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Electrochemical Cross-coupling Between 2-Halopyridines and Aryl or Heteroaryl Halides
Catalysed by Nickel-2,2’-Bipyridine Complexes.
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Abstract : 2-Arylpyridines can be obtained in good to high yields by electrochemical reduction using
the sacnificial anode process and catalysis by nickel-2,2'-bipyridine (bpy) complexes. In a first approach
functionalized arylzinc species are prepared in DMF as solvent by electrolytic reduction of the
corresponding aryi-bromides or -chiorides in the presence of ZnBr, and Ni{(ID)-bpy compiexes and then
coupled with 2-chloropyridine. In a second approach the cross-coupling occurs from the
electrochemical reduction of a stoichiometric mixture of an aryl halide and 2-halopyridine in DMF in
the presence of NiBr,bpy as catalyst. © 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION
The nickel catalyzed electroreduction of organic halides offers an easy way of activation of carbon-
g . AP RN ST [, S atviracmn 1 2 A I P
halogen bonds at potentials ranging between -1 and -1.5 V/SCE, i.e. quite higher than those necessary for the

cathodic reduction of most organic halides.' This method has mostly been used for the reductive dimerisation
of organic halides, notably of arylhalides to prepare biaryls, or of aryldihalides to prepare polymers.? When
combined with the sacrificial anode process, these reactions can be conducted efficiently under very simple
reaction conditions. More challenging are the cross-coupling reactions. We have already reported® on the
efficient synthesis of o-aryl-esters, -ketones, or -nitriles by reduction of mixtures of arylhalides and o-halo-

esters, -ketones, or -nitriles in the presence of Ni-catalyst and a sacrificial aluminium anode (eq 1).

e, cat )
FG-CgHsX + CI-CH(R)A - FG-CgH4CH(R)A
with X =Br, Cl; R=H, Me, Ph; A = COQR' COR!, CN;
FG = Me, Oiv‘le CO, R' COR’, F, CN

We have also described another approach for the synthesis of unsymmetrical biaryls. This method is
based on the nickel catalyzed electrochemical formation of an arylzinc intermediate from FG-C,H,X* followed
by palladium catalyzed chemical coupling of the arylzinc halide with FG’-C,H X (eq 2).}

FAX :(33) 0149 78 11 48

0040-4020/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved.
PII: S0040-4020(97)10225-3



1290 C. Gosmini et al. / Tetrahedron 54 (1998) 1289~1298

Though already applied to a large varicty of aromatic structures, this coupling reaction has be used with
wrarr nnlyy Fasr hataraneamintin A e aiin Ao WWa o aleno Ao oo e 46 gl Yt o
very Oy IEW nCiCTodror 1atic COMIpOUIlds. w nave airéady reponed on e eiecrosynnesis of 3- mlenylzm(,
bromide from 3-bromothiophene and its coupling with aromatic halides
] P
Ni" cata Pd(0)
FG-CgHyX + ZNBr, ———+ FG.CgHyZnX ——— FG-CgHy-CgH,-FG' 2)
e, DMF FG'-CgHaX

The arylation of halopyridines developed by Negishi ct al’ goes through the formation of the organozinc
compound from the halopyridine or the aromatic halide followed by their coupling by a palladium catalysis
with respectively aryl or pyridyl halides. The organozinc compound from 2-iodo- or bromo- pyndme can be

pared directly by reaction of Rieke’s active zinc on t

e I

reaciion, ihe palladium likely allows

its coupling with the aryl halide.

by

involves the electrochemical preparation of an arylzinc compound followed by its reaction with
2-chloropyridine (eq 3), the two steps being catalyzed by the same nickel-bipyridine complex.

®

m_x — e, Ni(Ihbpy. cat. N\ \N’/\C, /=-\ /:\
A4 Mg anode \/f % Nibpy \/ N—7
FG

FG

—~
8)
~

The second one is the electroreduction of a mixture of aryl or heteroaryl halide and 2-halopyridine in DMF as
solvent in the presence of a catalytic amount of NiBr,bpy (eq 4).

