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Abstract—Synthesis and SAR of orally active thrombin inhibitors of the p-Phe-Pro-Arg type with focus on the P2-moiety are
described. The unexpected increase in in vitro potency, oral bioavailability, and in vivo activity of inhibitors with dehydroproline
as P2-isostere is discussed. Over a period of 24 h the antithrombin activity of the most active inhibitors with ICsgs in the nanomolar
range was determined in dogs demonstrating high thrombin inhibitory activity in plasma and an appropriate duration of action after

oral administration.
© 2006 Elsevier Ltd. All rights reserved.

Thrombin has long been the main focus of thrombosis
research. Its role in blood coagulation and its inhibition
as a therapeutic opportunity for thromboembolic disor-
ders like deep vein thrombosis (DVT), myocardial
infarction, unstable angina, pulmonary embolism, and
ischemic stroke have been extensively reviewed.!

Although several highly potent and selective thrombin
inhibitors have been described, most of them lack suitable
oral bioavailability? and plasma half-life. The main strat-
egies'? pursued to address these problems have been to in-
crease the lipophilicity of the inhibitor and/or to reduce
the basicity of the Arg mimicking moiety. Approaches
drawing on more lipophilic inhibitors are often hampered
by substantial interspecies variations of the oral bioavail-
ability® and high plasma protein binding.* Attempts to re-
duce the basicity of the Pl-moiety led to prodrug
approaches like ximelagatran the double prodrug of the
thrombin inhibitor melagatran® which have both recently
been approved in some European countries for DVT®
despite some liver related safety concerns.’

SAR studies and optimization of our initial leads finally
resulted in the development of orally active thrombin
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inhibitors of the p-Phe-Pro-Arg type with an N-(carb-
oxymethyl)-D-cyclohexyl alanine unit as P4-P3-moicty
and a heteroarylamidine as Pl-moiety.® A major part
of these studies was concerned with the detailed explora-
tion of the P pocket of thrombin resulting in modifica-
tions of the P2-moiety that not only led to inhibitors
with improved in vitro potency but also with enhanced
oral bioavailability.

The following discussion will be based on structures
with the above-mentioned P4-P3-building block, 2-am-
idino-5-aminomethylpyridine as Pl-moiety and varia-
tions of the P2-moiety. A detailed discussion of the
SAR obtained by the variation of the P4-P3- and P1-
moieties has in part been reported earlier® and will be
presented separately.52P

One of the major structural differences between throm-
bin and the related serine protease trypsin is its Tyr-
Pro-Pro-Trp insertion loop at position 60. When the
natural substrate fibrinogen is bound, the constrained
P pocket is occupied by Val. Bajusz and co-workers’
introduced Pro as a P2-isostere, a building block that
was subsequently used in numerous thrombin inhibitors.
Based on these results and our own findings® we initiat-
ed the following synthesis program directed toward the
optimization of the P2-moiety.

The thrombin inhibitors were prepared by a convergent
synthesis. A representative example is depicted in
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Scheme 1.'° The dehydroproline synthesis is suitable for
scale-up.8!! The P3—P4-building block 4 was easily ob-
tained from Cha-OBn.®®" The two amide bonds of the
inhibitor were established with 1-propanephosphonic
acid cyclic anhydride (PPA)!? as coupling reagent and
the extremely mild conversion of nitrile 5 to amidine 6
did neither affect the stereocenters nor the double bond
of the pyrrolidine ring.'3

Thrombin inhibitors of the type described above with
flexible amino acid building blocks in the P2 position
exhibit good to moderate in vitro potency and weak to
moderate in vivo activity in rat (Table 1). The alanine
derivative 7 had about the same in vitro potency and
in vivo activity as melagatran'# (cf. Table 2).!>1¢ The
in vitro potency of the epimer 8 was substantially lower.
The N-methyl alanine derivative 9 was slightly more po-
tent in vitro than 7. The X-ray structure of 9 in throm-
bin revealed that the two methyl groups of the P2 unit
are engaged in favorable hydrophobic interactions in
the P pocket (cf. Fig. 1).17

