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Reductive Homocoupling of Organohalides via the Direct Use of
Nickel(ll) Chloride and Samarium Metal

Yongjun Liu,*® Shuhuan Xiao, Yan Qi,” and Feng Du®®!

Dedication ((optional))

Abstract: Catalyzed by NiCl, (5 mol %) directly, the homocoupling
of organohalides was efficiently accomplished by the promotion of
samarium metal in the presence of HMPA. Various organohalides
(benzyl, aryl, heterocyclic, alkenyl and alkyl halides), a-
haloacetophenones, and phenyl organosulfonates were compatible
with the conditions to afford coupling products with high efficiency.
Excellent chemoselectivity was exhibited between halides and other
groups, such as —COOH, -NO,, -X (inerter halogen), heterocyclic
ring, ester, and ketone groups. The particular stereoselectivity
implied that the reaction mechanism might involve an
organosamarium species.

Introduction

Reactions leading to C-C bond formation are considered the
cornerstones in organic synthesis, among which the coupling
reactions employing organohalides are often the key steps in a
wide range of organic processes.® Transition metals ‘have
been demonstrated as the most powerful catalysts for these
transformations,"®*2% such as copper,?® rhodium,@ iron,®
cobalt,®>°% palladium,?®®! and nickel.®** Due to the versatile
catalytic activites and ready availability, nickel-catalyzed
couplings played an extremely important role in the development
of the methodologies in recent years. .l

Compared  with  nickel-catalyzed  cross-couplings  of
organohalides which often involve stepwise reactions,” the one-
step reductive homocouplings are usually limited due to the
varied reactivity and the chemoselectivity of organohalides.!'**®
In most cases complicated ligands or particular Ni-complexes
are crucial to the couplings, such as 2,2"6',2"-terpyridine,?
diphenylphosphinoferrocene,”! POCOP-nickel pincer
complexes,* 4.4' 4"-tri-t-butyl-2,2":6' 2"-terpyridine,*” and 1,3-
bis(diphenylphosphino)propane dichloronickel.*® The coupling
efficiency usually depends upon the catalytic system, i.e.,
particular ligands or complexes of nickel salts, rather than the
reductive agents which are employed to ensure the success of
catalytic cycle, such as Zn,"*#% Mn, % NHoNH3,! R,Zn,® and
BuLi.**** The types of the bond formation also influence the
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coupling considerably, commonly involving the bond formation of
Csp?-Csp? (alkenylhalides®*” or arylhalides®"**) and Csp®-Csp®
(benzylhalides! 453 or alkylhalides®®9+%7) |t is a challenge to
explore a widely applicable homocoupling protocol for
organohalides as versatile as possible, and to simplify the
catalytic system, especially the direct use of NiCl..

Samarium reagents have been extensively exploited in
synthetic community®® since its initial introduction to organic
synthesis in 1977 by Kagan.®! In contrast to the widespread
applications of Sml,,"® however, the direct use of samarium
metal draws relatively less attention.! Remarkably, the direct
use of metallic samarium showed certain advantages over Smly,
such as more practical and electron-economical.””! On the other
hand, the incorporation of nickel salts into reducing agents for
the achievement of specific purposes is impressive.’* By virtue
of the strong reductive coupling ability of samarium, we assume
samarium metal incorporated with nickel salt should exhibit
exceptional reactivity upon some classical reactions. It is
believed that Sml; is capable of readily reducing Ni(ll) to Ni(0),
and the addition of catalytic amounts of Ni(ll) salts was believed
to provide enhanced reactivity and selectivity of Sml,.['%!

Results and Discussion
The Sm/NiCl, combination was applied in the homocoupling of

organohalides herein, and thus provided a versatile
homocoupling of organohalides in good efficiency (Scheme 1).

Benzyl halides
Aryl halides
Sm, NiCl, (5 mol %) Heterocyclic halides
R—X R—R | Alkenyl halides
THF, HMPA Alkyl halides
Phenyl organosulfonates
a-Halo-acetophenones

Scheme 1. The Homocoupling of various Organohalides.

Initially, benzyl bromide was chosen as the model substrate to
investigate the feasibility of the reaction under various conditions,
and the results are summarized in Table 1. First of all, a control
with Ni salt was performed (entries 1-6). The presence of NiCl,
proved to be critical to the coupling (Table 1, entry 1), and 5
mol % amount was suitable to complete the reaction (entries 2-
5). Nevertheless, hexahydrated nickel chloride impeded the
coupling reaction significantly (entry 6). Among the reducing
agents, samarium metal exhibited the most powerful reactivity
(compared with entries 7-11). It should be pointed out that only a
complex mixture was afforded when Sml, was used instead of

For internal use, please do not delete. Submitted Manuscript

This article is protected by copyright. All rights reserved.