= -, NiBr,bpy, cat. == = 4)
<_>—X . ﬁ e, NiBr,bpy, cal m
\/_7 [ //kY Mg or Zn anode \/_// N~
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RESULTS AND DISCUSSION

1. Electrosynthesis of arylzinc compounds and their coupling with 2-chloropyridine.
We have recently shown that various functionalized aryl bromides or chlorides can be converted into aryl

nd zinc ions. * These alectrocenarated
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organometallics react with aryl halides in the presence of a catalytic amount of palladium phosphine to give
unsymmeirical biaryls in good yields.” In all cases previously studied, the catalysis by palladium is necessary
— DecruscreniCREAYP y CUMPIEATpTO Cris e iR N tues 10T CALA § JCHIIS VUG piiny YEACTGT B VMWl STiTe
electricity supply to generate the zero-valent nickel. In contrast, with 2-chloropyridine as the aryl halide added
in the second stage, the coupling is efficiently catalyzed by Ni-bpy, and 2-arylpyridines are obtained in good

yields. Results are reported in Table 1 for the arylation of 2-chloropynidine according to eq 4.

Table 1. Nickel-Catalyzed Electrochemical Arylation of 2-Chloropyridine via the Formation of an Arylzinc

Intermediate
Entry FG-C4H,ZnX Goupling Product Isolated Yield %
based on starting
FG-CHX
OCH;
1 0-CH,0-CH,ZnCl O_@ 55
N / A
Hsco\__ _
2 m-CH,0-C¢H,ZnBr 7 N _( _/> 60
— \ B

H3CO \ -
3 p-CH,0-CgH,ZnBr s =/ W7 c 55

Me N—( - . \ - P an
4 P~(CH,),N-C.H,ZnBr N/ 7 oY

Fe—{ -
5 p-CF;-CgH,ZnBr s _<\_/>_(?q_/> E 40

Hacoc— N o
6 p- CH,CO-C,H,ZnBr s -/ N7 F 40

. . 4 1 ‘\_—-I
7 3-thienylZnBr s N7 G 50
The organozinc compounds were prepared in an undivided electrochemical cell flushed with argon and
fitted with a magnesium rod as the anode and a nickel foam as the cathode. The aryl halide FG-C.H X (1 eq),



1292

C. Gosmini et al. / Tetrahedron 54 (1998) 12891298

"
ZnBr, (1 eq), Ni(Ibpy (6.5 %) and 2,2’-bpy (13 %) were added to DMF. A constant current intensity of 0.2
1 1 e A 1Y - AF YD B osman siaala Fhalid. c-ona wonnond tn orcitea ~ ] e T
A was applied at room temperature until a charge of 2.2 F per mole of halide was passed io ensure both the

0
complete conversion of the aryl halide and the generation, in the end, of the 7

8

erovalent nickel complex. The
nickel-bpy complex was usually Ni(BF,),bpy, (Table 1, entries 1-6).

L. PR S fmcyems Am AT A AAAESA

The use of exira bipynidine (2 eq vs Ni(BF,),bpy;) was necessary to avoid the formation of biaryl
However, in the case of 3-thienylzinc compound, NiBr,bpy was used as catalyst and without excess of bpy
(Table 1, entry 7). After the electrolysis, 1 equivalent of 2-chloropyridine was added to the solution; the
coupling reaction occurred rapidly, at room temperature for para- and meta-substituted organozing
compounds, and at 60 °C for the ortho-substituted derivatives.

Other nitrogen heterocycles like 2-chloro-5-trifluoromethylpyridine or 2-chloropyrimidine were also
coupled with p-CH;OPhZnBr in 33 % and 54 % yiclds respectively. Under the same reaction conditions, no
coupling was observed with 3-chloropyridine.

2. Electroreductive coupling between aryl halides and halopyridines

Usually, the electroreductive coupling between two arylhalides ArX and Ar'’X of comparable reactivity
catalyzed by nickel complexes gives a statistical product distribution (i.e. 25 % ArAr, 50 % ArAr’ and 25 %
Ar’ Ar’). But expecting a specific behavior of 2-chloropyridine as compared to aryl halides becausc of the

presence of the nitrogen atom close to the carbon-halogen bond, we tried to investigate the reduction of 1:1
mixtures of 2-chloropyridine and several aryl halides (eq 4).

/=N R e, NiBr,bpy, cat. = = (4)
<\._(>_ X EN;\Y Mg orzzr anode <\\‘/ H />
FG FG

Fortunately, we obtained the cross-coupling products in good yields. Results are given in Table 2 for this
reaction with X = Br, Y = Cl, FG = electron-donating group.

