.56, 119.95, 118.37, 117.87, 117.64, 106.60, 55.02,
52.15, 50.49, 46.12, 45.74, 30.53, 26.26, 26.16, 26.02, 23.94 ppm.
HRMS for C24H26ClN7O2 calcd for (M + H)+, 480.1915; measured,
480.1910. Anal. (C24H26ClN7O2) C, H, Cl, N.

(S)-Methyl-3-(1H-indol-7-ylamino)-2-cyano-3-(2-oxo-1-(2-oxo-
2-(pyrrolidin-1-yl)ethyl)azepan-3-ylamino)acrylate (16). This
compound was prepared in 67% yield from 7a, 8, and methyl
2-cyanoacetate. 1H NMR (CDCl3) δ 11.03 (s, 1H), 9.64 (s, 1H),
7.60 (d, 1H, J ) 8.3 Hz), 7.13 (t, 1H, J ) 7.4 Hz), 7.02 (d, 1H, J
) 7.7 Hz), 6.56 (s, 1H), 6.17 (br s, 1H), 5.21 (br s, 1H), 4.14-4.34
(m, 1H), 3.96 (d, 1H, J ) 15 Hz), 3.77 (s, 3H), 3.30-3.47 (m,
6H), 3.12-3.18 (m, 1H), 1.21-1.96 (m, 10H) ppm; 13C NMR
(CDCl3) δ 173.82, 170.22, 165.85, 164.17, 131.07, 130.20, 125.59,
120.66, 120.25, 120.08, 119.42, 117.20, 116.90, 103.23, 54.90,
52.01, 51.52, 50.19, 46.06, 45.74, 42.78, 40.99, 30.71, 26.16, 24.04
ppm. HRMS for C25H30N6O4 calcd for (M + H)+, 479.2407;
measured, 479.2401. Anal. (C25H30N6O4) C, H, N.

(S)-Methyl-3-(1H-indazol-7-ylamino)-2-cyano-3-(2-oxo-1-(2-
oxo-2-(pyrrolidin-1-yl)ethyl)azepan-3-ylamino)acrylate (17). This
compound was prepared in 50% yield from 7d, 8, and methyl
2-cyanoacetate. 1H NMR (CDCl3) δ 11.07 (s, 1H), 9.76 (s, 0.5H),
8.06 (s, 1H), 7.47-7.68 (m, 1H), 7.00-7.16 (m, 2H), 6.03 (br
s, 0.5H), 5.05 (s 1H), 4.02-4.05 (m, 1H), 3.78 (s, 3H),
6.60-3.68 (m, 1H), 3.22-3.45 (m, 6H), 3.03-3.17 (m, 1H),
1.21-1.95 (m, 10H) ppm; 13C NMR (CDCl3) δ 172.73, 170.95,
159.26, 155.60, 137.76, 133.36, 123.95, 121.61, 120.72, 119.61,
116.37, 110.43, 104.60, 54.96, 51.64, 50.63, 50.05, 46.16, 45.80,
30.63, 30.35, 29.70, 26.12, 24.02 ppm. HRMS for C24H29N7O4

calcd for (M + H)+, 480.2359; measured, 480.2359. Anal.
(C24H29N7O4) C, H, N.

(S)-Methyl-3-(3-chloro-1H-indol-7-ylamino)-2-cyano-3-(2-
oxo-1-(2-oxo-2-(pyrrolidin-1-yl)ethyl)azepan-3-ylamino)acrylate
(18). This compound was prepared in 91% yield from 7c, 8, and
methyl 2-cyanoacetate. 1H NMR (CDCl3) δ 10.99 (s, 0.5H), 10.06
(s, 1H), 7.98 (s, 0.5H), 7.58 (d, 1H, J ) 7.7 Hz), 7.13-7.24 (m,
2H), 6.95-7.05 (m, 1H), 5.95 (br s, 0.5H), 5.14 (br s, 0.5H), 4.25
(br s, 1H), 3.96 (d, 1H, J ) 16 Hz), 3.75 (s, 3H), 3.23-3.46 (m,
6H), 3.05-3.17 (m, 1H), 1.25-1.95 (m, 10H) ppm; 13C NMR

