
Tetrahedron Letters 47 (2006) 3365–3369
Regioselective Suzuki coupling of benzofuran or benzothiophene
boronic acids and dibromo substituted naphthalenes: synthesis

of a potent inhibitor of plasminogen activator inhibitor-1
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Abstract—An efficient route to the biologically active naphthyl benzofuran derivative is described. The synthesis highlights a
regioselective Suzuki coupling of a benzofuran and a dibromo substituted naphthalene. The scope of regioselective Suzuki coupling
has been investigated.
� 2006 Elsevier Ltd. All rights reserved.
O

Br
O N

N

HN N

O

1

Figure 1.
Plasminogen activator inhibitor-1 (PAI-1) is a major
regulatory component of the plasminogen–plasmin sys-
tem. PAI-1 is the principal physiologic inhibitor of both
tissue-type plasminogen activator (tPA) and urokinase-
type plasminogen activator (uPA). Elevated plasma
levels of PAI-1 have been associated with thrombotic
events as indicated by animal experiments1–3 and clinical
studies.4,5 Antibody neutralization of PAI-1 activity
resulted in the promotion of endogenous thrombolysis
and reperfusion.6,7 Elevated levels of PAI-1 have also
been implicated in diseases of women such as polycystic
ovary syndrome8 and bone loss induced by estrogen
deficiency.9 Accordingly, agents that inhibit PAI-1
would be of utility in treating conditions originating
from fibrinolytic disorder such as deep vein thrombosis,
coronary heart disease, pulmonary embolism, and
polycystic ovary syndrome.

During the course of our investigation to identify novel
PAI-1 inhibitors, a series of 2-aryl-3-acyl-benzofuran
derivatives typified by compound 110,11 (Fig. 1) were dis-
covered. Compound 1 selectively inhibited active PAI-1
with an IC50 of �5.0 lM, and a dissociation constant
(Kd) of 480 nM. Furthermore, 1 exhibited oral efficacy
in animal models of thrombosis and advanced to pre-
clinical safety assessment. The initial synthesis of 1
(Scheme 1) was linear. Suzuki coupling of 2-benzofuran
boronic acid 8 and naphthalene 2 gave the biaryl deriv-
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ative 3 in good yield. Acylation of 3 afforded 4 that was
demethylated 5 and subsequently brominated to furnish
bromonaphthol 6. Alkylation of 6 yielded nitrile 7,
which was smoothly converted to desired tetrazole 1.

We sought to assemble 1 during scale-up synthesis
through a convergent route that utilizes the commer-
cially available and low-cost 1,6-dibromo-2-naphthol
10. Retrosynthetically, the key intermediate 7 could
be constructed from three precursors: 2-benzofuran
boronic acid 8, valeryl chloride 9, and 1,6-dibromo-2-
naphthol 10 (Fig. 2). This approach, however, required
performing a regioselective Suzuki coupling of 2-benzo-
furan boronic acid 8 and a dibromo substituted naph-
thol derivative.

Regioselective palladium catalyzed cross-coupling reac-
tions for nitrogen, oxygen, and sulfur containing hetero-
cycles have been studied.12 But the regioselective Suzuki
coupling of dibromonaphthalene with aryl boronic acids
has not been reported. Therefore, we investigated the
scope of this reaction. Our convergent approach started
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Scheme 1. Reagents and conditions: (a) 2-benzofuran boronic acid 8, PdCl2(dppf)2, dioxane/H2O, K2CO3, 81%; (b) valeryl chloride 9, SnCl4, CHCl3,
59%; (c) BBr3, CH2Cl2, 70%; (d) Br2, AcOH, 82%; (e) BrCH2CN, Cs2CO3, acetone, 95%; (f) NaN3, DMF, 80%.
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Figure 2.
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by alkylating the commercially available 1,6-dibromo-2-
naphthol (Scheme 2) to furnish compound 10a in 98%
yield. The key step is a regioselective Suzuki coupling
of 2-benzofuran boronic acid 8 and the dibromo substi-
tuted naphthalene 10a. Preferential Suzuki coupling
with high regioselectivity at 6-position of the naphthal-
ene is consistent with both electronic and steric factors.
It is known that the regioselectivity for Suzuki cross-
coupling is largely controlled by the relative rates of oxi-
dative addition for the two carbon–bromide bonds.13,14

