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The nickel-catalyzed Suzuki—Miyaura coupling of aryl halides and phenol-derived substrates with aryl boronic acids using green solvents, such
as 2-Me-THF and tert-amyl alcohol, is reported. This methodology employs the commercially available and air-stable precatalyst, NiCl,(PCys;),, and
gives biaryl products in synthetically useful to excellent yields. Using this protocol, bis(heterocyclic) frameworks can be assembled efficiently.

Transition-metal-catalyzed cross-coupling reactions are
widely used in the pharmaceutical industry in both medic-
inal chemistry and drug manufacturing." Although the
use of Pd catalysis is most common, complementary
approaches are highly sought after. Specifically, cost-
effective catalyst systems that allow for unconventional
couplings to take place smoothly are of great value.
Additionally, the ability to efficiently carry out cross-
coupling reactions in more environmentally friendly

(1) (@) Metal-Catalyzed Cross-Coupling Reactions; Diederich, F.,
Meijere, A., Eds.; Wiley-VCH: Weinheim, 2004. (b) Hassan, J.; Sevignon,
M.; Gozzi, C.; Schulz, E.; Lemaire, M. Chem. Rev. 2002, 102, 1359-1469.
(c) Topics in Current Chemistry, Vol. 219; Miyaura, N., Ed.; Springer-
Verlag: New York, 2002. (d) Corbet, J.; Mignani, G. Chem. Rev. 2006, 106,
2651-2710. (e) Negishi, E. Bull. Chem. Soc. Jpn. 2007, 80, 233-257.
(f) Application of Transition Metal Catalysis in Drug Discovery and
Development: An Industrial Perspective; Shen, H. C., Crawley, M. L.,
Trost, B. M., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, 2012.

(2) For a solvent selection guide in medicinal chemistry, see: (a)
Alfonsi, K.; Colberg, J.; Dunn, P. J.; Fevig, T.; Jennings, S.; Johnson,
T. A.;Kleine, H. P.; Knight, C.; Nagy, M. A.; Perry, D. A.; Stefaniak, M.
Green Chem. 2008, 10, 31-36. (b) Henderson, R. K.; Jiménez-Gonalez,
C.; Constable, D. J. C.; Alston, S. R.; Inglis, G. G. A.; Fisher, G.;
Sherwood, J.; Binks, S. P.; Curzons, A. D. Green Chem. 2011, 13, 854—
862.

(3) For examples of cross-coupling reactions in aqueous media, see:
(a) Bussolari, J. C.; Rehborn, D. C. Org. Lett. 1999, 1, 965-967. (b)
Hesse, S.; Kirsch, G. Synthesis 2001, 755-759. (c) Anderson, K. W.;
Buchwald, S. L. Angew. Chem., Int. Ed. 2005, 44, 6173-6177. (d)
Lipshutz, B. H.; Ghorai, S. Aldrichimica Acta 2008, 41, 59-72. (e)
Alacid, E.; Najera, C. J. Org. Chem. 2009, 74, 2321-2327. (f) Han, J.;
Liu, Y.; Guo, R. J. Am. Chem. Soc. 2009, 131, 2060-2061. (g) Chalker,
J. M.; Wood, C. S.; Davis, B. G. J. Am. Chem. Soc. 2009, 131, 16346—
16347.

10.1021/01401727y  © 2013 American Chemical Society
Published on Web 07/23/2013

solvents™ remains an important goal of green chemistry
research.” It should be noted that organic solvents com-
prise up to 85% of the waste produced from a drug
synthesis.’

Recently, the field of nickel-catalyzed cross-coupling
reactions has gained considerable attention. The low cost
and high reactivity of nickel is attractive, and a range of
substrates has been shown to undergo nickel-catalyzed
carbon—carbon and carbon—heteroatom bond forming
reactions, including halides® and a variety of oxygen-based
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electrophiles (e.g., aryl-esters,” -ethers,® -carbamates,’
-sulfamates'®).'""'> Considering the promise of nickel-
catalyzed couplings and the need to make industrial pro-
cesses more environmentally friendly, we explored cou-
pling reactions in green solvents. Herein, we demonstrate
that a range of substrates, including heterocycles, partici-
pate in the nickel-catalyzed Suzuki—Miyaura coupling
in solvents that are attractive for industrial applications
(Figure 1).