Chemistry - An Asian Journal

samarium metal (entry 7), which may also be regarded as a
Smlo/Ni® reaction system considering the catalytic amount of
NiCl,."%2 However, to ensure smooth reaction, certain additives
were required, among which the use of HMPA proved necessary
in establishing and improving the reactions (compared with
entries 12-17). As it is known, the extraordinary effects of HMPA
may be attributed to its particular interaction with samarium.!'®
It is interesting that no remarkable suppression of the coupling
was observed when the coupling was carried out in the
presence of 2,6-di-tert-butyl-4-methylphenol (entry 18), which
may be useful to the further investigation of the mechanism.

Table 1. Optimization of the Reaction Conditions.

@_/Br NiCl, (5 mol%), Reductant N\ /
THF, reflux

Entry[?J Reductant NiCl, Additive Time Yield
(mol%) (h) (%)™

1 Sm 0 HMPA 12 1ed

2 Sm 50 HMPA 0.5 95

3 Sm 100 HMPA 3 93

4 Sm 5 HMPA 8 93

5 Sm 1 HMPA 24 74

6 Sm 10 HMPA 24 31

7 Sml, 5 HMPA 0.5 -

8 Mg 5 HMPA 4 -

9 Zn 5 HMPA 24 -0

10 Mn 5 HMPA 24 -

11 Fe 5 HMPA 24 _

12 Sm 10 12 9

13 Sm 5 TMSCI 8 46

14 Sm 5 Kl 12 61

15 Sm 5 9! 12 54

16 Sm 5 1,10-phen 12 71

17 Sm 5 bipy 12 67

18 Sm 5 HMPA/BHT™ 12 82

[a] Table Footnote. [b] Isolated yields. [c] Without the presence of NiCl,.
[d] No desired product detected. [e] NiCl,-6H,0 was used. [f] Complex
mixture. [g] A grain of iodine was added. [h] 2,6-Di-tert-butyl-4-

Table 2. The Versatile Homocoupling of Organohalides.
NiCl, (5 mol %), Sm
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methylphenol (1 equiv.) was added.

With the optimized conditions in hand, a variety of sterically
and electronically diverse substrates were subjected to the
reaction to investigate the generality of the protocol, and the
results are shown in table 2. The organohalides investigated
herein involve the following types: benzyl halides (Table 2, 1a-
1p, entries 1-16), aryl halides (1a-1i', entries 17-26),
heterocyclic halides (1j™-1I', entries 27-29), alkyl halides (1a"-
1i") including alkenyl halides (1a"-1c", entries 30-38), a-
haloacetophenones  (1j"-1k",  entries  39-40),  phenyl
alkylsulfonates (11"-1n", entries 41-43). These organohalides
were well tolerated, affording the homocoupling products
smoothly. The coupling types involved the Csp®-Csp® (entries 1-
16, 32-40) and the Csp>-Csp? (entries 17-31, 41-44).

Benzyl halides were the most reactive to undergo the
homocoupling reaction, which featured high yields and shorter
reaction times (entries 1-16). Both benzyl chlorides (entries 1, 5,
6, 8, 10-12, 14, 16) and benzyl bromides (entries 2, 4, 7, 9, 13,
15) yielded the corresponding bibenzyls with good efficiency.
Excellent chemoselectivity was observed when the substrates 1
carrying -NO; (entry 12), -COOH (entry 13), and -X (entries 7-
11) were subjected to the reaction.

The results also showed that slightly better yields were
obtained for the benzyl halides with electron-donating groups
(entries 4-6) than those with electron-withdrawing groups
(entries 7-13). No obvious influences could be observed when
relatively bulky substrates 1n and 10 were used (entries 14-15);
neither did the benzylhalides with ortho-substituents (1e and 1j,
entries 5 and 10). Interestingly, (z)-a-bromoethylbenzene (10)
yielded homocoupling product with entire meso-selectivity (entry
15). Another unexpected result was also obtained when
triphenylmethyl chloride (1p) underwent the homocoupling in
spite of the lower vyield, considering its challenging bulky
structure (entry 16).

