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Thrombin is a serine protease that plays a key role in blood clotting. Pyrrolidine 1 is a potent thrombin
inhibitor discovered at Merck several years ago. Seven analogs (2–8) of 1 in which the pyrrolidine core
was replaced with various heterocycles were prepared and evaluated for activity against thrombin, clot-
ting factors VIIa, IXa, Xa, and XIIa, and trypsin. The thiomorpholine analog 6 was the most active, essen-
tially matching the thrombin inhibitory activity of 1 with slightly improved selectivity over trypsin.

� 2014 Elsevier Ltd. All rights reserved.
Thrombotic events (stroke, heart attack, etc.) are an important
cause of morbidity and mortality, especially in older patients.1 A
safe and effective drug that could prevent thrombotic events
would clearly have a significant positive impact on life expectancy
and quality of life. Fortunately, thrombogenesis is a complicated
biological process involving a number of enzymes that provide
attractive targets for potential new therapies.2 Several approved
drugs, including Warfarin (a vitamin K epoxide reductase inhibi-
tor), Dabigatran (a thrombin inhibitor), Rivaroxaban and Apixaban
(factor Xa inhibitors) are currently used prophylactically to reduce
the risk of thrombotic events.3 Unfortunately, current therapy suf-
fers from significant side effects. Bleeding, in particular, remains a
significant concern. Thus, there remains an unmet medical need for
improved antithrombotic agents that would not have the bleeding
liability of current drugs. This is a very active field of research and,
in addition to those drugs already on the market, numerous com-
pounds employing a variety of mechanisms are in develop-
ment.4–6

Thrombin (Factor IIa) is a serine protease that plays a key role in
blood clotting. Selective thrombin inhibition is an established
mechanism for thromboembolism prevention.7,8 Three small mol-
ecule thrombin inhibitors have reached the market. The first,
Ximelagatran, was subsequently withdrawn due to unacceptable
liver toxicity.7 Two newer direct thrombin inhibitors, Dabigatran
and Argatroban, are currently on the market. Numerous other
thrombin and Factor Xa inhibitors are in various stages of
development.9
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Pyrrolidine 1 is a potent thrombin inhibitor discovered10 at
Merck several years ago as part of a program directed at finding
clinically useful thrombin inhibitors.10–13
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In their original report, Morissette et al. noted that reducing the
core ring size (i.e. replacement of pyrrolidine with azetidine) re-
sulted in reduced thrombin inhibitory activity.10 However, the ef-
fect of ring expansion was unknown. In an attempt to discover
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Scheme 1. Reagents and conditions: (i) FMOC-Cl, Na2CO3, 1,4-dioxane, water, 16 h,
room temp, 52%; (ii) 9, EDC, HOBT, DMF, 16 h, room temp, 70%; (iii) piperidine,
CH2Cl2, 1 h, room temp, 80%; (iv) 10, Et3N, THF, �10 �C to room temp, 1 h, 65%; (v)
K2CO3, CH3OH, room temp, 30 m; (vi) TFA, CH2Cl2, room temp, 2 h, 30% for two
steps.
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Scheme 2. Reagents and conditions: (i) FMOC-Cl, Na2CO3, 1,4-dioxane, water, 0 �C
to room temp, 16 h, 44%; (ii) 9, EDC, HOBT, DMF, room temp, 16 h, 78%; (iii)
piperidine, CH2Cl2, room temp, 2 h, 73%; (iv) 10, Et3N, THF, �5 �C to room temp, 1 h,
51%; (v) K2CO3, CH3OH, room temp, 30 m; (vi) TFA, CH2Cl2, room temp, 2 h, 40% for
two steps.
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Scheme 3. Reagents and conditions: (i) CBZ-Cl, NaHCO3, 1,4-dioxane, H2O, room
temp, 16 h, 82%; (ii) K2CO3, CH3I, DMF, room temp, 2 h, 74%; (iii) TFA, CH2Cl2, room
temp, 30 m, 97%; (iv) paraformaldehyde, Et3N, NaCNBH3, CH3OH, AcOH, 0 �C to
room temp, 2 h, 70%; (v) H2 (1 atm), 10% Pd/C, CH3OH, room temp, 3 h, 71%; (vi) 10,
Et3N, CH2Cl2, room temp, 30 m, 40%; (vii) LiOH, THF, H2O, CH3OH, room temp, 2 h,
59%; (viii) 9, EDC, HOBT, Et3N, DMF, room temp, 16 h, 32%; (ix) TFA, CH2Cl2, room
temp, 1 h, 73%.
an improved thrombin inhibitor, and to more fully elucidate the
SAR of the heterocyclic core of 1, we prepared and report herein
a series of six-membered heterocyclic core analogs of 1.