Ty Ni catalysis
or +  (HO)B—Heh)Ar —————————  (Het)Ar—(Het)Ar
(Het)Ar-OR green solvent

Figure 1. Suzuki—Miyaura cross-coupling of aryl halides and
phenol derivatives in green solvents.

We initiated our efforts by examining the cross-coupling
of naphthyl sulfamate 1 and phenylboronic acid (2) using
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the commercially available NiCl,(PCy3), precatalyst
(Table 1). Although solvents such as 1,4-dioxane and N-
methyl-2-pyrrolidone (NMP), which have been deemed as
environmentally unfriendly solvents,” are commonly used
in nickel-catalyzed cross-couplings, we were delighted to
find that many other solvents may be employed in the
coupling to give biaryl 3. Of the > 30 solvents that were
surveyed, more than half gave quantititative yields of 3,
while many others also showed promise.'® A subset of our
findings are summarized in Table 1. The solvent used in
our previous studies,”?*4 toluene, gave biaryl 3 in quan-
titative yield (entry 1). Acetone, ethyl acetate, and isopro-
pyl acetate (entries 2—4, respectively) also gave product in
comparable yields. In addition, alcohol solvents were
examined. Whereas the use of n-BuOH proved ineffective
(entry 5), tert-amyl alcohol was found to be an excellent
solvent for the cross-coupling (entry 6). Ethereal solvents
also provided biaryl 3 in quantitative yield (entries 7—8).
Mixed results were observed for highly coordinating sol-
vents; for example, the use of DMSO was unsuccessful
(entry 9), but the use of acetonitrile led to the desired
coupling. Although many solvents could be employed, we
opted to pursue fert-amyl alcohol and 2-Me-THF (entries
6 and 8, respectively) for further studies.>'*

Table 1. Survey of Solvents in the Suzuki—Miyaura Coupling”

' NICIAPCya)s 7Y

N i 5 mol %) s

{’:’_ OS0:NMay (HO)0=F KO, = ‘_\ Pr
g 2 solvent, temg 3

entry solvent, temp yield® entry solvent, temp yield®

1 toluene, 110°C 100% 6  t-amyl alcohol, 100 °C 100%

2 acetone, 75°C  96% 7 MTBE, 80 °C 100%
3 EtOAc,100°C 100% 8  2-Me-THF, 80 °C 100%
4  i-PrOAc,110°C 100% 9 DMSO, 110 °C 0%

5 n-BuOH, 110 °C 0% 10 acetonitrile, 100 °C ~ 99%

¢ Conditions: NiCl,(PCys3), complex (5 mol %), sulfamate substrate
1 (1.00 equiv), 2 (2.50 equiv), K3;POy (4.50 equiv), hexamethylbenzene
(0.10 equiv), 12 h. * Yield of 3 determined by 'H NMR analysis of crude
reaction mixtures using hexamethylbenzene as an internal standard.

With promising results in hand, we tested the analogous
cross-coupling of several other electrophilic partners
(Table 2). In addition to the naphthyl sulfamate (entry 1),
the corresponding carbamate'® and pivalate ester were
deemed competent substrates (entries 2—3). Furthermore,
sulfonate derivatives of 1-naphthol also gave high yields

(13) Solvents were selected from the ACS Green Chemistry Institute
Roundtable Solvent Selection Guide. See Supporting Information for
details.

(14) tert-Amyl alcohol and 2-Me-THF were selected in consultation
with the ACS Green Chemistry Institute. tert-Amyl alcohol is attractive
due to its safety profile, low freezing point (in comparison to z-BuOH),
and ability to solubilize polar compounds. 2-Me-THF is advantageous
because it is obtained from renewable feedstocks and possesses many
process chemistry-related over THF. For a discussion of 2-Me-THF,
see: Aycock, D. F. Org. Process Res. Dev. 2007, 11, 156-159.