(CDCl3) δ 172.91, 170.93, 165.71, 162.54, 130.32, 129.90, 127.53,
122.54, 120.78, 120.44, 119.01, 118.21, 106.68, 99.89, 55.12, 52.21,
51.54, 50.29, 46.06, 45.70, 36.48, 30.63, 26.29, 26.10, 24.00 ppm.
HRMS for C25H29ClN6O4 calcd for (M + H)+, 513.2017; measured,
513.2010. Anal. (C25H29ClN6O4) C, H, Cl, N.

(S)-2-Cyano-N,N′-dimethyl-3-(3-methyl-1H-indol-7-ylamino)-3-
(2-oxo-1-(2-oxo-2-(pyrrolidin-1-yl)ethyl)azepan-3-ylamino)acryl-
amide (19). This compound was prepared in 81% yield from 7b,
8, and 2-cyano-N,N′-dimethylacetamide. 1H NMR (CDCl3) δ
11.58 (s, 0.5H), 9.41 (s, 0.5H), 7.99 (s, 1H), 7.46 (d, 1H, J )
8.2 Hz), 7.08 (t, 1H, J ) 7.4 Hz), 6.99 (d, 1H, J ) 7.7 Hz),
6.96 (s, 1H), 6.07 (br s, 0.5H), 4.94 (br s, 0.5H), 4.18 (br s,
1H), 4.02 (d, 1H, J ) 15.3 Hz), 3.32-3.45 (m, 6H), 3.15 (br s,
1H), 3.06 (s, 6H), 2.29 (s, 3H), 1.39-1.98 (m, 10H) ppm; 13C
NMR (CDCl3) δ 172.87, 165.81, 160.74, 152.16, 146.64, 139.99,
130.97, 130.38, 122.80, 119.32, 118.33, 117.83, 111.98, 99.41,
54.76, 51.72, 50.25, 46.04, 45.72, 38.34, 38.22, 30.29, 26.53,
26.26, 24.02, 9.72 ppm. HRMS for C27H35N7O3 calcd for (M +
H)+, 506.2880; measured, 506.2883. Anal. (C27H35N7O3) C, H,
N.

(S)-3-(3-Chloro-1H-indol-7-ylamino)-2-cyano-N,N′-dimethyl-3-
(2-oxo-1-(2-oxo-2-(pyrrolidin-1-yl)ethyl)azepan-3-ylamino)acry-
lamide (20). This compound was prepared in 90% yield from
7c, 8, and 2-cyano-N,N′-dimethylacetamide. 1H NMR (CDCl3)
δ 11.55 (br s, 1H), 10.30 (br s, 0.6H), 7.52 (d, 1H, J ) 7.7 Hz),
7.13-7.17 (m, 2H), 7.05 (d, 1H, J ) 7.7 Hz), 5.68 (br s, 0.4H),
4.95 (br s, 1H), 4.20 (br s, 1H), 4.04 (d, 1H, J ) 16.5 Hz), 3.71
(s, 1H), 3.34-3.45 (m, 4H), 3.13-3.20 (m, 1H), 3.05 (s, 7H),
1.97 (quintet, 2H, J ) 6.6 Hz), 1.85 (quintet, 2H, J ) 6.6 Hz),
1.45-1.80 (m, 6H) ppm; 13C NMR (CDCl3) δ 173.11, 167.13,
160.59, 152.51, 148.79, 137.18, 131.19, 127.35, 122.23, 120.66,
119.51, 117.16, 111.27, 106.42, 56.88, 52.01, 51.93, 50.39,
46.10, 45.72, 38.30, 31.77, 30.29, 26.67, 26.16, 24.04 ppm.
HRMS for C26H32ClN7O3 calcd for (M + H)+, 526.2333;
measured, 526.2328. Anal. (C26H32ClN7O3) C, H, Cl, N.

