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ABSTRACT: Cross-electrophile coupling (XEC) of alkyl and aryl halides promoted by electrochemistry represents an attractive
alternative to conventional methods that require stoichiometric quantities of high-energy reductants. Most importantly, electroreduc-
tion can readily exceed the reducing potentials of chemical reductants to activate catalysts with improved reactivities and selectivities
over conventional systems. This work details the mechanistically-driven development of an electrochemical methodology for XEC
that utilizes redox-active shuttles developed by the energy-storage community to protect reactive coupling catalysts from overreduc-
tion. The resulting electrocatalytic system is practical, scalable, and broadly applicable to the reductive coupling of a wide range of
aryl, heteroaryl, or vinyl bromides with primary or secondary alkyl bromides. The impact of overcharge protection as a strategy for
electrosynthetic methodologies is underscored by the dramatic differences in yields from coupling reactions with added redox shuttles
(generally >80%) and those without (generally <20%). In addition to excellent yields for a wide range of substrates, reactions pro-
tected from overreduction can be performed at high currents and on multigram scales.

INTRODUCTION

Metal-catalyzed coupling reactions account for nearly half of
all C—C bond-forming reactions that are performed in industry.'
Classically, cross-product formation relies on the orthogonal re-
activities of electrophilic and nucleophilic substrates with the
coupling catalyst. Because the nucleophilic substrate is gener-
ally an organometallic species that is separately prepared from
an electrophile, a more streamlined approach to C—C bond-for-
mation involves the reductive coupling of two electrophilic re-
agents in a cross-electrophile coupling (XEC).? Pioneering
work by Périchon,> Weix*®, and Gosmini,” along with key ad-
vances by Gong,*!? Reisman,'*'® MacMillan,!” and others,'32
has propelled this once-nascent methodology to the forefront of
approaches for C—C bond formation 222427

These reactions are generally catalyzed by Ni complexes, and
a metal powder is employed as a chemical reductant. However,
these reactions typically require superstoichiometric quantities
of the metal powder along with an excesses of a range of other
additives and activators.*®!"?® In addition to these concerns for
safety and scalability, XEC reactions are most reliable for cou-
plings of primary alkyl halides, while reactions of secondary or
tertiary substrates require extensive optimization or a redesign
of the catalyst.®!*?*3% This limitation is in stark contrast to con-
ventional coupling reactions, which are readily applicable to a
wide range of alkyl-magnesium or -zinc reagents and aryl elec-
trophiles.*' 3 A significant advance to the scope of XEC was
achieved through the integration of photoredox catalysis as a
strategy for activation of substrates.!” Although these coupling
reactions are performed with superstoichiometric quantities of
tris(trimethylsilyl)silane as the reductant, their reliability for
couplings of a range of substrates has led XEC to be the most
common photoredox reaction performed in medicinal chemis-
try.** The industry’s dependence on these methodologies under-
scores the importance of XEC in the synthetic community and

highlights the need for scalable and inexpensive strategies for
direct coupling of abundant substrates.

Electrochemical reduction in place of chemical reduction or
photoredox initiation represents an alternative strategy for XEC
reactions because it is inherently applicable to net-reductive
processes.***” Electrons can be delivered from benign electron
sources at the high energy that is required for reduction. Conse-
quently, energetic chemical reductants, such as metal powders
or expensive silanes that preclude large-scale synthesis, can be
eliminated from coupling reactions.'”?® In addition, electro-
chemistry can readily activate new catalyst systems with im-
proved reactivities and selectivities that require reducing poten-
tials beyond the reductive limits of metal powders. The suita-
bility of electrochemistry as a means to promote XEC is under-
scored by the fact that the first reports of XEC were performed
under electroreductive conditions.>*® Recent efforts from both
industrial and academic research groups have provided im-
portant advances to electrochemical XEC.**' However, these
methodologies in their infancy compared to more established
strategies for XEC and (i) are generally low-yielding with sub-
strates other than primary electrophiles, (i7) require divided
cells for more complex substrates, (iif) are performed at ele-
vated temperatures that often promote protodehalogenation and
(iv) have low chemical throughput because of low current den-
sities.