(15) Under standard conditions using 5% Ni, 50—60% yields of 3
were obtained, with the remaining mass being an unreacted carbamate
substrate.
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Table 2. Survey of Cross-Coupling Partners”

0y o ()
+ HO)B—Ph  — =
O 0 g, On
2 salvant, temgp

3

yield (tert-amyl

entry X alcohol)® yield (2-Me-THF)?*
1 0S0;NMe, 100 100
2 OCONEt, 57 50
3 OPiv 94 100
4 OMs 97 95
5 OTs 100 98
6 OTf 100 100
7 Cl 100 94
8 Br 97 92
9 I 100 97

¢ Conditions: NiCl,(PCys), complex (5 mol %), substrate (1.00 equiv),
2 (2.50 equiv), K3PO, (4.50 equiv), hexamethylbenzene (0.10 equiv), 100 °C,
12 h. ®Yield of 3 determined by "H NMR analysis of the crude reaction
mixtures using hexamethylbenzene as an internal standard. 66 °C.

NiCla(PCys)a
KPO,

Hotar—X +  (HO)B—Ar - ———e- Hatdr—Ar
grean solvent
100 or 120 *C

D -0
L b M 4
4 5
X=8r X=0Cf

100%% yield (-amyl alcohol)

57% yleld {-amyl alcohol) 100% yleld (2-Me-THF)

69% yield (2-Me-THF)®

T c';:/>—§_\ f—OMa

6 7
X=8r
62% yield (1-amyl aleahol)®
60% yield (2-Me-THF)®

X=01
B0% yield (F-amyl alcohol)
75% yield (2-Me-THF)

(: }—_ O

8
X=8r X=8r X=i
94% yleld (r-amyl alcohol)®  47% yield (-amyl alcohol)®  35% yield (-amyl alcohol)®
B80% yield (2-Me-THF)S 72% yield (2-Me-THF) 497 yield (2-Me-THF)®

* Conditions: NiCL(PCys), complex (5 mol %), halide
substrate (1.00 equiv), aryl boronic acid (2.50 equiv), KsPO,
(4.50 equiv), hexamethylbenzene (0.10 equw} 100 or 120 °C,
12 h." Yield of product determined by 'H NMR analysis of the
crude reactlon mixtures using hexamethylbenzene as an internal
standard. © Conditions: NlC‘h{PCy ) complex (10 mol %),
halide substrate (1.00 equiv), arﬂ boronic acid (4.00 equiv),
Kj{l]’O., (7. 3‘1? equiv), hexamethylbenzene (0.10 equiv), 100 or
120°C, 12 h.

Figure 2. Coupling of heterocyclic halides with aryl boronic
acids.*?

of coupled product (entries 4—6). Moreover, the use of
1-naphthyl chloride, bromide, and iodide each delivered the
desired product under our optimized conditions (entries
7-9, respectively).

An array of heterocyclic aryl halide substrates under-
went the desired cross-coupling with aryl boronic acids in
tert-amyl alcohol and 2-Me-THF (Figure 2). Nitrogen-
containing heterocycles, such as indole and pyridine, were
tolerated to give products 4—6, respectively. 3-Bromofuran
also underwent the desired coupling to give cross-coupled
product 7. In addition, the methodology was found to be
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tolerant of substrates that contain multiple heteroatoms, as
demonstrated by the formation of products 8—10.

As shown in Figure 3, heterocyclic phenol-derived elec-
trophiles participate in the Suzuki—Miyaura coupling in
green solvents.'® Both the carbamate and ester derivatives
of 2-hydroxy-N-Me-carbazole coupled smoothly with
phenyl boronic acid to give 11 in good yields. Quinoline,
isoquinoline, and pyridine derivatives were also tolerated,
as demonstrated by the formation of 12, 13, and 6,
respectively. Dihydrobenzofuran- and pyrazole-based sul-
famate substrates gave excellent yields of products 14 and
15, respectively.

