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ABSTRACT: As alcohols are ubiquitous throughout chemical

, ® R! o [ubiquitous alcohols]
science, this functional group represents a highly attractive startin i LR o [abundant aryl halides]
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material for forging new C—C bonds. Here, we demonstrate that
o [FG tolerance]

the combination of anodic preparation of the alkoxy triphenyl-

Ni/L, PPhg, LiBr

phosphonium ion and nickel-catalyzed cathodic reductive cross- Me

coupling provides an efficient method to construct C(sp*)—C(sp*) O O Ve WMe Ph
bonds, in which free alcohols and aryl bromides—both readily — S
available chemicals—can be directly used as coupling partners. T

This nickel-catalyzed paired electrolysis reaction features a broad © Q

substrate scope bearing a wide gamut of functionalities, which was

illustrated by the late-stage arylation of several structurally complex natural products and pharmaceuticals.

1. INTRODUCTION supporting both 7z-activated alcohols and alkyl alcohols as

starting materials.

Electrosynthesis has been identified as a viable technique for
discovery of novel chemical transformations by unconventional
mechanistic pathways.””~"* In 1980, the Ohmori group initially
reported that alkoxy triphenylphosphonium ions—the key
intermediate of Mitsunobu reaction—could be readily gen-
erated by anodic oxidation of triphenylphosphine (PPh;) with
alcohols (Figure 1B),” and these alkoxy derivatives could be
further used as alkylating agents to form C—X bonds (X = O, N,
S, Br, F, etc.),76_80 with Ph;PO serving as a leaving group
(Figure 1B).*"** Considering that two electron equivalents
must be donated to the anode during alkoxy triphenylphospho-

Developing efficient and practical methods to forge connections
between sp’- and sp>-hybridized carbons has been and remains a
central topic in synthetic chemistry." In recent years, the use of
transition-metal-catalyzed reductive cross-couplings between
two electrophiles has emerged as a powerful strategy for
C(sp*)—C(sp®) bond formation”™"" because these trans-
formations can circumvent the preparation and usage of
organometallic reagents, resulting in simple reaction setups
and high functional group compatibility. While the seminal
contributions in this arena have focused on the use of alkyl
halides as C(sp®) coupling partners (Figure 1A, left),"* ™% the

scope has since expanded to include epoxides,%’27 azir- . . . .
g 2829 . . . . nium ion formation and that two electron equivalents are
idines, alkyl carboxylic acid derivatives (activated es-

ters), "1 alkylamine derivatives (pyridinium salts, iminiums needed for such cross-electrophile coupling, we explored the
and ;mmonium salts), >~ and alkyl sulfones.”® ’ ’ idea that the electrochemical oxidation and reductive cross-
The ubiquity of aléohols across most classes of molecules coupling could be mgrged as a paired e?ectrol?rsis reaction to
makes them attractive as potential C(sp®) coupling partners. crea.te a novel cat:alytlc Platform to achieve direct d.ehydrox-
However, on account of the relatively strong bond dissociation Z}I:,ltlve crosszdcou;_) l":ig gFltgurIe IC) Howiv?r, Vée( reza;mecd( thi)t
. s - is proposed paired electrolysis approach for C(sp*)—C(s
energy of the C=0 bond and low leaving ability of the OH bon(f fofmatiorlz would pose a}; leasflt)wo major challin es~83}389
group,*® alcohols are seldom directly employed as alkylating ) i P ) aenges:
agents in cross-couplings,*' ~** with a notable exception being 7- (i) the requirement to properly match the innate redox
activated allylic and benzylic alcohols.**">> Although many properties of the paired reaction partners and (ii) coordinating

alcohol derivatives have been wildly studied in reductive cross- the reaction rates for anodic oxidation, cathodic reduction, and
; : ; : 53,54 55—58 the metal catalytic cycle.
coupling reactions, including alkyl acetates, tosylates,

59 %0 . 61 6264
xanthate esters,”” mesylates,” pivalates,” oxalates, phos-
phates,”” methyl ethers,”> and chloroformates®® (Figure 1A, Received: December 18, 2020
right), such derivatives require preparation step(s) from their Published: February 23, 2021

alcohol precursors, and the substrate scope is often limited to
allylic and benzylic alcohol derivatives. Therefore, it would be
synthetically appealing to develop a reaction which can directly
harness free alcohols to construct C(sp>)—C(sp*) bonds, ideally