The reactions were carried out in an undivided electrolysis cell flushed with argon and fitted with a
magnesium rod as the anode and a nickel foam as the cathode. FG-C,H,Br (1 eq), 2-chloropyridine (1 eq) and
NiBr,bpy (13 %) were added to a solution of DMF containing NBu BF, as the supporting electrolyte. The

electrolyses were conducted at room temperature at constant current intensity of 0.2 A until a charge of 2 F per

s A oy srond inotan s TOIm 5 M SEAGO
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coupling was observed; only 2-chloropyridine was consumed leading to a mixiure of 2,2'-bipyridine and
pyridine. This indicates indicates that Ni(0) likely reacts faster with FG-C;H X than with 2-chloropyridine.
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Table 2. Nickel-Catalyzed Electrochemical Cross-Coupling Between Aryl Bromides Substituted with
Electron-Donating Groups and 2-Chloropyridine

Entry FG Coupling Product Isolated Yields %

8 p-OMe H,CO / 77

A
e N > )
10 p-NMe, NS NS 67
7 N\ -
11 p-Me N\ H 80
CHg
12 o-Me /A = 30
\—=/ \-7 |
7N\~
13 H = \N—/) J 70
AN > )
14 PNH, NSNS 55
HO 7\ ‘\,_/
15 p-OH =" 7 | 55
7N\ _
HO
16 p-OCOCH, = }q_/) L 55

In a previous study on the coupling of aryl halides with activated alkyl halides’ we showed that the

P Ty, [ TP [P Iy ot Vol B BF Ve U » PUNS SUGERSUSTINE I PO NP I 5T V-t o . o - "
UUCLVE COUDIE DEIWCCH FIN dlld UILTI,LWsBl 1 equinoldr amount, 1 pivir, 1§ very elncient

because the oxidative addition of Ni(0) to Phl is more rapid than to the o-chloroester.’ Thus, in order to

understand the processes involved here it was useful to compare the reactivity of Ni(0)-bpy with several

tvnical arvl halideg includino 2-halonvridines. Voltammetric measuremente made in D gave the followino
l«J rlA‘-‘lh-l l-‘-AJA AdidrANENT AAIVA“UAIAD et lA“AV‘JJ A ANEALEANS ¥ AJACAALAEEAL A AN BAAVARAU VA WELAWLAWT L2184V LA AAAVAR &“V\I WiV LViAY vrux&
Ardar Af raactivity ofF Y_halanurdinee towarde alactraganaratad NifMhey (Qrhamias 1)
OTGer O1 reaclvily O Z-nadiOpyriGiies iowaras cieCirogeneraied Ni(vjopy (diincime 1)
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Scheme 1

Thus, 2-chioropyridine is less reactive than PhBr and it should be possible to attach 2-chloropyridine to an
aryl bromide (FG-C,H,Br) which has a reactivity similar to PhBr (FG : electron-donating group).

The organonickel compound o-CH,C,H,NiBrbpy is stable in DMF. It can be formed quantitatively by
eletroreduction of NiBr,bpy in DMF in the presence of o-CH,C,H,Br. This organometallic species reacts with
2-chloropyridine (or 2-bromopyridine) only when the cathode potential reaches -1.5 V/SCE corresponding to
the potential of formation of o-CH,C,H, Nibpy from o-CH,C,H,NiBrbpy and the cross coupling product is
formed gquantitatively, This result prompts us to propose a mechanism (Scheme 2, with 2-CIPyr for 2-

chloropyridine) similar to that for the coupling reaction of ArX with CICH(R)COOE:t referred to above.

-1,1V/SC .
FG-CgH4-Br + NiBr,(bpy) + 2e ——-——E FG-CgH,-NiBr(bpy)
. -1,5V/SCE .
FG-CgH,-NiBr(bpy) + —_—— FG-CgH,-Ni(bpy) + Br
FG-CgH,-Ni(bpy) + 2-CIPyr —> FG-C6H4-I}Ii(bpy)-Pyr — FG-CgH,-Pyr + NiCl(bpy)
Ci
Scheme 2

For an efficient coupling to occur, FG-C,H,NiBr must be formed but also the reduced intermediate
(FG-C,H,Ni) must react with 2-chloropyridine faster than with FG-C;H,X. This is the case for reactions of
entries 8-16 of Table 2 in which no dimer was detected.