NICI,{PCys);
KO,
Hetdr—OR  +  (HO)B—Ar - Hatar—A

green solvent
% Q \ —
RN 4 g—OMe
W
N

100 or 120 °C

OR = OCONEL, =
64% yield (-amyl alcohal) 12 13
7% yield (2-Me-THF) OF = OCONEY, OF = OMs
Of = OFiv 63% yield (Famyl alcohol)®  96% yield (r-amyl aicohol)

2% yield (1-amyl alcohol)® 48% yield (2-Me-THF)® 95% yield (2-Me-THF}

B9% yield {2-Me-THF)®

/ % 4 % ;:} \
&0 b .
Me Me T NMe

[ 14
OR = 050 NMe, OR = 0S0NMe; OR = 050NMa;
72% yiokd (tamyl alcohol) 6% yield (l-amyl alcohal)  84% yield (t-amyl alcohol)®
82% yield (2-Me-THF) 5% yiekd (2-Me-THF) 99% yleld (2-Me-THF)

* Conditions: NiCly(PCy3); complex (5 mol %), phenolic-
substrate (1.00 equiv), aryl boronic acid (2.50 equiv), K;PO,
(4.50 cquu) hexamethylbenzene (0.10 equn) 100 or 120 *C
12 h." Yield of product determined by '"H NMR analysis of the
crude rmcllon mixtures using hexamethylbenzene as an internal
standard. © Conditions: NiCly(PCy;), complex (10 mol %),
ultamalc substrate 1 (1.00 equiv), ar oronic acid (4.00

uiv), K;PO, (? 20 qu.ll\) hcxamcthy?‘bmnm (0.10 equiv),

Oor 120 i 8

Figure 3. Coupling of heterocyclic phenolic derivatives with aryl
boronic acids.*?

We also tested our cross-coupling procedure for the
assembly of bis(heterocyclic) scaffolds (Figure 4), which
are prevalent in numerous drugs and natural products,
but are sometimes difficult to access using Pd-catalyzed
methods.!” 3-Cl-Pyridine readily underwent coupling with
pyridyl-,'® furyl-, and thiophenyl-boronic acid derivatives
to provide bis(heterocyclic) compounds 16—18. Likewise,
5-Br-pyrimidine was coupled to deliver compounds 19—21."

(16) The specific combination of heterocyclic framework and leaving
group was chosen at random or based on substrate availability to span a
broad range of coupling partners for this Letter. As such, the absence of
a specific combination should not imply that such a combination would
not lead to a successful Ni-catalyzed cross-coupling.

(17) For examples of Pd-catalyzed cross-coupling to access bis-
heterocycles, see: (a) Zhao, D.; You, J.; Hu, C. Chem.—Eur. J. 2011,
17, 5466-5492. (b) Molander, G. A.; Shin, I. Org. Lett. 2013, 15, 2534~
2537.

(18) The corresponding coupling between 2-chloropyridine and
2-methoxy-3-pyridinylboronic acid gave the desired bis(heteroaryl) in
60% yield (tert-amyl alcohol) and 71% yield (2-Me-THF).

(19) Microwave conditions were also tested for comparison. Cross-
coupling of bromopyrimidine 30 with 3-furylboronic acid (31) using
microwave conditions gave compound 20 in quantitative yield (using
either tert-amyl alcohol or 2-Me-THF). See the Supporting Information
for details. For Suzuki—Miyaura couplings of aryl carbamates and
sulfamates under microwave conditions, see: References 10b.

Org. Lett,, Vol. 15, No. 15, 2013



(Het)Ar-X N'C‘l’s‘:&' %
of &+ (HO)B—HatAr — HetAr—HetAr

grean solvent

(HetlAr-OR 100 or 120 °C

XaCl
98% yield (f-amyl alcohol)
91% yield (2-Me-THF)

N iy
G
b

100% yiekd [Hmwl alcohol)
96% yield (2-Me-THF)

W

-~ oy
4 OMe
Y &

2
Of = OMs
100% yield (1-amyl alcohol)®
96% yield (2-Me-THF)°

\ —N
o OMe

Mo Me
25
OR = 050NMa
100% yield (t-amyl alcoholyd
100% yield (2-Me-THF)?