© 2021 American Chemical Society https://dx.doi.org/10.1021/jacs.0c13093

W ACS Publications 3536 J. Am. Chem. Soc. 2021, 143, 35363543


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zijian+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenxuan+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianxu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luyang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.0c13093&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c13093?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c13093?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c13093?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c13093?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c13093?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/143/9?ref=pdf
https://pubs.acs.org/toc/jacsat/143/9?ref=pdf
https://pubs.acs.org/toc/jacsat/143/9?ref=pdf
https://pubs.acs.org/toc/jacsat/143/9?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.0c13093?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

A. Reductive cross-electrophile coupling: an overview of alkyl electrophiles
1

R!

3 R
R3 Y TM cat. R
J\ + R2
R2 X reductant (+ 2e)
X = halides or X = OH, limited to benzylic or allylic
4 oo Ph alcohols
A /“5"\ X = alcohol derivatives:
% %A N OAc, OTs, s 0
Z=0,NTs @z OMs, OMe,
0 PR™ “N" "Ph opiy %o sme j\OJ\C'
o v o
® ® fo)
"?.L)LO'N ﬁR“F!5 lilMea % OMe és‘\o, I\OEt
o www www o

B. Oxidative preparation of alkoxy triphenylphosphonium ions and the following
substitution (Ohmori)

R PPhy JR\‘ ® N I
PPh
OH anodic oxidation R20° % - PhPO R2” > Nu
- 2e,- H*

Mitsunobu intermediate

C. This work: Ni-catalyzed convergent paired electrolysis

W

o [ubiquitous alcohols] e [abundant aryl halides] e [inexpensive PPh;]
o [undivided cell] o [net-redox-neutral] e [FG tolerance]

Ni/L, PPha

Figure 1. (A) Overview of the alkyl counterparts in reductive cross-
electrophile couplings. (B) Electrochemical preparation of alkoxy
triphenylphosphonium ions. (C) Nickel-catalyzed electrochemical
dehydroxylative arylation.

2. RESULTS AND DISCUSSION

Reaction Optimization. With these considerations in
mind, we first examined the proposed cross-coupling by using
4-phenyl-2-butanol (1), bromobenzene (2), PPh;, and a wide
range of ligated nickel catalysts under various electrochemical
conditions. Owing to mechanistic and practical considerations,
all of the screening reactions were conducted at room
temperature in an undivided cell, and the use of expensive
electrode materials was consciously avoided. Table 1 illustrates
the optimal reaction parameters alongside an abbreviated
picture of the optimization process for these reactions (see the
Supporting Information for further details).

Direct control experiments revealed that the coupling reaction
did not proceed in the absence of an electric current, nickel
catalyst, ligand, or PPh; (entries 1—4). We performed a broad
evaluation of electric conditions (including electrodes, currents,
and electrolytes) and to our delight found that the best yield was
provided with an easily available graphite anode and a nickel
foam cathode (entry S). This result has mechanistic significance
because to date most reactions for electrochemical formation of
C(sp*)—C(sp®) bonds utilize sacrificial anodes or reductants to
avoid the competitive oxidation of low-valent nickel cata-
lyst.”*™ In addition, these materials are consistent with our
proposed convergent paired electrolysis: they should support a
net-redox-neutral transformation. Working at a 0.2 mmol scale,
and keeping the total amount of electron equivalent constant,
currents ranging from 2 to 4 mA were found to be equally
effective (1.1—2.3 mA/cm? of graphite, entry 6); increasing the
current beyond 4 mA led to lower yields (entry 7). The
electrolyte LiClO, and Et,NBr could be used in place of LiBr
with only a marginal decrease in yields (entries 8 and 9), while
other tested electrolytes performed sluggishly.
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Table 1. Optimization of the Electrochemical
Dehydroxylative Arylation”

Ph OH
S~ Pher

Me

= Ph/\/K©

10 mol% NiBr,
20 mol% dtbbpy (L1)

T
PPhj (7 equiv), LiBr (1 equiv)