In our ongoing effort to develop enabling strategies for elec-
trosynthetic methodologies,*** we report a broadly-applicable,
practical, and scalable XEC reaction that can only be performed
under electrochemical conditions. A critical component of the
methodology is the implementation of a redox shuttle that
serves to mitigate overreduction and degradation of the cou-
pling catalyst. This strategy enables electrochemical XEC reac-
tions to be performed with a broad range of secondary alkyl
bromides and aryl, heteroaryl, or vinyl bromides. In addition to
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high-yielding reactions of these classically-challenging sub-
strates, primary alkyl electrophiles undergo XEC under the de-
veloped conditions in near-quantitative yields. This methodol-
ogy is performed at room temperature and in an undivided cell
with inexpensive catalysts and shuttles that are easily prepared
on 50 g scales.

’j/Br

short circuit
+e” Koy <i —€

degenerate ET
Y protects against overreduction

cathode

Figure 1. General XEC reactions enabled by the integration of re-
dox co-catalysts for overcharge protection of the coupling catalyst.

Detailed mechanistic studies were key to the development of
the electrosynthetic methodology. Electrochemical analyses
and stoichiometric reactions of isolated organometallic interme-
diates implicate overreduction as a key pathway for degradation
of the coupling catalyst and formation of undesired organic
products. As such, we adapted strategies from the energy stor-
age community on overcharge protection of batteries to mitigate
the overreduction of coupling catalysts for XEC. Specifically,
electrolysis was performed in the presence of redox-active co-
catalysts that serve to shuttle electrons from the cathode to the
anode when the rate of reduction exceeds the rate of coupling
(Figure 1). This degenerate electron transfer (ET) between elec-
trodes represents a short circuiting of the electrochemical cell
and protects the coupling catalyst from further reduction. The
dramatic difference in yields from reactions with added redox
shuttles (generally >80%) and those without (generally <20%)
underscores the remarkable impact of overcharge protection in
electrosynthesis. Finally, electrochemical reactions protected
from overreduction can be performed at high current densities
to form high yields of cross-product in less than 2 h and are
readily scaled by two orders of magnitude generate multigram
(>17 g) quantities of products with no reduction in yield.

RESULTS AND DISCUSSION

Initial Evaluation of Catalysts for XEC. We first evaluated
the reactivities of Ni complexes formed from the pyridyl ligands
described in Figure 2 for the electrochemical XEC. Reactions
were performed at room temperature and with secondary alkyl
electrophiles such that the most reactive and selective coupling
catalyst could be identified for this challenging class of alkyl
substrates. Electroreduction with a constant current of 3 mA
was performed in an undivided cell with a Ni-foam cathode and
a Zn anode. Reactions catalyzed by complexes of the tridentate
ligands L1, L2, and L3 all formed coupled products in low
yields along with significant quantities of protodehalogenated
byproducts (Figure 2a, entries 1-3). Consistent with previous
efforts,” complexes of these ligands undergo reduction at mild
potentials (>-1.3 V vs. F¢/Fc") and form unreactive catalysts for
XEC.3447 Metal complexes of bidentate ligands are generally
more reactive toward organic electrophiles than the analogous
complexes of tridentate ligands, even if the reduction potentials
of the complexes are similar. However, the resulting orga-
nonickel complexes of bidentate ligands are generally less sta-
ble than the tridentate analogs.*’ As an example, reactions with
the Ni complex of bidentate L4 results in complete conversion
of the aryl electrophile but predominantly forms aryl byprod-

ucts with only 13% yield of the cross-product (entry 4). We hy-
pothesized that electron-rich tridentate ligands could form cat-
alysts with reactivities that match those of bidentate ligands but
would exhibit greater stabilities of the organometallic interme-
diates. As such, we evaluated reactions catalyzed by Ni-com-
plexes of the x-type, tridentate ligand LS. Reduction of the
(L5)Ni complex requires a more negative potential than any of
the other complexes that were evaluated. Because of this low
potential, XEC reactions catalyzed by complexes of L3 that
were conducted with chemical reductants failed to generate
product and did not even consume the starting materials (see the
SI, Figure S2). In contrast, electrochemical reactions catalyzed
by same metal-ligand combination formed cross-products in
highest yields (43%) and with greatest selectivity over the un-
desired byproducts (entry 5).
2.5 mol% NiCly(dme)

