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Synthesis of Dianhydrohexitole-based Benzamidines as Factor Xa Inhibitors
Using Cross Couplings, Phenyl Ether and Amidine Formationsas Key Steps
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Abstract: Starting with isosorbide or isomannide severa dianhy-
drohexitole-based benzamidines were synthesized as potential fac-
tor Xa inhibitors. The key steps for the synthesis of the
bisbenzamidines were nucleophilic aromatic substitutions and
Mitsunobu reactions to build up phenylethers. Another type of
monobenzamidines had ortho-substituted biphenyl groups. Their
synthesis necessitated an optimization of cross coupling procedures
due to the great sterical hindrance of the ortho-substituent. The
benzamidines showed biological activity against factor Xa and
selectivity against other serine proteases.
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The serine protease factor Xa (fXa) plays a decisive role
in the blood coagulation cascade.! Thus, it has emerged as
avery attractive target to develop orally active antithrom-
botic agents.? Highly potent and specific inhibitors of fXa
can effectively block both venous and arterial thrombosis
formation.

We intended to use the dianhydrohexitoles isosorbide 1
(one exo-OH, one endo-OH, Figure 1) and isomannide 2
(two endo-OH) as molecular scaffolds linking two specif-
ic ligandsfor the S1 and $4 pockets of the fXa active site.
1 and 2 were already explored as successful templates for
RGD-mimetics® in the development of integrin antago-
nists. They have the advantage of combining high rigidity
with stereochemical bias.

HQ endo HQ
0 o]
N AN
o] exo 0
OH OH
1 2
Figure1

Here we present a novel synthetic approach to the phe-
nylether benzamidines 3—6 with the isosorbide scaffold
(Figure 2) and evaluate their potential as fXainhibitors.
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Schemel &) TBS-Cl, Im, DMF, 40 °C, 3 h, 7 33%, 8 16%, 9 20%.
b) NaH, 4-FC;H,CN, DMF; TBAF, THF, 23 %. ¢) NaH, 3-FC;H,CN,
DMF, 98%. d) LiHMDS, THF; HCI, EtOH/H,0O; prep. HPLC, 23%.

The synthesis of 3 started with TBS-protection of isosor-
bide 1 (Scheme 1). Using the standard conditions (TBS-
Cl, imidazole, DMF) both monoprotected isomers 7
(33%) and 8 (16%) as well as diprotected 9 (20%) were
obtained besides 31% unreacted starting material. The
structures of 7 and 8 could be assigned by NMR analysis
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and IR spectroscopy. Due to the intramolecular hydrogen
bond of the endo-OH group with the ether oxygens, 8
shows a lower hydroxy IR absorption than 7 (diluted so-
lution in CCl,):* 3625 cm for the exo-OH in 7, but 3553
cm™ for endo-OH in 8. A comparing look at the NMR
spectraof 1, 2, 7 and 8 in DM SO-d, reveals that the pro-
tons of exo hydroxy functions in dianhydrohexitoles are
shifted down-field compared to the endo ones. Together
with a precise analysis of the coupling constants® this
NMR assignment is consistent with the IR data.

The exo-alcohol 7 was then converted to the phenylether
10 by nucleophilic substitution with 4-fluorobenzonitrile
and subsequent TBAF-mediated deprotection. Unexpect-
edly, only 23% 10 were obtained, but 55% of 2,5-O,0-
bis-(4-cyanophenyl)-isosorbide. Due to the lability of the
endo-OTBS group in 7 under the reaction conditions of
the aromatic substitution (NaH, DMF, 60 °C), silyl cleav-
age occurred aready at this stage resulting in the forma-
tion of 10. A nucleophilic aromatic substitution of alcohol
10 with 3-fluorobenzonitrile gave the bisnitrile (98%). Fi-
nally, the reaction of 11 in an one-pot procedure with
LIHMDS® and a subsequent hydrolysis using ethanolic
HCI led to the target bisamidine 3. After purification by
preparative HPLC (CH,CN/H,O + 0.1% TFA) and lyo-
philization 3 could be isolated as bisamidinium-trifluoro-
acetic salt.”