The o-methyl alanine 10 and the inhibitors 11 and 13
containing a l-amino-1-carboxy-cycloalkyl building
block had only low to moderate activities. The disubsti-
tuted o-position either leads to an inhibitor conforma-
tion unfavorable for binding to the enzyme or the
additional o-substituent sterically interferes with the
van der Waals surface of the P pocket. The latter is con-
sistent with the low activity observed for p-alanine 8. An
exception is the 1-amino-1-carboxy-cyclopentyl deriva-
tive 12 that showed good potency in the chromogenic
thrombin assay, although the cyclopentyl ring came in
close contact with C3-2 of Leu99. Trp60D had to be
pushed away by 0.86 A to accommodate this P2-moie-
ty.!® The energy required for this rearrangement is
somewhat compensated by the large additional hydro-
phobic contact area between the cyclopentyl ring and
the 60 loop of thrombin (cf. Fig. 1).

Within this set of inhibitors (Table 1) N-methyl alanine 9
displayed the best in vitro potency, but did not exhibit
sufficient oral activity. Replacement of this flexible
moiety by the more rigid Pro gave the nanomolar throm-
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Table 1. Effect of flexible P2 moieties on the in vitro potency and
in vivo activity of the thrombin inhibitors
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Compound P2 Chromogenic ECT (s), ECT(s),
thrombin assay po (rat)® iv (rat)°
ICsy" (nM)
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n.d., not determined.

#See Ref. 15.

® Measured 60 min after 21.5 mg x kg™! po, see Ref. 16.
©Measured 60 min after 1.0 mg x kg~ iv, see Ref. 16.

bin inhibitor 14,%¢ which also had good oral activity
in rat (Table 2). Introduction of dehydroproline (Dhp,
compound 6) in place of Pro slightly increased the in vitro
potency and the high in vivo activity was maintained.
Although the increase in in vitro potency of the dehy-
droproline derivative compared to its proline analog is
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Scheme 1. Convergent synthesis of a D-Phe-Pro-Arg type thrombin inhibitor. Reagents and conditions: (a) 1. 1.1 equiv NEt;, 1.05 equiv MsCl,
1 mol% DMAP, DCM, —10 to 0 °C, 2 h, 98%, 2. 2 equiv aqueous 1 N NaOH, dioxane, 0-5 °C, 2.5 h, 87%; (b) 2.7 equiv MeOCH,CH,OH, 2.5 equiv
NaH, DME, 0 °C to rt, 12 h, 52%; (c) 1. 5S-aminomethyl-2-cyanopyridine, 1.3 equiv 50% PPA in EtOAc, 4 equiv DIEA, DCM, 2. HCI, i-PrOH, 80%
(2 steps); (d) 3, 1 equiv 50% PPA in EtOAc, 4 equiv DIEA, DCM, 0 °C to rt, 95%; (e) NH3(g), 1.05 equiv N-acetylcysteine, MeOH, A; (f) HCI, H,0,
60 °C, 3 h, 45% (2 steps).
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Table 2. Effect of cyclic P2 moieties on the in vitro potency and in vivo
activity of the thrombin inhibitors

Compound P2 Chromogenic ECT (s), ECT(s),
thrombin assay po (rat)® iv (rat)°
ICsp" (nM)
14 W 32 800 104
- 0
6 W 1.8 792 138
- 0
15 % 14.8 100 54
5
=z
16 N 71.2 100 59
5
£ F
17 W 290 96 38
N
- 0
He CH,
18 442 55 37
N
- 0
19 m 31.9 229 59
e}
20° q&& 56.3 74 47
0
S
21 QM 58.4 516 49
~ 0
S
2 (N)\rﬁe 16.0 196 77
-+ 0
(0]
23 QM 288 141 64
- 0
Q
24¢ Ny 1.7 726 201
B e}
25¢ HNW 34 640 114
e}
Melagatran 69.2 247 98
#See Ref. 15.