0 e J@’O
Br 100 MM KPFg  ppy Ph

250 mM 1.25equiv RT,DMA,25eqe’

a. 2.5 mol% ligand

entry ligand Ejyj5 (NiL) %conv Y%Ar-H %Ar-R
1 L1 117V 37 16 20
2 L2 -127V 12 4 5
3 L3 -1.33V 36 10 5
4 L4 -1.42V 100 13 13
5 L5 -1.72V 50 7 43

MeBPI (L5) dtbbpy (L4) terpy L3) PyBox (L2) bpp (L1)

— ]
increasingly e"-donating

Figure 2. (2) Ligand evaluation for XEC. Reaction products were
quantified by calibrated GC analysis against dodecane as an inter-
nal standard. (b) Pyridyl-based ligands ordered by electron-releas-
ing properties.

Monitoring the reaction of entry 5, we discovered that most
of the coupled product was formed within the first electron
equivalent during electrolysis. This finding raised concerns
about the stability of the catalyst that operates at such low po-
tentials. Consequently, we monitored the voltaic profiles of the
anode and cathode during electrolysis with a pseudo-reference
electrode of Ag/Ag". Illustrated in Figure 3, the sacrificial Zn
anode operates at the expected potential for Zn oxidation (-1 V).
Similarly, the initial cathodic voltage of -1.75 V is consistent
with reduction of the (L5)Ni complex. However, electrolysis at
this expected potential is brief (<0.1e” equivalents), and the ca-
thodic voltage shifts to a more reducing potential of -1.9 V for
the remainder of the reaction. We hypothesized that this exceed-
ingly-low voltage could promote the degradation of the cou-
pling catalyst. Given the high reactivity and selectivity at the
initial stage of the reaction, we sought to gain further mechanis-
tic insight into this promising electrocatalytic system.
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Figure 3. Voltaic profiles of the Zn anode (red) and Ni-foam cath-
ode (blue) from standard reactions catalyzed by complexes of L5.

Studies on Catalyst Reactivity and Degradation. We first pre-
pared the LS5-ligated Ni complex (1) according to the synthetic
route illustrated in Figure 4. This complex is easily synthesized
on >50 g scales by ligation of the isolated LS or by templated
synthesis of the ligand around Ni(OAc),.*® Cyclic voltammetry
(CV) of 1 in electrolytes that mimic the reaction conditions re-
veals two reversible couples at -1.72 V and -1.96 V vs. Fc/Fc*
(Figure 4, black trace). While this second couple (-1.96 V) is
similar to the cathodic potential that was observed during elec-
trolysis, we discovered that complex 1 is rapidly converted into
the Ni(aryl) complex 2 when CVs are performed in the presence
of phenyl bromide (blue trace). The complex 2 was inde-
pendently synthesized by transmetalation of diphenyl zinc with
1, and CV analysis (red trace) of this isolated complex matches
the species that is formed during CV analysis of solutions con-
taining both 1 and phenyl bromide (blue trace). This rapid elec-
tro-induced activation of an aryl bromide by complex 1 is in
stark contrast to the inactivity of other Ni complexes of triden-
tate ligands (see the Supporting Information, Figure S5). The
rapid conversion of complex 1 to 2 in the presence of an aryl
bromide indicates that reduction through the second couple of
1 (-1.96 V) is not the origin of the observed potential during
catalytic reactions.

I I\
L5 N ZnPh, i N
Ni(OAc), — = N—Ni—OAc — = N—Ni—~<=>
MeOH S THF, S
74 \ -30°C 72 \
— ——
1, 96% 2,86%

&

current (1/A)
N O
o o Q

-50 T —LNiOAc (1)
-75 4 —LNiPh (2)
—LNIOAc (1) + PhBr
100 " t " t " "
25 .23 21 -19 <17 15 13  -11

potential (V vs. Fe/Fc*)

Figure 4. Synthesis and CVs of Ni complexes 1 and 2. Conditions:
5 mM in DMF with 0.25 M TBAPF; as electrolyte and a 100 mV/s
scan rate using a glass carbon WE and Pt CE. Potentials were cali-
brated with Fc as an internal standard.