The synthesis of bisamidine 4 was accomplished as de-
picted in Scheme 2. First, one hydroxy function of iso-
mannide 2 was TBS-protected to the monosilylether 12
(43% yield).2 Since the endo-hydroxy group in isoman-
nide 2 is intramolecularly hydrogen bound to the ether
oxygens, the acohol-alcoholate reactivity difference is
low inthiscase. Thefreeendo-OH in 12 wastheninverted
to the exo-phenylether by a Mitsunobu reaction with 3-hy-
droxybenzonitrile. After TBAF-mediated silyl ether
cleavage isosorbide-based 14 was isolated in 79% yield.
A detailed analysis of the NMR coupling constants® of 14
proved the inversion of the stereocenter. After nucleo-
philic aromatic substitution of 14 with 4-fluorobenzoni-
trile to the bisnitrile 15 (93%), a subsequent bisamidine
formation led to the target compound 4.

Since the in vitro data of the bisamidines 3 and 4 showed
high potency against fXa, we intended to optimize the
new dianhydrohexitole lead structure with regard to better
pharmacokinetic properties. Thus, one benzamidine moi-
ety was replaced by a less basic, more lipophilic ortho-
SO,NH,-substituted biphenyl group (5 and 6, Figure 2).°
The synthesis of 5 started with the monobenzylation of 2
to mono-benzyl-isomannide 16, which was allowed to re-
act with 4-fluoronitrobenzeneto 17 in 95%vyield. After re-
duction of the nitro group to an amine, the transformation
into an aryl bromide or iodide was envisaged. Sandmeyer
conditions with catalytic'®!! or stochiometric*? amounts
of copper salts were unsatisfying (maximum 39% for the
bromide and 64% for the iodide). Alternatively, we tried
a new procedure® with KI, KNO, and HBr in DMSO.
This gavereliably high yields of the iodide 18 of 80%. In
the next step, 18 had to be cross-coupled to the biphenyl
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Scheme2 &) TBS-Cl, Im, DMF, 12 43%, 13 33%. b) 3-HOC4H,CN,
DEAD, PPh,, THF; TBAF, THF, 79%. ¢) NaH, 4-FC4H,CN, DMF,
15 93%. d) LiIHMDS, THF; HCI, EtOH/H,0, 48%.

compound 21. A Suzuki protocol using standard condi-
tions [Pd(PPhy),, PhMe, ag. Na,COs, reflux] with 2-(tert-
butylaminosulfonyl)-phenylboronic acid (19) to build up
the biphenyl moiety isdescribed in the literature,® but due
to the great steric hindrance of the ortho-SO,NHtBu-sub-
stituent the yield was only 58%. We tried several Suzuki
procedures’* to optimize this coupling step. But none of
these methods gave satisfying yields (maximum 44%). As
a consequence we examined Negishi conditions®™
[Pd,(dba),, PPhs, LiCl, THF reflux] using the correspond-
ing aryl zinc intermediate 20 (from PhSO,NHt-Bu by
ortho-lithiation and transmetallation). This worked well
and produced the coupling product 21 in 83% yield. Hy-
drogenolysis of the benzylether provided the alcohol 22.

The synthesis of 5 continued with a Mitsunobu inversion
using 3-hydroxybenzonitrile to yield the phenylether 23
(Scheme 3). For the conversion of the cyano function into
an amidine group, a two-step procedure via amide oximes
was most successful.'® First, the benzonitrile was trans-
formed via the amide oxime followed by acetylation and
aheterogenous hydrogenation with palladium on charcoal
or Raney-nickel'” into the desired benzamidine. Finally,
the tert-butyl protecting group was cleaved from the sul-
fone amide by treatment with a 10:1 mixture of TFA/ani-
sole to produce 5.1

The synthesis of the sulfone 6 is summarized in Scheme 4.
Suzuki coupling of commercially available 2-(methyl-
thio)benzeneboronic acid with iodide 18 gave thioether 24
with 70% yield.1* Magnesium monoperoxo phthalate
oxidation®® to the sulfone and hydrogenolytic benzyl ether
cleavage gave the alcohol 25 (86% for both steps). The
Mitsunobu reaction using the oxadiazolylphenol 26° led
to an isosorbide-based precursor 27, which could be con-
verted to the amidine 6 by hydrogenolysis (96%).