The bromine at 6-position of naphthalene is less hin-
dered than the bromine at 1-position because the latter
is ortho to the alkoxy group at 2-position and peri to
hydrogen at 8-position. The bromine at 6-position of
naphthalene will have less electron-donating effect from
the alkoxy group at 2-position;15 therefore, it is more
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Scheme 2. Reagents and conditions: (a) BrCH2CN, Cs2CO3, acetone, 98%; (b
90%; (c) valeryl chloride 9, SnCl4, CHCl3 60%; (d) NaN3, DMF, 80%.
reactive to Suzuki coupling. As expected, the desired
regioisomer 11 was obtained from coupling of 8 and
10a. We further investigated the optimal conditions with
respect to oxygen substituents, catalysts and boronic
acids. The results are shown in Table 1. In all cases,
the reaction product resulting from the coupling at the
1-position was never observed (Table 1, entries 1–9).
Coupling of 2-benzofuran boronic acid 8 with 1,6-di-
bromo-2-naphthol 10 produced the desired regioisomer;
however, the yield was poor (Table 1, entry 9) compared
with the corresponding cyanomethoxy and ethoxy deriv-
atives (Table 1, entries 3 and 6). The results indicated
that under the basic reaction condition, the 2-naphthol
anion formed significantly slows down the oxidative
addition step of the coupling. Both attempts to couple
2-benzofuran boronic acid 8 with the methyl carboxyl-
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) 2-benzofuran boronic acid 8, Pd(OAc)2, THF/H2O, K2CO3, Bu4NBr,
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Entry Starting material Boronic acid Product Yielda

1 10a 8 O

O
Br

CN
11 40%b

2 10a 8 11 52%c

3 10a 8 11 90%d

4 10a 8a S

O
Br

CN
11a 86%e

5 10b 8a S

O
Br

CO2Et
11b 42%e

6 10c 8 O

OEt
Br

11c 80%d

7 10d 8 O

O
Br

CO2H
11d NRf

8 10e 8 O

O
Br N

H
N N

N

11e NRf

9 10 8 O

OH
Br

11f 21%d

a Isolated yields based on dibromo naphthalene derivatives.
b 10 mol % of Pd(PPh3)4, 1.0 equiv of 10a, 1.1 equiv of 8, 4 equiv of Na2CO3 at 80 �C in 8 h in 1,2-dimethoxyethane.
c 10 mol % of Pd(dppf)2Cl2, 1.0 equiv of 10a, 1.2 equiv of 8, 4 equiv of Na2CO3 at 80 �C in 5 h in 1,2-dimethoxyethane.
d 1.5 mol % of Pd(OAc)2, 1.0 equiv of dibromo naphthalene derivative (10a–e), 1 equiv of 8 or 8a, 1 equiv of Bu4NBr and 2 equiv of K2CO3 at room

temperature in 15 h in THF/H2O.
e 1.2–2.7 mol % Pd(OAc)2, 1.0 equiv of dibromo naphthalene derivative (10a or 10b), 1 equiv of 8 or 8a, 1–3 equiv of Bu4NBr and 2 equiv of K2CO3

at 70 �C in 3.5–7 h in THF/H2O.
f No reaction was observed under either reaction condition d or e. The starting materials, 8 and 10d or 10e, were recovered.
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ate acid and methyl tetrazole derivatives failed to give
the corresponding coupling products (Table 1, entries
7 and 8). It was possible that under basic condition,
either carboxylate group or the tetrazole group may
form a strong complex with the catalyst and thereby
suppress its activity although there are successful cou-
plings reported using both aromatic16,17 and aliphatic
carboxylic acids.18 Various Pd catalysts have been
evaluated in order to optimize this cross-coupling. When
Pd(OAc)2 was used, the cross-coupling product was
obtained in good yields (Table 1, entries 3, 4 and 6).
Both Pd(dppf)2Cl2 and Pd(PPh3) gave moderate yields
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(Table 1, entries 1 and 2). Benzothiophene-2-boronic
acid also gave good yield in the optimized condition
(Table 1, entry 4) although the corresponding ester gave
lower yield (Table 1, entry 5); presumably part of the
product could be hydrolyzed under basic condition.