Me
1 2 DIPEA (1.2 equiv), NMP
(1 equiv) (3equiv) 4 mA, (+)C/(-Ni, 14 h, RT 3, 92%5, 90%°
entry  deviation from above yield(%)? entry deviation from above yield(%)?
1 no electricity 0 1 L2 instead of L1 80
2 w/o NiBr, 0 P12 L3 instead of L1 88
3 wio L1 o 13 wio DIPEA 47
4 w/o PPhg 0 i 14 PPh; (3 equiv) 70
5 RVCinsteadofgraphite 14 i 15  4instead of PPhg 78
6 2mA, 28 h 94 16 5 instead of PPhg 57
7 6mA,9h 84 i 17 DMA instead of NMP 89
8 LiClO, instead of LiBr 86 18 PhBr (2 equiv) 89
9 Et,NBr instead of LiBr 84 19  PhOTfinstead of 2 92
10 N|(COD)2 instead of NiBr, 85 Phl instead of 2 63
M TG
5 R2
tBu L1; R'=H, L2
=OMe, L3 R?

“Reactions were conducted at a 0.2 mmol scale in 3 mL of NMP.
bYields were determined by GC/MS with dodecane as the internal
standard. “Isolated yield.

The inexpensive combination of NiBr, and bipyridyl ligands
(L1) provided the most effective catalyst system for this
electrochemical dehydroxylative arylation. Notably, using Ni-
(COD), in lieu of NiBr, resulted in a comparable yield (entry
10), indicating an in situ cathodic reduction of Ni(II) to the
active catalyst Ni(0) (vide infra), with excess PPh; likely
working as the sacrificial reductant on the anode. Moreover,
coupling products were still obtained in satisfactory yields with
alternative bipyridine ligands, such as L2 and L3 (entries 11 and
12). The presence of a base was essential to neutralize the
byproduct HBr, which was detrimental to the yield (entry 13)
and would corrode the nickel foam cathode. Of all bases
surveyed, DIPEA provided the highest yield. Although 7 equiv of
PPh; was needed on substrate 1, note that (i) using 3 equiv of
PPh; could also produce the desired coupling product 3 in good
yield (70%, entry 14); (ii) for many additional substrates, 3
equiv of PPhy was used (see Table 2); and (iii) PPh, is a
nontoxic, air-stable, and low-cost feedstock. Additionally, no
improvements in reaction efficiency were obtained via fine-
tuning of electron density using various substitutional groups on
PPhy’s aryl ring (entries 15 and 16). Of all solvents screened,
NMP provided the best yield, although use of DMA also resulted
in excellent yields (entry 17). When 2 equiv of PhBr was used, a
comparable yield was also obtained (entry 18). Finally, our
screening showed that PhOTf and PhI are also viable coupling
partners (entries 19 and 20).

Substrate Scope. Having established the optimal con-
ditions for this nickel-catalyzed paired electrolysis, the reaction
scope was investigated as shown in Table 2. A range of alkyl
primary and secondary alcohols bearing a variety of function-
alities, including a phthalimide (6), a pyridine (7), a ketone (8),
a carbamate (9), a 1,4-dioxane (11), a cyano (12), ethers (13,
14, 17), an indane (15), and esters (16, 18), were all well
accommodated. Moreover, a poly-PEG motif could be
successfully incorporated into the aromatic ring (19). Addi-
tionally, z-activated alcohols including benzylic alcohols (20—

https://dx.doi.org/10.1021/jacs.0c13093
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Table 2. Scope of Electrochemical Dehydroxylative Cross- Coupllng of Alcohols with Aryl Bromides™”

10 mol% NiBr,, 20 mol% L1 i
R! R. r— PPhs (3 or 7 equiv), DIPEA (1.2 equiv) e undivided cell, room temperature

: tBu tBu :

L + \\ B ’ i » g2 N — — e 1°, 2°, allylic & benzylic alcohols
R2 "OH LiBr (1 equiv), NMP, 4 mA | /—R : \ \ i e natural products and drugs
1 equiv 3 equiv (+)C/(-)Ni, 14 h, RT : N N i e heterocycles

Scope of alcohols

A. Alkyl alcohols B. m-activated alcohols

grog? P o o ool

9, R = Boc, 57%° 20, R = H, 94%°
'O, 0, oy O
6, 57%° 7, 72%° 8, 61%° 10, R=Ts, 41%° 11, 45%° 21, R = Me, 63%¢
Me
® o ) O
CO,Me
c o Me 21€ MeO,C
12, 60%7 13, 42%° 14, 66% 15, 74%7 16, 73%° 23, 86%°