(S)-3-(3-bromo-1H-indol-7-ylamino)-2-cyano-N,N′-dimethyl-3-
(2-oxo-1-(2-oxo-2-(pyrrolidin-1-yl)ethyl)azepan-3-ylamino)acryl-
amide (21). This compound was prepared in 93% yield from 7e,
8, and 2-cyano-N,N′-dimethylacetamide. 1H NMR (CDCl3) δ
11.49 (br s, 0.5H), 10.40 (br s, 0.5H), 7.42 (d, 1H, J ) 7.7 Hz),
7.16 (s, 1H), 7.11 (t, 1H, J ) 7.4 Hz), 7.00 (d, 1H, J ) 7.1 Hz),
5.70 (br s, 0.5H), 4.90 (br s, 0.5H), 4.14 (br s, 1H), 3.98 (d, 1H,
J ) 14.9 Hz), 3.52 (br s, 1H), 3.28-3.43 (m, 5H), 3.12 (d, 1H,
J ) 12.1 Hz), 3.00 (s, 6H), 1.37-1.95 (m, 10H) ppm; 13C NMR
(CDCl3) δ 173.07, 171.23, 165.63, 160.60, 131.31, 129.94,
128.81, 125.33, 124.74, 121.61, 120.76, 119.46, 118.09, 91.04,
55.06, 51.97, 50.39, 50.25, 46.08, 45.70, 43.41, 38.32, 30.27,
26.67, 26.14, 24.02 ppm. HRMS for C26H32BrN7O3 calcd for
(M + H)+, 570.1828; measured, 570.1823. Anal. (C26H32BrN7O3)
C, H, N.

(S)-3-(3-Cyano-1H-indol-7-ylamino)-2-cyano-N,N′-dimethyl-3-
(2-oxo-1-(2-oxo-2-(pyrrolidin-1-yl)ethyl)azepan-3-ylamino)-
acrylamide (22). This compound was prepared in 85% yield
from 7f, 8, and 2-cyano-N,N′-dimethylacetamide. 1H NMR
(CDCl3) δ 11.68 (br s, 0.6H), 11.51 (br s, 0.6H), 7.70 (s, 1H),
7.65 (d, 1H, J ) 7.7 Hz), 7.14-7.24 (m, 2H), 7.11 (d, 1H, J )
7.7 Hz), 5.41 (br s, 0.4H), 5.01 (br s, 0.4H), 4.03-4.20 (m, 1H),
3.07-3.70 (m, 7H), 3.04 (s, 6H), 2.90-2.99 (m, 1H), 1.45-1.97
(m, 10H) ppm; 13C NMR (CDCl3) δ 173.37, 165.53, 157.74,
133.26, 129.19, 129.01, 128.20, 125.27, 124.22, 122.64, 121.32,
120.52, 118.41, 115.70, 87.39, 55.36, 52.23, 50.55, 46.20, 45.74,
38.24, 30.24, 26.79, 26.12, 24.02 ppm. HRMS for C27H32N8O3

calcd for (M + H)+, 517.2676; measured, 517.2665. Anal.
(C27H32N8O3) C, H, N.

(S)-7-(2-Cyano-3-(dimethylamino)-3-oxo-1-(2-oxo-1-(2-oxo-
2-(pyrrolidin-1-yl)ethyl)azepan-3-ylamino)prop-1-enylamino)-
1H-indole-3-carboxamide (23). This compound was prepared in
35% yield from 7g, 8, and 2-cyano-N,N′-dimethylacetamide. 1H
NMR (CDCl3) δ 11.55 (br s, 1H), 10.30 (br s, 1H), 7.70 (s,
1H), 7.65 (d, 1H, J ) 7.7 Hz), 7.14-7.24 (m, 2H), 7.11 (d, 1H,
J ) 7.7 Hz), 6.56 (br s, 1H), 5.41 (br s, 1H), 4.03-4.20 (m,
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1H), 3.07-3.70 (m, 8H), 3.04 (s, 6H), 1.45-1.97 (m, 10H) ppm.
HRMS for C27H34N8O4 calcd for (M + H)+, 535.2781; measured,
535.2777. Anal. (C27H34N8O4) C, H, N.