The biological screening of the dianhydrosugar-based
amidines 3-6 began with the potency determination
against factor Xa. Subsequently, the activity against
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Scheme 4 @) 2-CH,SCH,B(OH),, Pd,(dba);, PPh, Ba(OH), DME/H,0, 70%. b) MMPP, CH,CI,/EtOH/H,0; H,, Pd(OH),/C, MeOH/
EtOAc, 86%. ¢) DIAD, PPh,, THF, 92%. d) H,, Pd/C, MeOH/HOAC, 96%.

thrombin, trypsin and plasmin were measured in order to
get informations about the general specifity for serine pro-
teases. The in vitro data were measured as 1Cy, values
(Table 1).

Tablel Biological Activity of the Dianhydrosugar-based
Benzamidines 3-6 Against fXa, Thrombin, Trypsin and Plasmin

|Cgp/mM
Compd. fXa Thrombin  Trypsin Plasmin
3 0.18 >10 6.3 >10
0.15 >10 8.0 >10
5 1.0 >10 >10 >10
6 13 >10 >10 >10

The biological activities of the isosorbide-based bisa-
midines 3 and 4 with a substitution pattern ‘inverse’ to
each other (meta-/para-benzamidine) are active against
fXa and selective against thrombin and plasmin. But the
trypsin-selectivity is low. Due to the favorable interac-

tions of the biphenyl unit with the protein, the inhibitors 5
and 6 show not only high potency, but a better selectivity
against trypsin. The reason might be, that the structural
differences between the fXa and trypsin active sites play
agreater rolein the specific interactions with the biphenyl
unit compared to a benzamidine.

In summary, a novel highly active and selective lead
structure for fXa inhibitors was developed with rigid but
stereodefined dianhydrohexitole scaffolds. A synthetic
access to the class of isosorbide-based bisbenzamidines
was devel oped with nucleophilic aromati ¢ substitutions of
fluorobenzonitriles, Mitsunobu reactions and amidine for-
mation with LIHMDS as key steps. The biphenyl com-
pounds 5 and 6 were synthesized from isomannide 2. An
optimized synthetic route to the aryl halide uses Suzuki
and Negishi couplings to build up the biphenyl moiety.
Despite a stericaly demanding ortho-substituent an effi-
cient novel Negishi protocol gave the target compound in
very good yield. Current work isaimed to further optimize
this lead structure in terms of higher biological activity
and bioavailability.
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Hz, 6.0 Hz, 1 H, 6-H), 4.60 (d, J = 11.9 Hz, 1 H, CHHPh),
462 (t,J=4.7Hz, 1H, 3-H),4.78 (d, J=11.9Hz, 1 H,
CHHPh), 4.794.85(m, 2H, 4-H, 5-H), 7.04 (pd, J=8.7 Hz,
2H, 2’-H, 6’-H), 7.29 (dd, J = 7.7 Hz, 1.0 Hz, 1 H, 6"-H),
7.29-7.40 (m, 5 H, Ph-H), 7.43-7.47 (m, 3H, 3-H, 5'-H,
4-H), 7.53 (td, J = 7.6 Hz, 1.2 Hz, 1H, 5”"-H), 8.15 (dd, J
=7.9Hz, 1.0 Hz, 1H, 3”’-H); ®°C NMR (75 MHz, CDCl,) &
=29.7 [C(CH,)4], 54.3 [C(CH>),], 71.0, 71.6, 72.6 (C-1, C-
6, CH,Ph), 77.9, 78.9, 80.6, 80.8 (C-2, C-3, C-4, C-5), 114.9
(C-2,C-6),127.6,128.1(C-3”,C-6"),127.9,128.4 (Ph-C),
131.1(C-3, C-5), 131.7,132.4 (C-4”, C-5”), 132.2 (C-4)),
137.6 (Ph-C,), 139.4 (C-1"), 142.2 (C-2”), 158.1 (C-1),
IR(film): 3371, 2973, 2876, 1607, 1514, 1467, 1324, 1245,
1152, 1128, 1076, 988, 834, 765 cm™; Anal. calcd. for
C,oH33NOS (523.65) C 66.52, H 6.35, N 2.68, found
C66.41, H 6.01, N 2.48.

(a) Judkins, B. D.; Allen, D. G.; Cook, T. A.; Evans, B;
Sardharwala, T. E. Synth. Commun. 1996, 26, 4351.