¢ m e é/© k(© ‘
MeO MeoO ) O

25 R= Me 79%4
17, 52%° 18, 40%7 19, 73%° 24, 95%° 26, R = H, 85%° 27, 71%°
C. Natural products & drugs

(o) Me Et
QO ey
) jon --
t0

O o
28, 57%° 29, 74%9 30, 74%°, d.r. = 1.5:1 31,49%9 d.r. = 1:1 X-ray of one isomer
from ospemifene from bucetin from simvastatin from epiandrosterone of 31
Me Et \r Me Me O
OY ° Me Me
| N Me™” Me X ‘
Me Me
Me
32, 59%° 33, 84%° 34, 75%7 35, 55% 36, 61%° v 136
from citronello! from icaridin from phytol from petrillol from cortisone “ray o

Scope of aryl halides
Ph Me 3, R=H, 90%° Ph Me Ph Me Ph Me Ph Me

Ph Me
37, R = CFg, 60%° ° OMe O
38, R = OMe, 61%¢ 3 Oe | X O
39, R = OAc, 41%7
R o NZ > ome 0
OMe

40, R = NMe,, 62%°

41, 63%9 42, 57%° 43, 45%° 44, 65%° 45, 40%9
VK@“ (’ Q“OQQ VK@AVK@>VKO
46, X = NH, 43%7 Boc
47, X = 0, 66%° 48, 62%¢ X-ray of 48 49, 67%° 50, 59%¢ 51, 49%° 52, 55%°

“Reactions were conducted on a 0.2 mmol scale. “Isolated yield. “7 equiv of PPh; was used. 43 equiv of PPh; was used. 10 equiv of PPh; was used.

23), an allylic alcohol (27), and a-hydroxycarbonyl compounds tested reaction context. The result of a competition experiment

(24—26) also function in this dehydroxylative arylation with with differently substituted aliphatic alcohols was also consistent

high efficiency. One general trend worth noting is that relatively with our observations (Figure 2A).

less sterically hindered alcohols (e.g., 16 and 20) tended to be Hydroxy groups are prevalent in structurally complex drugs

more reactive than more sterically hindered alcohols (e.g., 18 and natural products. Accordingly, we further examined this

and 21), and tertiary alcohols were not accommodated in the dehydroxylative arylation within various densely functionalized
3538 https://dx.doi.org/10.1021/jacs.0c13093
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A. Relative reactivity study®?

Ph" "0H Ph” >""ph
53 55, 57%
Me Me

as for Table 1

ph/\J\OH + PhBr —)Ph/\/kPh

1 2(1equiy) PPhs (7 equiv) 3,25%
Me, Me 53:1:54:2 = 1:1:1:1 Me, Me
Ph OH Ph Ph
54 56, 0%
B. Radical ring-opening and enantiopurity erosion?
as for

Table1 ~ MeO
> / + OOM —» L

(3 equlv)
59, 74%"
as for
/ § Table 1 i>""“
OH PPh3 o
(3 equiv)

60, >99% ee 14, 63%, < 2% ee

D. Function of equivalent of LiBr?

100

304 A A A

A
0{ aa

T T T T T T
0.0 02 0.4 0.6 0.8 1.0
Equivalent of LiBr

C. Orthogonal experiment of bromide sources?

10 mol% Ni
Ph X 20 mol% dibbpy (L1 Ph Ph
\/\r + PhY py (L1) - \/\r
Me PPh3 (7 equiv), LiZ (1 equiv) Me
. ) DIPEA (1.2 equiv), NMP
1 equiv 3equiv 4 mA (1)C/(-)Ni, 14 h, RT 3
entry X PhY Liz Ni Yield(%)°
1 OH PhOTf LiCIO, Ni(COD), 0
2 OH PhOTf LiCIO, NiBr, 50
3 OH PhOTf LiBr Ni(COD), 86
4 OH PhBr LiClO, Ni(COD), 92
5 OH PhOTf LiBr/LICIO, Ni(COD), see Fig. 2D
69 Br PhOTf LiClO, Ni(COD), 21

E. Proposed mechanism

R R “Ar Lan Br
Xi
- HBr RZJ\OH L,Nil
[} \Y/]
PPhyBr,
| R' Br R!