Acylation of 11 proceeded smoothly and introduced the
side chain of this molecule (from 11 to 7). Finally, the
formation of the tetrazole ring furnished the target mole-
cule 1.19

In conclusion, an efficient synthesis of a potent PAI-1
inhibitor 1 was developed in four steps with 42% overall
yield (Scheme 2). The synthesis featured regioslective
Suzuki coupling, which gave the desired product.
Pd(OAc)2 was found to be the best catalyst in the Suzuki
coupling of 1,6-dibromo-2-methylcyano naphthalene
with aryl boronic acids to give biaryl derivatives in good
yield. This methodology offers a concise and convergent
synthesis of compound 1.
Acknowledgements

The authors thank the members of the Wyeth Discovery
Analytical Chemistry Department for their assistance in
the structural confirmation of the compounds described
in this manuscript.
Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tetlet.
2006.03.090.
References and notes

1. Krishnamurti, C.; Barr, C. F.; Hassett, M. A.; Young, G.
D.; Alving, B. M. Blood 1987, 69, 798–803.

2. Reilly, C. F.; Fujita, T.; Mayer, E. J.; Siegfried, M. E.
Arterioscler. Thromb. 1991, 11, 1276–1286.

3. Carmeliet, P.; Stassen, J. M.; Schoonjans, L.; Ream, B.;
van den Oord, J. J.; De Mol, M.; Mulligan, R. C.; Collen,
D. J. Clin. Invest. 1993, 92, 2756–2760.

4. Rocha, E.; Paramo, J. A. Fibrinolysis 1994, 8, 294–303.
5. Aznar, J.; Estelles, A. Haemostasis 1994, 24, 243–251.
6. Biemond, B. J.; Levi, M.; Coronel, R.; Janse, M. J.; Ten

Cate, J. W.; Pannekoek, H. Circulation 1995, 91, 1175–
1181.

7. Levi, M.; Biemond, B. J.; Van Zonneveld, A. J.; Wouter
ten Cate, J.; Pannekoek, H. Circulation 1992, 85, 305–312.

8. Nordt, T. K.; Peter, K.; Bode, C.; Sobel, B. E. J. Clin.
Endocrinol. Metab. 2000, 85, 1563–1568.

9. Daci, E.; Verstuyf, A.; Moermans, K.; Bouillon, R.;
Carmeliet, G. J. Bone Mineral Res. 2000, 15, 1510–
1516.

10. Elokdah, H. M.; McFarlane, G. R.; Mayer, S. C.;
Crandall, D. L. WO 2003000671.

11. Elokdah, H. M.; McFarlane, G. R. US 20050070587 A1.
12. For recent review: Schroter, S.; Stock, C.; Bach, T.

Tetrahedron 2005, 61, 2245–2267.
13. Roy, A. H.; Hartwig, J. F. J. Am. Chem. Soc. 2001, 123,

1232–1233.
14. Littke, A. F.; Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2000,
122, 4020–4028.

15. In the 13C NMR spectrum (DMSO-d6, 400 MHz), d of C1
is 108.80 ppm and d of C6 is 118.45 ppm, which indicated
C1 is more electron rich than C6.

16. Kim, J.-H.; Kim, J.-W.; Shokouhimehr, M.; Lee, Y.-S. J.
Org. Chem. 2005, 70, 6714–6720.

17. Molander, G. A.; Biolatto, B. Org. Lett. 2002, 4, 1867–1870.
18. Tzschuske, C. C.; Bannwarth, W. Helv. Chim. Acta EN

2004, 87, 2882–2889.
19. Experimental procedure for the preparation of 10a: To a

mixture of 1,6-dibromo-2-naphthol (10, 69 g, 0.228 mol)
and cesium carbonate (148 g, 0.456 mol) in acetone
(2.5 L), bromoacetonitrile (41 g, 0.342 mol) was added in
one portion. Then, the mixture was stirred for 4 h at room
temperature, then filtered through Celite to remove all
inorganic salt. The filtrate was concentrated and purified
by flash chromatography using 5–20% tert-butyl methyl
ether in hexane as an eluant to afford 76 g of 10a as light
yellow solid (yield 98%). 1H NMR (400 MHz, DMSO-d6):
d 8.26 (s, 1H), 8.04 (d, 2H, J = 12 Hz), 8.03 (d, 2H,
J = 8 Hz), 7.76 (d, 2H, J = 8 Hz), 7.76 (d, 2H, J = 8 Hz),
7.63 (d, 2H, J = 8 Hz), 5.38 (s, 2H). 13C NMR d 151.40,
131.30, 131.23, 130.86, 130.10, 128.80, 127.94, 118.45,
116.42, 116.27, 108.80, 55.26. Mass spectrum ESI [M+H]+