(b) Preparation of benzamidine 5 viaamide oxime:
Benzonitrile 23 (1 mmol) was dissolved in 10 mL THF/
EtOH (1:1). After addition of NH,OH-HCI (3 mmol),
N&a,CO; (2 mmol) and 10 mL water the mixture was heated
to80°Candstirred for 20 h (TLC monitoring). After cooling
20 mL water was added and the aqueous layer was extracted
three times each with 20 mL CH,Cl,. The combined organic
fractions were dried over MgSO, and the solvents were
removed in vacuo. The crude amide oxime was then
dissolved in 30 mL MeOH/HOACc (1:1) and Ac,O (2 mmol)
was added. After 30 min Pd/C was added and the reaction
mixture was vigorously stirred under hydrogen atmosphere
(HPLC monitoring, Rainin RP18, H,O/CH;CN mixtures +
0.1% TFA). Finaly, the solution was filtrated over a pad of
celite and the solvents were completely removed in vacuo.
The crude bezamidine was then stirred under an argon
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(17)

(18)

(19)

atmospherein dry TFA/anisole (10:1) for 24 h. Purification
by flash chromatography (CH,Cl,/MeOH/TFA, 100:2:1 —
100:5:1), concentration of al product fractions and
subsequent precipitation with MTBE/hexane gave 5 as TFA
salt. (¢) Analytical dataof 2-O-(4"-amidinophenyl)-5-O-[4"-
(2"-aminosulfonylphenyl)-phenyl]-1,4:3,6-dianhydro-b-
sorbitol trifluoroacetic acid salt (5): colorless solid; [0],2° =
+51, [0] 5767 = +54, [0t] 546 = +61, [0] 436 = +108, [0] 365 =
+174 (c 0.407, CH,Cl,/MeOH, 1:1); 'H NMR (500 MHz,
DMSO-dg) 8 =3.56 (d, J=10.4 Hz, 1 H, 1-H), 3.89 (dd, J =
9.4Hz,54Hz, 1H, 6-H),4.07 (dd, J=9.4Hz,5.7Hz, 1 H,
6-H), 4.11 (dd, J = 10.4 Hz, 3.8 Hz, 1 H, 1-H), 4.62 (d, J =
5.1Hz,1H, 3-H),4.97(9,J=5.5Hz 1H, 5H),5.04 (t,J=
5.0Hz, 1H, 4-H), 5.11 (d, J=3.3Hz, 1 H, 2-H), 7.02 (pd, J
=8.7Hz,2H, 2”-H, 6”-H), 7.13 (s, 2 H, SO,NH,), 7.20 (pd,
J=89Hz,2H,2-H,6-H),7.29(d,J=7.5Hz,1H, 6""-H),
7.32(pd, J=8.7Hz,2H,3"-H,5"-H), 7.53(t,J=7.5Hz,1
H), 759 (t, J=7.4Hz, 1H, 4”-H, 5"-H), 7.83 (pd, J = 8.8
Hz, 2 H, 3-H, 5-H), 8.01 (d, J= 7.8 Hz, 1 H, 3"’-H), 9.01/
9.15[g/s, 4 H, C(NH,),]; *CNMR (75 MHz, DMSO-d;) § =
70.9, 71.7 (C-1, C-6), 77.1, 80.7, 81.8, 86.0 (C-2, C-3, C-4,
C-5), 114.3 (C-27, C-6"), 115.7 (C-2, C-6"), 120.6 (C-4"),
127.4 (C-3”, C-6"), 130.5, 130.6 (C-3, C-5, C-3”, C-5"),
131.6, 132.7 (C-4”, C-4”, C-5"), 139.8 (C-1""), 142.4 (C-
2'"),157.3(C-1"), 161.2 (C-1), 164.9 [C(NH,),]; HRMS
(ESI) m/z caled. 496.1542, found 496.1544 (C,5H,6N306S,
M + H*).

Pd/C is preferred, since the use of Raney-nickel in MeOH/
AcOH leadsto theformation of minor amounts of Ni(OAc),,
which is difficult to remove by chromatography.
Brougham, P.; Cooper, M. S.; Cummerson, D. A.; Heaney,
H.; Thompson, N. Synthesis 1987, 1015.

Krone, W. Chem. Ber. 1891, 24, 834.
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