® Measured 60 min after 21.5 mg x kg™ po, see Ref. 16.
¢ Measured 60 min after 1.0 mg x kg™ iv, see Ref. 16.
4See Ref. 21.

not significant, it was observed as a general trend in most
of the p-Phe-Pro-Arg type thrombin inhibitors studied.'®
The X-ray structure of 6 in complex with human throm-
bin?® revealed an optimal fit of the Dhp mojety in the
P pocket with distances of 3.92 A and 3.91 A from Cy
of Dhp to C3-2 of Leu99, and from Cy of Dhp to Cn-
2 of Trp60D, respectively. Ringflip of the pyrrolidine-
Cy in 14 between the two possible ring conformations
representing the two local minima of the Pro showed in
both cases unfavorable close contacts with either Leu99
or Trp60D when modeled onto the Dhp of 6 leaving

Figure 1. X-ray structure derived structures showing the orientation of
the thrombin inhibitors 9 (purple) and 12 (green) in the active site of
thrombin. The amino acids Leu99, Tyr60A, Trp60D, and His57
forming the P pocket are highlighted (yellow: complex with 9; red:
complex with 12).

the coordinates of the backbone Cp and Co unchanged
(cf. Fig. 2). The resulting conformational changes in
the protein minimize these interactions, but reduce the
binding energy of 14 since the hydrophobic contact area
of Pro is similar to that of Dhp. This effect is even more
pronounced for derivatives 15%¢ and 16 with the larger
pipecolinic and dehydropipecolinic acid moieties.>*> The
more flexible piperidine derivative 15 had a 4 times high-
er in vitro potency than the more rigid dehydropiperidine
16, which obviously required substantial conformational

Tyr60A

Leu99

Trp60D

Co-2

©e0O
ozo0

Figure 2. Orientation of the Dhp (Cy and CP in green) and Pro (Cy
and Cp in blue) moiety of thrombin inhibitors 6 and 14, respectively, in
the P pocket of thrombin based on data from the X-ray structure of the
thrombin-inhibitor complex from Dhp derivative 6 and modeling
results.
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changes in the P pocket to be accommodated. Their
in vivo activities, however, were comparable.

Inhibitors with substituents on the proline ring like fluo-
rine (17),%3 methyl (18)** or methylene (19 and 20)>> were
less potent than the parent compounds 14 and 6. The 4-
thiaproline 21 exhibited surprisingly high oral activity
compared to its moderate potency in the chromogenic
thrombin assay. The corresponding 3-thiaproline 222°
did not prolong the ecarin clotting time (ECT) to the ex-
tent as the better in vitro data would suggest. This could
be attributed to its lower metabolic stability. The 4-oxa-
proline 23?7 was less potent than its Pro analog 14. 5-aza-
dehydroproline 24°® and 5-azaproline 25%° were more
potent in vitro. To our surprise they also had a compara-
tively high oral activity indicating their good metabolic
stability. The in vivo activity after oral administration of
24 did, however, not quite match that of dehydroproline 6.

Molecular modeling studies helped to explain the ob-
served in vitro potencies. Cf of the Pro moiety in 14 forms
a van der Waals contact with C5-2 of His57 and Cy of the
Pro is located close to the benzene ring of Tyr60A.

Any substituent larger than hydrogen in these positions
therefore has a negative effect on the binding energy (cf.
18-20, respectively). Exchange of the y-methylene group
in the Pro moiety of 14 against difluoromethylene, sulfur

or oxygen (cf. 17, 21, and 23) increases the electron den-
sity in this position introducing an unfavorable interac-
tion with the n-electrons of Tyr60A leading to a loss in
potency. In the case of the 4-oxaproline 23, this effect
was especially emphasized since in solution the hydro-
philic oxygen can assumed to be hydrated. The bound
water molecule has to be removed before the oxazolidine
ring can be accommodated in the P pocket. The 3-thia-
proline 22 is not involved in such negative interactions.
Due to the larger ring size caused by the sulfur atom its
in vitro potency, however, is only comparable to that of
the slightly less potent pipecolinic acid derivative 15.