We next investigated the reactivity of complex 2. Electrolysis
of stoichiometric quantities of Ni(aryl) 2 in the presence of cy-
clohexylbromide formed the coupled product in 95% yield.
These results confirm that 2 is an on-cycle intermediate to
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cross-coupling. However, electrolysis still occurred at a poten-
tial that falls between the two couples of complex 2. Because
overpotentials in the cell can shift the potential at which elec-
trolysis occurs from a measured redox potential, we sought to
chemically synthesize the reduced forms of the Ni(aryl) com-
plex 2 and evaluate their reactivities. Illustrated in Figure Sa,
the singly-reduced form of 2 can be prepared as the sodium salt
following chemical reduction with sodium anthracenylide.
Electron paramagnetic resonance (EPR) spectroscopy of the
paramagnetic anion 3 reveals an isotropic resonance with a g-
value of 2.014 (see the Supporting Information, Figure S1),
which is consistent with localization of the added electron at the
ligand.*** CVs of complex 3 reveal redox events at the same
potentials as those of its oxidized form (2) but occur with a non-
zero initial current (Figure 5b, red trace). The positive onset cur-
rent is consistent with immediate oxidation of 3 at the starting
potentials of the CV measurement (-1.1 V).

a. o
/N —INaG) Cy-Br Cy
N Na*Anth NS ow
/| (1 equiv) o 1h:17%
N—Nill-Ph ———= N—NiI"- &> — 12 h: 64%
4 AR Y Na*Anth- .
WY T
2 3, 34% = decomp. R
b.150 - C.
—> I}
1004 —3 @

N
/7 Br
N8 O’
L \N
LNiBr, 4

Erxn e

— <
W start <// start

DR R - SO SR
O W = N W o W s N ;W =
potential (V vs. Fe/Fc?) potential (V vs. Fe/Fc?)

()

current (uA)
5 o
S

3

-100

Figure 5. (a) Synthesis and reactivities of reduced forms of com-
plex 2. (b) CVs of the neutral complex 2 (black trace) and its re-
duced form (3, red trace). (c) CV of isolated LNiBr (4) in the pres-
ence of alkyl halide and a notation of the observed cathodic poten-
tial during catalysis (Fin). Glassy carbon WE, Pt CE, 0.25 M,
DMF, TBAPFs, 100 mV/s scan rate.

The anionic complex 3 is extremely air-sensitive but can be
stored in inert atmospheres for weeks and even subjected to el-
evated temperatures (70 °C) as a solution in DMF without deg-
radation. Addition of an alkyl electrophile to stoichiometric
quantities of 3 forms coupled products, but the rate of product
formation is much lower than the rate of product formation dur-
ing electrolysis. Specifically, electrolysis of 2 in the presence of
alkyl halide lasts only 30 minutes but forms coupled products
in quantitative yields. In contrast, stoichiometric reactions with
complex 3 (the chemically-reduced analog of 2) form coupled
products in low yield over the course of 12 hours (Figure 5a).
These results indicate that complex 3 is a kinetically incompe-
tent intermediate for the electrochemical reaction. Attempts to
further reduce the Ni(aryl) anion (3) with a second equivalent
of sodium anthracenylide through the redox couple at -2.1 V
resulted in rapid degradation of the complex with concomitant
formation of the main byproducts encountered in XEC reac-
tions: arene and aryl dimer (Figure 5a).
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Results from stoichiometric reactions of complex 2 at various
redox states rule out a mechanism of sequential electrophile ac-
tivation by a reduced Ni(aryl) intermediate.®?"*"3'=% We next
evaluated the reactivity of the Ni"(bromide) 4, which can form
upon catalyst turnover. Illustrated in Figure 5c, CV of complex
4 in the presence of added alkyl electrophile reveals a reduction
event with a catalytic current at the precise potential of the elec-
trochemical reaction. Reduction of analogous nickel halides is
known to generate low-valent metal centers that mediate rapid
halogen abstraction from alkyl halides to form carbon-centered
radicals.>>% The resulting radical is likely captured by the
Ni(aryl) complex 2 and subsequently coupled to the aryl frag-
ment.'”** Radical clock experiments reveal trapping of the rad-
ical to be dependent on the concentration of Ni in solution,
which is consistent with a bimetallic mechanism for electro-
phile activation and coupling (see the SI, Figure S4).36163
Opverall, these data reveal that while a cathodic potential of -1.9
V must be reached for effective XEC coupling, the Ni(aryl) in-
termediate is susceptible to rapid decomposition from reduction
at potentials below -2 V.