In the same reaction conditions the use of p-F-C,H,Br leaded to the difluorodiphenyl in 21 %, along with
61% of the cross-coupling product (eq 3), indicating a competition between the two reactions.

X e, NiBr,bpy, cat. -
O (L -0 - (O,
NZ g Mganede N 2 (5)

o149/
gi/e

40/
1 /0

S
N

For aryl halides substituted with electron-withdrawing groups we had to care about such a competition as
discussed below. Results are reported in Table 3.
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Table 3. Nickel-Catalyzed Electrochemical Cross-Coupling Between Aryl Halides Substituted with
Electron-Withdrawing Groups and 2-Halopyridine

Entry FG’ X Y Coupling Product Isolated Yield %
vs FG'ArX
17 p-CHO Br Br 0HC—< 7\ > 52
T \\ _'j N___'/

»
9
Q
Q
(9]
J

w

@
@
[o}]
(e}

N
H4COC —(\:)——(}:_)
F

H cooc—</_\>-—(=>
CH, al al : =/ N4 7

19 n-CO., - a
[ A b hd — N— o
)
Hicooc— D—(
20 p- CO,CH, Br Br O N\Z 64
)
o= < )
21 pCN Br Br N7 7 60
P
NG
22 mCN Br Br <\ \JH /> 62
N_"
Q
23 p-CF, cl cl TN\ 63
E

The experimental conditions are the same as those described above for FG = electron-donating group
except that a zinc was used instead of magnesium as anode material. Aryl bromides substituted with an
electron-withdrawing group are more reactive towards the Ni(0)-oxidative addition than those substituted with
an electron-donating group, and a fortiori more reactive than 2-chloropyridine. Zinc(Il) ions formed by anodic
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Then, when X = Br with FG an electron-withdrawing group and Y = Cl, the biaryl is the major product
By increasing the reactivity of the halopyridine, ie. using the 2-bromo instead of the 2-chloro derivative
(Table 3, entries 17,18 and 20-22) or decreasing that of the aryl halide by, for example, choosing chiorine
instead of bromine (Table 3, entry 19, 23) one can make of the cross-coupling to occur in good yields
MTha alanteasandisativia ~nanling mennnos ~am alon hha gl A €on connmtd e sxeomTo o e boqeao a1 Lo 82 B e g
IO CICCHUITUULUYVC COUPLLIILE PLULEDD Ldll dIdU T PPLICU L0 CLOIDS HIVOIVIHITE HCWCT Y1 nanuacs {for: 183
of aryl halides. Results are given in Table 4
Table 4. Nickel-Catalyzed Cross-Coupling Between 2-Bromopyridine and Bromothiophene or
Bromofurane
Entry Heteroaryl halide Pyr-X Coupling product Yields %
/ArX
24 4y ) M) 50+ 21 RR
N7 e LA L7 7
N7 ~Br N
D
n
Br n ~— =\
“ B L W e
2 N"Br N
s
G
Br — —
~
(/ . N Br N—/
o
S
CONCLUSION
The results reported here illustrate the specific behavior of 2-halopyridines in the two cross-coupling
reactions described in this paper. We have shown in the first approach that 2-chloropyridine can be coupled
with electrogenerated arylzinc reagents using, as catalyst, the nickel complex involved in the formation of the

arylzinc reagent, whereas palladium-catalysts are usually required in these coupling reactions. We have also
shown that the arylation of 2-halopyridines can more interestingly be conducted in one operation by nickel-
catalyzed electroreduction of 1/1 mixtures of an aryl- (or heteroaryl) halide and either 2-chloro- or 2-bromo-
pyridine according to the rcactivity of the aryl halide. To our knowledge, this reaction is the most
straightforward method of preparation of functionalized arylpyridines in high yields.