R—X R—-R
THF, HMPA, reflux
. t Yield = t Yield
Entry R-X RR (h) (o | Entry R-X RR () ()
X
o 8 89 | 24 wo () w0 Y prowe g,
(2a) (1h") (3f)
Q,
o OO0
2 1b 2a 8 93 25 — ﬁo ° 16 579
X=Cl (1a) o 5
(1i") (39)
e
o] OH
3 e I (1c) 2a 8 95 26 1i — 48 41
(0]
(3h)
f W ® PaY
4 @j O 8 96 27 N e I 24 80
(1d) (2b) (j" (3i)
Br
cl S, S
5 @J 8 92 28 Sé LU 24 71
(1e) (2¢) K" (30
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22 FOB“ FF 16 82
(1) (3d)
MeO OMe
23 Br 16 82
' MeO
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Cl
45 o < > Oligomer 0-16 -
(1p")
23"
46 1b + 1b’ Homocoupling 16 330

[a] RX (2 mmol), Sm (2 mmol), NiCl, (5 mol %), HMPA (2 mmol), THF (10 mL), N, atmosphere, reflux. [b] Isolated yields. [c] With 100 % meso-selectivity. [d]
About 30 % of substrate remained unreacted. [e] Oligomer was also observed in 8 h. [f] The dimer vanished gradually in next 8 h. [g] Complex mixture. [h] No
cross-coupling product was observed, 2a and 3a were afforded in their respective yields.

Although longer reaction time was required, aryl halides
afforded biaryls with almost similar efficiency compared with
benzyl halides (entries 18-26), while chlorobenzene (1a')
showed lower reactivity (entry 17). The formation of 4,4'-
dichlorobiphenyl (entry 21) and 4,4'-difluorobiphenyl (entry 22)
indicates the distinct chemoselectivity between active halides
(bromo, iodo) and inert halides (chloro, fluoro). The chemo-
selectivity was also observed when heterocyclic halides (1j-11")
were compatible with the reaction conditions (entries 27-29),
especially 2-bromo-5-methylpyridine (1j', entry 27), which was
considered unstable in samarium reagents in some cases.’
However, the bromophenylacetate (1i’) produced 3g in 16 h

(entry 25), which was then ftransformed to the
monodeacetylation products (3h, entry 26) in 48 h.
Among the aliphatic halides (entries 30-38), both

configurations of B-bromostyrenes (1a"™ and 1b", E- and Z-)
underwent the homocoupling smoothly to afford the single
product of E,E-1,4-diphenylbutadiene (entry 30-31). The
coupling of unactivated alkyl chlorides (entries 34-38) without in
situ activation with Nal may inspire some interesting
development in the field of Ni-catalyzed reductive coupling
chemistry other than the known Barbier reactions. However, the
reaction efficiency decreased when the molecular chains of the
aliphatic halides became longer (entries 34, 37-38).

Further attempts to expand the homocoupling to a-
bromoacetophenones (1j"-1k") were also successful (entries
39-40). The results showed excellent chemoselectivity between
bromo- and ketone groups which cannot tolerate samarium
reagents in most cases.®® An remarkable substrate extension
showed that phenyl organosulfonates (11"-1n") were also
subjected to the reductive homocouplings. As
pseudoorganohalides, phenyl trifluoromethanesulfonate (1n")
exhibited good reactivity (entry 43), while both phenylsulfonates
(11" and 1m") afforded biphenyl sluggishly (entries 41-42).

Subsequent investigation showed that p-dibromobenzene
(10") yielded the homocoupling product 4i in 8 h together with
oligomer afforded, while the dimer vanished gradually in next 8 h
to afford a great quantity of oligomer (entry 44). However, only
complex mixture was obtained when bibenzylchloride (1p") was
used as the substrate (entry 45). Besides, the cross-coupling
between benzyl bromide and bromobenzene was not successful,
where only homocoupling products 2a and 3a were obtained in
their respective yields (entry 46).

The reaction stereoselectivity may play an important role in
the clarification of the mechanism (entries 15, 30-31). It probably
implies that via the process of single-electron transfer (SET), a
radical intermediate followed by a carbanion might be firstly

formed during the coupling of Csp®-Csp® (entries 15),% and the
successively resulting organosamarium species!'" underwent
the transmetallation (Scheme 2). As it is known, a radical or a
carbanion actually loses its original configuration,'>"3 which
may be initiated by samarium,['?2¢3ad  magnesium,!2* 1]
lithium,["*** and BusSnH.I'*"*2¢ The stereochemical reaction
involved with such intermediates are mainly influenced by the
steric effect and the electronic effect. However, in some
particular cases, high steroselectivity was thus achieved by
appropriate control of these influencing effects.['2¢4 1344

on <Br sm, HMPA_ | sm* SmBr,
SET SET Ph i
(R.S-) -Br
R-Ni-X H
Ph Ni Ph
transmetallation H

s = solvent

Ph
Ph

Me

reductive elimination

retention of configuration
H (2m, meso-)

Scheme 2. The Stereoselectivity of the Homocoupling.