a. without overcharge protection i b. with overcharge protection

Re

4 ;
20V e)gle-19v | ;
ArH, Ar, [LNi] R-Bri

productive XEC

cathode

short circuit
when i > Keyt

decomposition
when i > Keyt

Figure 6. (a) Illustration of productive and destructive processes at
the cathode in reactions without shuttles for overcharge protection.
(b) Hlustration of degenerate shuttling of electrons when the cell
voltage approaches the potential of catalyst degradation.

Reaction Development. Guided by these mechanistic in-
sights, we hypothesized that catalyst degradation occurs be-
cause the required voltage to initiate XEC (-1.9 V) is within
only 100 mV of the onset potential for overreduction of the
Ni(aryl) intermediate 2. Illustrated in Figure 6a, competitive
overreduction at -2 V could easily occur as a kinetic reduction,
given the small difference in potentials, or could occur in reac-
tions with slow mass transport or catalyst turnover. As a result,
electrochemical reactions with catalytic quantities of complex
1 are low yielding, while electrolysis with stoichiometric quan-
tities of 1 reveal the complex to be highly reactive and selective
for XEC. To mitigate catalyst overreduction and degradation,
we sought to adapt strategies from the battery community that
were developed specifically for overcharge protection to XEC
reactions.*¢ 73

Despite the disparity in research areas, the energy-storage
community has encountered and resolved issues of overreduc-
tion or overoxidation that closely parallel the identified causes
of catalyst degradation in the targeted methodology.”’* Like in
the XEC reactions, a constant current is employed to charge bat-
teries to a preset capacity. However, electrode degradation over
time limits the charging capacity of the battery. As a result, aged
batteries are susceptible to dangerous overcharging beyond the
capacities of the storage materials. As a means to protect the
cathode from overoxidation, homogeneous redox shuttles are
added to electrolyte solutions of solid-state batteries. These
shuttles are often based on organic compounds with redox po-
tentials that are greater than the voltage needed to oxidize
(charge) the cathode. This design element allows the cathode to

charge without interference from the shuttle. Once the cathode
has reached its limited capacity, the oxidizing potential will in-
crease to maintain the constant current. It is once this high volt-
age is reached that oxidation of the shuttle commences, thereby
sparing the cathode of further oxidation. The solvated shuttle
can then diffuse to the anode and undergo reduction to short-
circuit the overcharging battery and regenerate the overcharge
protector (Figure 6). Thus, an overcharge protector is a catalyst
for shuttling electrons that is triggered only when electrolysis
exceeds the capacity of the system.

-2.2 -2.0 -1.8 -1.6 -1.4 -1.2

Exo)  Enn Ef) (V vs Fc/Fc*)

Figure 7. Redox potentials of the evaluated shuttles and of the cou-
pling catalyst 2.

The conceptual similarities between battery design and the
encountered challenges for electroreductive XEC led us to eval-
uate overcharge protection as a strategy that could sustain cata-
lyst activity when the applied current exceeds the rate of cata-
lytic turnover or mass transport. Plotted in Figure 7 are the
standard potentials of shuttle candidates that have been em-
ployed in non-aqueous flow batteries because of their reversible
redox chemistry and high persistence in all redox states (S1-
S5).757 These shuttles were deliberately selected because their
potentials bracket the key redox events of the coupling catalyst
2 (Figure 7, red and blue markers).

2.5mol% 1
O/ Br O 5 mol% shuttle H
+ ——
R Br 100 mM KPFg R/@ R
rt, DMA, 2.5 eq e
entry shuttle (E;,) R group %Ar-H %Ar-Cy
1 None -Ph 7 43
2 None —CO,Et 5 5
3 S$1(-1.21V) -Ph 11 9
4 S2(-2.21V) -Ph 18 22
5 S3 (-1.99V) -Ph 68 4
6 S4 (-1.82V) —Ph 3 97
7 S4 (-1.82V) —CO,Et 9 89
8 85 (-1.78 V) —Ph 13 71
9 7.5 mol% 1 only —Ph 18 74
10 7.5 mol% S4 only —Ph " 16

Figure 8. Evaluation of the effect of redox shuttles on the XEC
reaction. £y, values were measured against an internal standard of
Fc. Reaction products were quantified by calibrated GC analysis
against dodecane as an internal standard.