Xm Ol
B1% yield (t-amyl alcohal)
B7% yield (2-Me-THF)

N =
[4 }_.\ |
e %0
20
X=Br
100% yield (t-amyl alcohol)
99% yield (2-Me-THF)

%\—

N
23
OF = OMs
90% yield (f-amyl alcohol)®
95% yield (2-Me-THF)*

Lo}
£
Me Me
26
OR = OS0NMe;

100% yleld (t-amy! alcohol)d
100% yield (2-Ma-THF)®

X=0l
86% yiekd (-amy! alcohol)®
83% yield (2-Me-THF)

2
X Br
B6% yield (-amyl alcohol)
93% yiedd (2-Me-THF)

8%

N
24
OR = OMs
9% yield (f-amyl alcoholj®
93% yield (2-Me-THF)*

<5
Cle

27
OR = 050:NMe
49% yield (r-amyl alcohol)d
33% yield (2-Me-THF)¢

* Conditions: NiCly(PCy3), complex (1 mol %), substrate
(1.00 equiv), aryl boronic acid (2.50 equiv), KsPO, (4. ?U equiv),
hexamethylbenzene (0. IU equiv), 100 or 120 °C, 12 h.” Yield of
product determined by 'H NMR analysis of the crude reacuon
mixtures using hexamethylbenzene as an internal standard.
Conditions: NiCl,(PCys): cnmgl»x (5 mol %), substrate (1,00
equiv), aryl boronic acid (2.50 equiv), K;PO; (4.50 cquw)
hexamethylbenzene (0.10 equiv), 100 or 120 °C, 12 h.
Conditions: NiCl:(PCy;); complex (10 mol %), substrate (1.00
equiv), aryl boronic acid (4.00 equiv), K;POy (7.20 equiv),
hexamethylbenzene (0.10 equiv), 100 or 120 °C, 12 h.

Figure 4. Coupling of heterocyclic substrates with heterocyclic
aryl boronic acids.*?

The mesylate derived from 5-hydroxyisoquinoline also
underwent facile coupling, thus affording 22—24 in excel-
lent yields. Additionally, the coupling of a benzofuranyl
sulfamate was explored to give bis(heterocycles) 25 and
26.”° We also tested the coupling of a pyrazole derived
sulfamate with 3-furanyl boronic acid, which afforded 27
in moderate yield. Our methodology complements the
recently disclosed Ni-catalyzed cross-couplings to form
bis(heterocycles) reported by Hartwig.®

The nickel-catalyzed Suzuki—Miyaura coupling shows
promise for the assembly of bis(heterocyclic) frameworks
on preparative scale (Figure 5).>' Using 1 mol % Ni
catalyst, isoquinoline 28 was coupled with pyridylboronic

(20) Interestingly, the corresponding cross-coupling with thiophene-
3-boronic acid resulted in no product formation.

(21) The choice of solvents for these transformations was arbitrary to
showcase that either ter-amyl alcohol or 2-Me-THF can be employed
on preparative scale. As shown in Figure 4, the couplings to prepare 22
and 20 readily proceed in either solvent.

Org. Lett,, Vol. 15, No. 15, 2013

7\ NICIAPCys); Fo
KsPOy, l-amyl alcohol OhMe
Nt refux, 12 h 4
28
1 gram (quantitative yield)
NICLIPCys)z
Ny /= (0.5 mol %) Ny
¢ :>—Er ¢ OB~ L —————= ¢ :>— o
N= KO, 2-Me-THF N=
reflux, 12 h
30 n 20
5 grams {97% yield)

* Conditions: NiCl(PCy;), tomsplu.x (1 or 5 mol %), substrate
(1.00 equiv) dryl boronic acid (2.50 equiv), K;PO, (4.50 equiv),
reflux, 12 h.” Isolated yields.

Figure 5. Gram scale couplings.®”

acid 29 to provide adduct 22 in quantitive yield on gram
scale. Additionally, bromopyrimidine 30 underwent Ni-
catalyzed cross-coupling with furanylboronic acid 31 using
0.5 mol % catalyst. This transformation, which was per-
formed on 5 g scale, delivered 20 in 97% yield.

In summary, we have demonstrated the efficient Ni-
catalyzed Suzuki—Miyaura cross-coupling of aryl halides
and phenolic derivatives in green solvents. The scope of
these reactions is broad with respect to both coupling
partners, and heterocycles are well-tolerated. Additionally,
the potential for these couplings to be performed on
preparative scale has been demonstrated by the gram scale
assembly of bis(heterocycles) using low catalyst loadings
(i.e., 0.5—1 mol % Ni). Given the appeal of Ni catalysis
and the favorable green solvents that may be employed,
we expect the methodology presented will find utility in
academic and industrial applications.
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