(. +2e
N, X Jow -om
PPh, R2  Ar

Bry

L.Ni®
- 2e il Br "
LnNil' */< vil
Ar

28/° X ArBr (IX)

Figure 2. (A) Competitive experiment. (B) Mechanistic studies on the generation of alkyl radicals. (C) Investigating the roles of bromide ions. (D)
Function of bromide ion equivalent on the yield of 3. (E) Proposed mechanism for the convergent paired electrolysis. “Reactions were conducted at a
0.2 mmol scale. "NMR yield. ‘GC yield. “With 1 equiv of H,O and 2.2 equiv of DIPEA.

architectures. As shown in Table 2C, pharmaceuticals and
repellents such as ospemifene (28), bucetin (29), simvastatin
(30), and icaridin (33) were amenable to this reaction,
demonstrating the viability of this electrochemical dehydrox-
ylative arylation for late-stage modifications of bioactive
molecules. Naturally occurring alcohols such as epiandrosterone
(31), citronellol (32), phytol (34), and perillol (35) were also
competent substrates, enabling access to the desired adducts in
synthetically useful yields. Notably, the primary alcohol in the
steroid hormone derivative drug cortisone could react smoothly
with bromobenzene without disturbing the innate tertiary
alcohol, and the structure of product 36 was confirmed by X-ray
crystallographic analysis.

We subsequently examined the substrate scope for aryl
bromide coupling partners. First, aryl rings that contain
functional groups as diverse as a trifluoromethyl group (37),
ethers (38,42), an ester (39), an amine (40), a 1,3-dioxole (41),
and an extended aromatic ring (43) were demonstrated to be
viable coupling partners. Second, a series of medicinally relevant
and structurally distinct heterocycles including a pyridine (44), a
dibenzofuran (45), an indole (46), a benzofuran (47), a
carbazole (48), a benzo[d]oxazole (49), an indazole (50), and a
benzo[d]imidazole (51) were examined as well, and the desired
coupling products were successfully afforded in moderate-to-
good yields. Of particular note, (i) a vinyl bromide (52) was
viable in this reaction, and (ii) the free indole (46) and free
carbazole (48) could be used in this cross-coupling directly

3539

without protecting the nitrogens, supporting their use as
nucleophilic centers for further modifications.

Mechanistic Studies. Interestingly, our substrate scope
explorations revealed two losses of stereochemistry at the
reaction sites (Table 2, 30 and 31), a radical ring-opening
reaction,”® and an enantiopurity erosion phenomenon (Figure
2B), which together mechanistically suggested that the alkyl
radials were generated though this dehydroxylative arylation
process. Given that the C—OH bond did not readily undergo
direct homolysis, two potential pathways for the generation of
alkyl radicals seem probable: (i) the alkoxy triphenylphospho-
nium ion may be reduced directly by the low-valent nickel
catalyst or perhaps at the cathode through single-electron
transfer (SET), potentially generating Ph;PO and the alkyl
radical; (ii) the alkoxy triphenylphosphonium ion may further
react with bromide ions—derived from the electrolyte LiBr or
the catalyst NiBr,—to form alkyl bromide.”” Such an in situ
generated alkyl bromide could undergo single-electron reduc-
tion to produce an alkyl radical.

Five lines of experimental evidence added weight to the
second pathway: First, given that aryl bromide, NiBr,, and LiBr
can be respectively replaced by aryl triflate, Ni(COD),, and
LiClO, without causing significant yield declines (Table 1,
entries 19, 10, and 8), a control experiment was performed in the
absence of any bromide source (Figure 2C, entry 1):
informatively, no desired coupling product 3 was produced.
Second, when using NiBr, (0.2 equiv of Br™) in lieu of

https://dx.doi.org/10.1021/jacs.0c13093
J. Am. Chem. Soc. 2021, 143, 3536—3543
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Ni(COD),, 3 was produced in 50% yield (entry 2), and using
LiBr as an electrolyte (1 equiv of Br™) or PhBr as a coupling
partner largely rescued the yield of 3 (entries 3 and 4). Third, a
detailed experiment also revealed that the yield of 3 was highly
dependent on the equivalent of bromide ion used (entry S and
Figure 2D). Fourth, when the alkyl bromide was used directly
(entry 6, 1 equiv of H,O was used for the anodic oxidation of
PPh,), the desired coupling product 3 could also be produced,
albeit in 21% yield. This relatively low yield was ascribed to the
f-elimination of alkyl bromide in the reaction conditions.
Finally, the alkyl bromides derived from the alcohols were
observed as the major byproducts for some substrates (see the
Supporting Information).