In views of this, the fact that both R- and S- substrates (10)
affording the meso-product 2m (entry 15) may be explained as
the stereo adjustment of organosamarium during the
transmetallation (Scheme 2), which accommodates the stereo
requirement of the Csp>-Csp® coupling. The steric effect plays
an important role here in the control of the stereochemistry
through the formation of a stable staggered conformation. With
the retention of configuration,''* the subsequent cis-reductive
elimination thus produce an meso-configured product. The
results that both cis-and trans- substrates (1a" and 1b", entries
30-31) affording a single frans-,trans- product 4a (Scheme 3)
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may also be explained in this manner. Nevertheless, it is also
considered that a different process might be involved in such a
coupling of Csp®-Csp? type.['™!

@fBr
\\

(1a", ffBanS-) 5 mol % NiCl,, Sm
r —_—
THF, HMPA
/
(4a, trans-,trans-)
(1b", cis-)

Scheme 3. The Trans-homocoupling of Alkenyl Halides.

However, there still remains a certain doubt for the reaction
mechanism. Besides the organosamarium pathway, a potential
intermediacy of Ni(l) species!''® may also be taken into account,
which is not considered or ruled out in the present proposal.
Further experimental evidence was obtained by the performance
of the process in the presence of D,O (Scheme 4). The results
provide crucial information about the intermediacy of
organosamarium species, due to D incorporation was observed.
As a result, a Ni(l)/Ni(lll) cycle may not be considered as an
alternative process for the catalytic cycle in this case.

Cl D
CHjy
D->0 (3 equiv.
Q) 2ol (7 (U ) e
(a),2h
1n 24 % 67 % minor
91 %

(@) NiCl, (5 mol %), Sm, THF, HMPA, reflux (as given in Table 2)

Scheme 4. Deuteration of the Intermediate during the Homocoupling.

Nevertheless, an organosamarium species is usually
considered unstable and only formed during an  in-situ
transformation.""! Therefore, it is difficult to realize the stepwise
cross-coupling at current stage (Table 2, entry 46).

Based on these results, a plausible mechanism of the
homocoupling was proposed as shown in Scheme 5. Nickel(ll)
may play two roles in this reaction. Firstly, Ni(ll) is reduced by
samarium, which is believed to activate samarium metal to
initiate its reducing ability. Secondly, the resulting Ni(0)
undergoes oxidative addition of R-X to furnish complex A.
Meanwhile, the resulting activated samarium instantly promotes
R-X to generate an organosamarium species B via the single-
electron transfer process. Accompanied with the reduction by
samarium, the transmetallation of A with B then occurs to afford
R2Ni (C), followed by the reductive elimination to yield the
coupling product. Simultaneously Ni(0) species is regenerated,
furnishing the catalytic cycle.

10.1002/asia.201601712
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R-R lSm R-X
0
reductive [N+'] oxidative
iminati additon
elimination [Smi*
R-Ni-R SETiR-X R-Ni—X
© ; (A)
[R-Sm-X,J"
(B)
transmetallation
Smd*

Scheme 5. Tentative Mechanism.

Conclusions

In summary, a novel coupling agent of Sm/Ni(ll) is demonstrated
which shows the extraordinary homocoupling reactivity for
widespread organohalides and pseudo-organohalides in the
presence of HMPA. With excellent chemoselectivity and
stereoselectivity, the reductive homocoupling reaction provides
an efficient method for the synthesis of biphenyls, bibenzyls, 1,4-
diketones and long-chain hydrocarbons from readily available
materials.

Experimental Section

Typical procedure for the preparation of bibenzyl from benzyl
bromide

To a mixture of Sm powder (0.3 g, 2 mmol), NiCl, (0.013 g, 0.1 mmol)
in anhydrous THF (10 mL) under a nitrogen atmosphere, HMPA (0.35 ml,
2mmol) and benzyl bromide (0.24 mL, 2 mmol) were added at reflux with
magnetic stirring. After completion of the reaction (about 4 h, monitored
by TLC), dilute hydrochloric acid (2 M, 5 mL) was added and the
resulting mixture was extracted with ethyl acetate (3 x 10 mL). The
combined organic layer was washed with brine, dried over anhydrous
sodium sulfate, and concentrated under reduced pressure. The crude
product was purified with flash chromatography (silica/petroleum ether -
ethyl acetate 100 : 1 v/v) to afford 169.5 mg of bibenzyl with 93% yield.
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