The 5-nitrogen of 5-azadehydroproline 24 and 5-azapr-
oline 25 does neither improve nor hinder the binding
to the enzyme®® because it is exposed to the solvent
and not interacting with the protein. The observed in vi-
tro potencies therefore closely resemble those of Dhp
derivative 6 and Pro derivative 14. It is worth noting
that the 5-azadehydroproline 24 was slightly more po-
tent in vitro and more active in vivo than the corre-
sponding 5-azaproline 25.

Pro 14 and Dhp 6, two of the most potent inhibitors in
this series, were chosen for preliminary pharmacody-
namic and pharmacokinetic profiling in dog. They dis-
played an oral bioavailability of 25% and 36%,
respectively (Table 3).

Table 3. Effect of Dhp versus Pro in P2 on the in vitro potency, oral bioavailability and in vivo activity of the thrombin inhibitors

(. iy
e T NH,
N N
(o]

HO
Ty
Compound A P2 Chromogenic AUC( o4, by Fora1 (%), (dog)
thrombin assay ECT meantsp X 10° (s)b
IC5o" (nM) (n=2-8) (dog)
14 7 Pro 32 74335 25
=~ _N
6 7 Dhp 1.8 185.0 + 68.6" 36
=~ _N
26 >£©>€ Pro 2.7 100.1 £26.7 34
27 >£©>€ Dhp 1.7 168.0 + 38.5" 35
28 S \ Pro 1.0 158.9 £ 70.2 48
N
29 2 Dhp 1.0 278.9 +47.4° 58
N
Melagatran 69.2 74.6 £27.7 24
#See Ref. 15.

® After administration of 4.64 mg x kg™

, po. Calculated from data depicted in Figure 3. Asterisk refers to significance (P < 0.05, calculated by

unpaired t test with Welch’s correction) in comparison to the corresponding proline analog.
¢ Calculated from the AUCs(_»4y, after iv and po administration, see Ref. 33.
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To study the effect of the Dhp P2-moiety on the in vitro
potency, oral bioavailability, and in vivo activity in
more detail, a series of thrombin inhibitors as sets of
Pro and Dhp pairs with different P1 building blocks
was prepared. The benzamidine 26°' and thienylamidine
2832 have also been described by others. For comparison
melagatran was also included in this study. The results
of the pharmacodynamic and pharmacokinetic experi-
ments are summarized in Table 3 and Figure 3.

All compounds (6, 14, and 26-29) exhibited higher
in vitro potency and in vivo activity higher than those
of melagatran. The observed ECTs in particular illus-
trate the improved oral bioavailability and antithrombin
properties of these inhibitors. In all cases, the Dhp deriv-
ative matched or surpassed the in vitro potency of the
corresponding Pro compound. For the thrombin inhib-
itors bearing a heterocyclic P1-moiety the Dhp deriva-
tives (6 and 29) showed a substantially increased oral
bioavailability in dogs compared to the Pro containing
compounds (14 and 28). In the case of the benzamidine,
the measured oral bioavailability was about the same for
both derivatives (26 and 27).

The activity after oral administration based on the
ecarin clotting time of the Dhp derivatives (6, 27, and
29) was significantly higher than that of the correspond-
ing Pro analogs (14, 26, and 28; cf. Table 3, Fig. 3). The
improvements in ECTs were much higher than the
observed differences in in vitro potency would suggest.
The cause of this remarkable effect is unknown, but
could, e.g., either be due to a higher metabolic stability
of the Dhp containing inhibitors and/or could be caused
by better active resorption of these analogs possibly
favored by the more rigid P2 isostere.

In summary, the synthesis of orally active thrombin
inhibitors of the b-Phe-Pro-Arg type with high
antithrombin potency has been described. The SAR
with respect to the interactions observed for different
P2-moieties in the P pocket of thrombin has been
discussed. The noteworthy positive effect of the
P2-isostere dehydroproline on the in vitro potency and
especially the in vivo activity after oral administration
has been highlighted.
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Figure 3. Effect of Dhp versus Pro in P2 on the ecarin clotting time in

dogs at a dose of 4.64 mg x kg™!, po.
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