We initially targeted the piperidine analog 2. Starting with acid
11,14 2 was readily synthesized as outlined in Scheme 1. Treatment
of 11 with FMOC-Cl afforded the protected aminoacid 12 in good
yield. The right-hand side chain was then introduced by EDC-med-
iated coupling of 12 with amine 9,10 to afford intermediate amide
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Scheme 4. Reagents and conditions: (i) TFA, CH2Cl2, room temp, 5 h; (ii) FMOC-Cl,
K2CO3, 1,4-dioxane, H2O, room temp, 3 h, 84% for two steps; (iii) 9, EDC, HOBT, DMF,
0 �C to room temp, 5 h, 80%; (iv) piperidine, CH2Cl2, room temp, 1 h, 62%; (v) 10,
Et3N, CH2Cl2, 0 �C to room temp, 16 h, 71%; (vi) K2CO3, CH3OH, room temp, 30 m;
(vii) TFA, CH2Cl2, 0 �C, 30 m, 48% for two steps.
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Scheme 5. Reagents and conditions: (i) TFA, CH2Cl2 room temp, 2 h; (ii) FMOC-Cl,
NaHCO3, 1,4-dioxane, H2O, room temp, 16 h, 67% for two steps; (iii) 9, EDC, HOBT,
Hunig’s base, DMF, room temp, 16 h, 71%; (iv) piperidine, CH2Cl2, room temp, 2 h,
83%; (v) 10, Et3N, CH2Cl2, �10 �C to room temp, 1 h, 63%; (vi) K2CO3, CH3OH, room
temp, 30 m; (vii) TFA, CH2Cl2, room temp, 2 h, 27% for two steps.
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Scheme 6. Reagents and conditions: (i) MCPBA (0.88 equiv), CH2Cl2, room temp,
30 m, 98%; (ii) K2CO3, CH3OH, room temp, 30 m; (vii) TFA, CH2Cl2, room temp, 2 h,
35% for two steps.
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Scheme 7. Reagents and conditions: (i) MCPBA (2.5 equiv), CH2Cl2, room temp, 4 h,
66%; (ii) K2CO3, CH3OH, room temp, 30 m; (vii) TFA, CH2Cl2, room temp, 2 h, 29% for
two steps.
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13. Removal of the FMOC group, followed by introduction of the
left-hand side chain by reaction of amine 14 with acid chloride
1015 afforded the penultimate intermediate 15. Finally, protecting
group removal completed the synthesis of piperidine analog 2.
Table 1
Enzyme inhibition data (Ki, nM) for heterocyclic core analogs 1–8

Compound Thrombina Factor VIIaa Factor

1 1.5 >15,000 >3000
2 7.3 15,000 nt
3 63 15,000 15,000
4 34 15,000 nt
5 32 15,000 15,000
6 1.1 15,000 nt
7 78 nt nt
8 52 15,000 nt

a Values are means of two experiments (nt = not tested).
The corresponding piperazine analog 3 was similarly prepared
from the protected piperazine acid 1614 and reagents 9 and 10 as
outlined in Scheme 2.

The synthesis of the N-methyl piperazine analog 4 from 16
(Scheme 3) was more complicated due to the protecting group
manipulations required to install the N-methyl substituent. Treat-
ment of 16 with CBZ-Cl readily afforded the bis-protected pipera-
zine 21. Protection of the acid as the methyl ester followed by
removal of the BOC protecting group and reductive methylation
of amine 23 provided the N-methyl intermediate 24 in good overall
yield. Removal of the CBZ group afforded amine 25. Analog 4 was
readily prepared from 25 by the synthetic route employed for 2.

The morpholine analog 5 was prepared in a similar manner
from the protected amino acid 29,14 as outlined in Scheme 4.

The thiomorpholine analog 6 was prepared from the protected
amino acid 34 by an analogous sequence, as outlined in Scheme 5.

The corresponding sulfoxide 7 was readily prepared by MCPBA
oxidation of intermediate 38 followed by deprotection to afford 7
as outlined in Scheme 6.

Finally, sulfone 8 was prepared by MCPBA oxidation of sulfide
intermediate 38 under stronger conditions followed by deprotec-
tion (Scheme 7).