m/z 342. Elemental Analysis for C12H7Br2NO: Calculated:
C, 42.27; H, 2.07; N, 4.11. Found: C, 42.42; H, 2.04; N,
4.15. Preparation of 11: To a mixture of 10a (682 mg,
2 mmol), Pd(OAc)2 (6.7 mg, 0.03 mmol), tetrabutylammo-
nium bromide (645 mg, 2 mmol), potassium carbonate
(552 mg, 4 mmol) in tetrahydrofuran (8 mL) and water
(8 mL) was added 2-benzofuran boronic acid (8, 323 mg,
2 mmol). Then the mixture was stirred at room temper-
ature for 15 h. Then the mixture was filtered through
Celite to remove inorganic residues. The filtrate was
concentrated and purified by flash chromatography using
15–75% chloroform in hexane as eluant to afford 681 mg
of 11 as yellow oil (yield 90%). 1H NMR (400 MHz,
DMSO-d6): d 8.50 (s, 1H), 8.20 (d, 1H, J = 12 Hz), 8.18 (s,
2H), 7.67 (m, 2H), 7.64 (d, 1H, J = 12 Hz), 7.56 (s, 1H),
7.32 (t, 1H, J = 8 Hz), 7.25 (t, 1H, J = 8 Hz) (m, 2H), 5.41
(s, 2H). 13C NMR d (ppm) 154.51, 154.39, 151.55, 131.97,
130.28, 130.13, 128.77, 126.51, 126.49, 125.14, 124.92,
123.70, 123.34, 121.31, 116.37, 116.00, 111.09, 108.88,
103.09, 55.26. Mass spectrum ESI [M+H]+ m/z 378.
Elemental Analysis for C20H12BrNO2: Calculated: C,
63.51; H, 3.20; N, 3.70. Found: C, 63.30; H, 3.11; N,
3.39. Preparation of 7: To a solution of 11 (15 g,
39.6 mmol) in dichloromethane (77 mL) at �78 �C was
added valeryl chloride (4.8 mL, 39.6 mmol) slowly. Then
tin(IV) chloride (4.68 mL, 39.6 mmol) was added slowly.
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4.22; N, 2.91. Preparation of 1: To a solution of 7 (5.16 g,
11.1 mmol) in N,N-dimethylformamide (55 mL), sodium
azide (3.6 g, 55.5 mmol) and ammonium chloride (2.96 g,
55.5 mmol) were added. The mixture was heated to 90 �C
for 4.5 h. The mixture was allowed to cool to room
temperature. Then to the above solution were added
saturated KH2PO4 (800 mL) and ethyl acetate (500 mL).
The organic layer was separated, dried over anhydrous
sodium sulfate, filtered, and the solvent removed to afford
a brown oil. The crude product was purified by reverse
phase chromatography using 0.1% trifluoroacetic acid in
80% acetonitrile/20% water as eluant to afford 4.5 g (80%)
of 1 as yellow solid. 1H NMR (400 MHz, DMSO-d6): d
16.8–17.2 (br, s, 1H), 8.5 (d, 1H, J = 1.7 Hz), 8.25 (t, 2H,
J = 9.1 Hz), 8.0–8.05 (m, 2H), 7.75–7.8 (m, 2H), 7.4–7.5
(m, 2H), 5.8 (s, 2H), 2.75 (t, 2H, J = 7.3 Hz), 1.5–1.6 (m,
2H), 1.1–1.2 (m, 2H), and 0.7 ppm (t, 3H, J = 7.3 Hz). 13C
NMR d 198.47, 158.73, 154.13 (br, C5 in tetrazole),
154.13, 154.11, 133.51, 131.02, 130.62, 129.88, 128.75,
127.02, 126.64, 126.46, 126.45, 125.09, 122.58, 118.61,
117.27, 112.09, 108.91, 61.48, 42.36, 26.68, 22.27, 14.28.
Mass spectrum ESI [M+H]+ m/z 505. Elemental Analysis
for C25H21BrN4O3: Calculated: C, 59.42; H, 4.19; N,
11.09. Found: C, 59.42; H, 4.04; N, 10.88.
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