C. Gosmini et al. / Tetrahedron 54 (1998) 1289—-1298 1297

EXPERIMENTAL

1. Electrosynthesis of arylzinc halides and their coupling with aryl halides.

The electrochemical cell was similar to that described previously.'> The anode was a cylindrical rod of
magnesium (diameter 0.5 cm) surrounded by a nickel foam cathode (apparent surface 40 cm?). A solution in
DMF (40 mL) of F-C;H, X (7.5 mmol), Ni(BF,),bpy, (0.5 mmol), bpy (1 mmol) and ZnBr, (8 mmol) was

1600 C had nassed. When the electrolvsic wag sto
1000 C had passed. when the gle 1yS1s w sto

2-chloropyridine (7.5 mmol) was added and the solution stirred at room temperature for para- and meta-
izl giidita P R o N o T o Ry Iy oy M N [ NpUURSUR - [P o T i PR [ Ry
SUDSULUICU COMpOUUiIUS O 4t DU U 101 U LO-subsiucd Compoundas. 1ne reaCuoil wds momiorea oy gas

chromatography (GC) and run until the disappearance of FG-C,H,ZnX (ca. 1 hour). The solution was
hydrolyzed with NH,CI and extracted with diethyl ether; the organic layer washed with brine, dried and the
solvent evaporated. The products were purified by flash column chromatography on silica gel with
pentane/ether mixture as eluent and characterized by NMR (‘H, C and "°F), mass spectrometry, and
elemental analysis.

2. Electrochemical cross-coupling between aryl halides and 2-halopyridines.

The single compartment electrochemical cell was fitted by a magnesium or zinc anode surrounded by a
nickel foam cathode. A solution in DMF (40 mL) of FG-C,H,X (7.5 mmol) and 2-halopyridine (7.5 mmol)
and NiBr,bpy (1 mmol) Bu,N"BF, (0.1 mmol) was electrolyzed under argon at I = 0.2 A until a charge of
1500 C had passed. The solution was hydrolyzed with NH,Cl and extracted with diethyl ether, the organic

layer washed with brine, dried, and the solvent evaporated. The products were isolated by flash column
chromatography on silica gel with pentane/ether mixture as eluent and were characterized by NMR ('H, '°C

Product analysis

'H, NMR (8, ppm from TMS) *C NMR (8, ppm from TMS) and "*F (8, ppm from CFCl,) spectra were
recorded on AC200 Bruker NMR spectrometer (CDCI, solution); mass spectra were measured on a Finnigan

GC/MS ITD 800 spectrometer.

2-(4-Trifluoromethylphenyl)pyridine E : colorless solid, 'H NMR (CDCL,): 8.6(1H, d, J=4.7Hz); 8(2H, d,
J=8.3Hz); 7.8-7.7 (2H, m); 7.65 (2H, d, J=8.3Hz); 7.3-7.2 (1H, m, J=8.6,4.7 and 2.1 Hz). "C NMR
(CDCl,) : 155.6; 149.8; 142.6; 136.8; 130.6 (g, J= 32Hz); 127; 125.6; 125.5; 125.4; 124.1 (q, J=272Hz).
F NMR (CDCL,): -62 (s). MS m/z (relative intensity) : 223 (M*,96); 204 (M*-F,(23)); 175 (M*-CF.,18); 154

2

1 . —
2(4-Carboxyaldehydephenyl) pyridine N: colorless solid, 'H NMR (CDCL): 9. 8(1H, s); 8.5(1H, dd, J= 4.8-
(i g T | & AN T A T— | & | I m IT s 13 ™
1 1112), 7 9(211, d, 128.3112), 7.7 (211,d, J-—g.ngZ}, 7.6-7.5 {211, m); 7.1-7.0 (111, lll) C NMR (CUC}.3)
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o

pyridine C;'* 2-(4-Dimethylaminophenyl)pyridine D;'* 2-(4-acetoxyphenyl)pyridine F;" 3-(2-pyridyl)
thiophene G;'® 2-(4-methylphenyl)pyridine H;'* 2-(2 methylphenyl) pyridine I;'* 2-phenylpyridine J;°
2-(4 aminophenyl)pyridine K;' 2-(4-hydroxyphenyl) pyridine L;'* 2-(4-fluorophenyl)pyridine M;"
2-(4-methoxycarbonylphenyl)pyridine 0;'* 2-(4-cyanophenyl) pyridine P;'* 2-(3-cyanophenyl)pyridine Q;'®

2-(2-pyridylthiophene R;'? 3-(2-pyridyl)furane S.*
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