The new analogs were generally less potent inhibitors of throm-
bin than the lead pyrrolidine 1 (Table 1). The piperidine analog 2,
although differing from 1 only in the addition of a single methylene
unit, was about five-fold less active than 1. The piperazines 3 and 4,
with an additional basic nitrogen in the ring, were even weaker
inhibitors. The morpholine analog 5 was comparable in activity
to the piperazines. Interestingly, the thiomorpholine analog 6
was the most active of the seven analogs, exhibiting thrombin inhi-
bition comparable to that of the pyrrolidine 1. In addition, 6 dem-
onstrated slightly improved selectivity for thrombin over trypsin
(>13,000X for 6 vs �3700X for 1), although both compounds were
highly selective. Finally, the sulfoxide analog 7 and the sulfone 8
were significantly less active than the thiomorpholine 6.

Pyrrolidine 1 (Fig. 1) and the most active analog, thiomorpho-
line 6 (Fig. 2), were docked into a published crystal structure of
thrombin with a close analog of 1 bound in the active site
(2zgb.pdb).16 As expected, 1 and 6 bind by placing the Cl-phenyl
group into the P1 pocket, the core heterocyclic group into the P2
pocket, with the hydroxyl group interacting with G216 in P3 and
the tert-butyl group in the P4 pocket. Thrombin activity differences
for compounds 1–8 can thus be explained by the differential inter-
action of the heterocyclic core with the hydrophobic residues
(shown as sticks in Figs. 1 and 2) framing the P2 pocket (H57,
L99, Y60A and particularly W60D, which caps the pocket). The
hydrophobic pyrrolidine 1, piperidine 2, and thiomorpholine 6
are the more potent analogs. The hydrophilic piperazine 3,
morpholine 5, sulfoxide 7 and sulfone 8 are less active. Although
N-methyl piperazine analog 4 is relatively hydrophobic due to
N-methylation, the additional methyl group introduces a steric
clash with the W60D side chain, accounting for its reduced activity.
IXaa Factor Xaa Factor XIIaa Trypsina

1400 >15,000 5600
1800 15,000 10,600
4400 15,000 15,000
3700 15,000 15,000
3900 15,000 15,000
900 15,000 9400
nt nt nt
3100 15,000 15,000



Figure 1. Suggested binding mode of pyrrolidine 1 against thrombin (2zgb.pdb).

Figure 2. Suggested binding mode of thiomorpholine 6 against thrombin (2zgb.pdb).
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Consistent with this binding hypothesis, the observed inhibition
data correlates reasonably well with the hydrophobicity of the het-
erocyclic core. Figure 3 shows the correlation of thrombin activity
with c logD (compounds are colored by PSA).17 It is clear that the
most potent compounds 1, 2 and 6 are more hydrophobic, whereas
the less active analogs 3, 5, 7 and 8 are more polar. Interestingly,
although compound 4 could be assigned to the less polar group
based on c logD, its activity is only around 30 nM. As noted above,
modeling suggests that this reduced activity is due to an unfavor-
able steric interaction.

The most interesting of the novel analogs, thiomorpholine 6
was further evaluated in a dog pharmacokinetics study (IV
dosing). Disappointingly, 6 exhibited poorer PK in dogs than the
lead pyrrolidine 1 (Table 2). This is consistent with the reduced
dog hepatocyte stability of 6 (76% remaining at t = 90 m) versus
1 (93% remaining). None of the analogs inhibited CYP 3A4, CYP
2D6, or CYP 2C9 at concentrations up to 50 lM. Due to its poor
pharmacokinetics relative to pyrrolidine 1, thiomorpholine 6 was
not evaluated further.

In conclusion, the novel heterocyclic analogs 2–8 reported here-
in had no significant advantage over 1 as direct thrombin inhibi-
tors. The best analog, thiomorpholine 6, was comparable in
activity to 1 and was slightly more selective but, unfortunately,
had poorer pharmacokinetic properties. Thus, ring expansion of
the lead pyrrolidine did not lead to the improved oral thrombin
inhibitor that were the goal of this research program. However,



Figure 3. Correlation plot between thrombin activity (Ki, nM) and c logD (color by PSA).

Table 2
Dog PK data for pyrrolidine 1 and thiomorpholine 6a

# t½ (h) AUC (lM h) Cl (mL/min/kg) Vd (L/kg)

1 6.8 10.0 3.5 1.9
6 2.7 1.0 12.8 2.3

a IV dosing (0.3 mpk).
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the medical need for improved prophylactic antithrombotic agents
remains. Additional results in this area will be reported in future
publications from this laboratory.
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