Given that the bromide ion was essential for this
dehydroxylative arylation, we turned our attention to the anodic
oxidation process, since the bromide ion, PPh;, and the alcohol
are all prone to be oxidized on the anode, and the detailed
mechanism for the anodic formation of alkoxy triphenylphos-
phonium bromide remains elusive.”*’* Interestingly, our cyclic
voltammogram investigations revealed that the bromide ion
could be oxidized more easily than PPh; and alcohol 1 in NMP
(oxidative potential: 1.1, 1.7, and >2.0 V for LiBr, PPh,, alcohol
1, respectively, versus Ag/AgCl; see the Supporting Information
for details), which demonstrated that Br, could be generated
first on the anode. Based on the mechanism of the Appel
reaction, Br, can react with PPh; rapidly to produce PPh;Br,,
which can further couple with an alcohol to generate the alkoxy
triphenylphosphonium bromide.

Although further mechanistic studies are clearly warranted,
our initial mechanistic investigations, in combination with
Weix’s elegant demonstration of nickel-catalyzed reductive
coupling,” lend support for the following proposed mechanism
(Figure 2E). The alkyl bromide (IV), in situ generated from the
alcohol via an anodic Appel reaction, can be reduced by Ni(I)
complex V via a single-electron transfer, thus generating Ni(II)
complex VI and alkyl radical VII. Subsequently, the Ni(II)
complex VI withdraws two electrons from the cathode to
balance the electrochemical equilibrium, producing the Ni(0)
complex VIII. This Ni(0) complex can diffuse into the reaction
solution. Notably, this reductive process also releases two
bromide ions, which can be reused in the anodic oxidation,
enabling a catalytic Appel reaction. Direct oxidative addition of
VIII to aryl bromide IX can produce the Ni(II) aryl complex X.
At this point, combination of the alkyl radical VIT and Ni(II) aryl
complex X can generate the Ni(IlI) adduct XI that after
reductive elimination can afford the desired coupling product
XII and Ni(I) complex V.

An alternative pathway for the generation of the alkyl radical
VII cannot be fully ruled out: perhaps the alkyl bromide is
reduced directly at the cathode via SET,””~'%" and the resulting
alkyl radical may be trapped by the Ni(II) complex X, a scenario
which would ultimately generate the same Ni(III) adduct XI (as
shown in Figure 2E). Nevertheless, given that (i) the Ni(II)
complex could be reduced more readily than the alkyl bromide
in reductive cross-couplings and (ii) the possibility that the
short-lived alkyl radical generated on the cathode diffuses into
the reaction solution to combine with the catalytic amount of
Ni(II) complex is low, our current thinking favors the
mechanism outlined in Figure 2E. Moreover, since PPh; was
present in superstoichiometric amounts in this dehydroxylative
arylation, a stoichiometric reaction of Ni(I) complex VI with
Ph;P in NMP was performed. Interestingly, no ligand exchange

between L1 and PPh, was observed by *'P NMR analysis (see
the Supporting Information for further details).'**

3. CONCLUSION

In summary, by merging anodic Appel reaction and nickel-
catalyzed cathodic cross-electrophile reaction in an undivided
electrochemical cell, we achieved direct arylation of readily
available free alcohols. Besides the exceptional substrate
generality and functional group compatibility, this one-step
paired electrolysis can avoid the use of stoichiometric hazardous
CBr, or Br, in Appel reaction, the isolation of frequently toxic
alkyl halides, and the use of stoichiometric Zn or Mn in reductive
cross-couplings. Moreover, we anticipate that this cross-
coupling reaction is likely to find wide application because of
the ubiquity of its building blocks: free alcohols and aryl
bromides. Notably, the capacity for electrochemically enabled
direct dehydroxylative cross-coupling—using ubiquitous alco-
hols as C(sp®) coupling partners—should considerably expand
the synthetic utility of organic electrosynthesis. Both the further
development and practical application of this reaction, as well as
detailed mechanistic studies, are currently underway in our
laboratory.
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