(S)-1-(3-Methyl-1H-indol-7-yl)-2-cyano-3-(2-oxo-1-(2-oxo-2-
(pyrrolidin-1-yl)ethyl)azepan-3-yl)guanidine (25). This compound
was prepared in 83% yield from 7b, 8, and sodium cyanoamide.
1H NMR (CDCl3) δ 9.87 (s, 1H), 8.03 (s, 1H), 7.47 (d, 1H, J )
7.7 Hz), 7.06 (t, 1H, J ) 7.7 Hz), 6.99 (d, 1H, J ) 7.7 Hz), 6.98
(s, 1H), 6.36 (d, 1 H, J ) 6.0 Hz), 4.58-4.62 (m, 1H), 4.11 (d,
1H, J ) 16.5 Hz), 4.06 (d,1H, J ) 16.5 Hz), 3.65 (dd, 1H, J )
14.5, 10.4 Hz), 3.24-3.38 (m, 5H), 3.22 (br d, 1H, J ) 12.6 Hz),
2.30 (s, 3H), 1.99 (d, 1H, J ) 12.6 Hz), 1.91 (quintet, 2H, J ) 6.6
Hz), 1.55-1.81 (m, 6H), 1.41-1.48 (m, 1H) ppm; 13C NMR
(CDCl3) δ 173.01, 166.03, 157.24, 131.33, 130.83, 123.14, 119.24,
118.96, 118.43, 118.21 (2C), 111.82, 54.49, 51.54, 50.45, 46.02,
45.70, 31.20, 27.54, 26.57, 26.10, 23.98, 9.66 ppm. HRMS for
C23H29N7O2 calcd for (M + H)+, 436.2461; measured, 436.2455.
Anal. (C23H29N7O2) C, H, N.

(S)-1-(3-Chloro-1H-indol-7-yl)-2-cyano-3-(2-oxo-1-(2-oxo-2-
(pyrrolidin-1-yl)ethyl)azepan-3-yl)guanidine (26). This compound
was prepared in 87% yield from 7c, 8, and sodium cyanoamide.
1H NMR (CDCl3) δ 10.54 (s, 1H), 8.24 (s, 1H), 7.52 (d, 1H, J )
8.3 Hz), 7.17 (d, 1H, J ) 2.2 Hz), 7.11 (t, 1H, J ) 7.7 Hz), 7.05
(d, 1H, J ) 7.7 Hz), 6.44 (d, 1 H, J ) 6.1 Hz), 4.58-4.66 (m,
1H), 4.11 (d, 1H, J ) 16.0 Hz), 4.03 (d,1H, J ) 16.0 Hz), 3.66
(dd, 1H, J ) 15.1, 11.3 Hz), 3.27-3.41 (m, 5H), 3.19 (dd, 1H, J
) 15.1, 2.8 Hz), 2.04 (d, 1H, J ) 11.6 Hz), 1.91 (quintet, 2H, J )
6.6 Hz), 1.40-1.81 (m, 7H) ppm; 13C NMR (CDCl3) δ 173.03,
165.89, 156.98, 130.00, 127.67, 122.44, 120.46, 119.83, 119.02,
118.09, 117.62, 106.62, 54.57, 51.62, 50.61, 46.02, 45.68, 31.26,
27.54, 26.57, 26.08, 23.96 ppm. HRMS for C22H26ClN7O2 calcd
for (M + H)+, 456.1915; measured, 456.1910. Anal.
(C22H26ClN7O2) C, H, Cl., N.
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