The electrochemical XEC reactions catalyzed by complex 1
were evaluated with co-catalytic quantities of added redox shut-
tles for the coupling of bromobiphenyl or bromobenzoate (Fig-
ure 8). Coupling of the benzoate electrophile was particularly
ineffective under the conditions with just 1 as catalyst (5%
yield, entry 2). Reactions performed with 5 mol% of the high-
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potential pyridinium shuttle (S1) significantly decreased the
yield of coupled product compared to the standard reaction (en-
try 3 vs 1) These reactions operate at low cell voltages (<0.2 V),
which suggests that S1 precludes reduction of the bond-forming
catalyst entirely. Shuttles with more negative potentials than the
coupling reaction (S2) failed to mitigate protodehalogenation
(entry 4). Similarly, reactions with just 5 mol% of benzothiadi-
azole S3 failed to yield cross products but proceeded with high
conversion and almost complete selectivity for protodehalogen-
ation (entry 5). This shuttle (S3) has a redox event that falls be-
tween the observed potential of electrolysis (-1.9 V) and the un-
stable redox couple of 2 (-2.1 V). These insights led us to eval-
uate shuttles with potentials that are more positive than that
which is required for electrolysis (>-1.9 V), but more negative
than the redox potential of 1 to allow for activation of the aryl
bromide (<-1.7 V). The homoleptic complex S4 with bis(pyri-
dylamino)isoindoline (BPI) ligands is one of the few systems

Journal of the American Chemical Society

with a reversible redox event (-1.8 V) that falls within this nar-
row range. Most importantly, reactions performed with co-cat-
alytic quantities of S4 resulted in dramatically improved yields
of coupled products for both bromobiphenyl and bromobenzo-
ate substrates (entries 6 and 7) over the standard reactions.
Moreover, these drastic improvements are not limited to reac-
tions with the Ni-based shuttle. A similar increase in the yield
of coupled products is observed from reactions with the Ru an-
alog S5 (entry 8), which falls near the edge of the targeted
range. Finally, we performed reactions with high loadings (7.5
mol%) of only 1 or only S4 to mimic the total loading of redox-
active compounds in entries 6 and 7. Reactions with the cou-
pling catalyst or shuttle alone generated products in signifi-
cantly lower yields of 74% (entry 9) and 16% (entry 10), re-
spectively, compared to 97% from reactions with both 1 and S4.
In addition to highlighting the synergy between the coupling
catalyst and overcharge protector, these data serve as a guide to
shuttle selection for future electrocatalytic systems.
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Chart 1. Substrate Scope”®

2.5mol% 1 R
Y/ﬁ/x R 5mol% S4
RT . *+ — YR
Sx B R . R—./j/\
0.1 M KPFg, Ni(=)/Zn(+) L
1.0 equiv 1.25 equiv rt, DMA, 2.5 eq e-
Secondary Alkyl Halides
(0] NBoc
EtO EtO EtO EtO EtO EtO EtO
0 o) o) o] o) o) o)
6,81%° e .
5, 82%b.¢ no shuttle, 5% 7, 91%b.¢ 8, 67%0:¢ 9, 80%bde 10, 89% 11, 95%
O NBoc
o)
0
0 Et0 EtO EtO. EtO OPh ¢
o
o o o) 0 o] o
16, 98% 17, 89%°
12, 80% 13, 99% 14, 75%> 1 15, 91%0F ° no shuttle, 010%,' 18, 83%°
O 00 o % 0 0 o) o}
S _0
NC FsC F Ph
19, ArBr: 91% 20, 98% 21, 88% 22,91% 23, 67% o o S o 25, 93%¢
o) o 0 o o o
o NBoc
H \O [I\j _N ~ N
26, 88% 27,53% 28, 36%¢ 29, 89% 30, 45%° 31, 33%°9 32, 80%¢

no shuttle, 3%'

o o Y 0 NBoc 0 N
i BN | S N \S 2 steps \S
P < o) —>» 0
N N N~ Ph

36, 97% Pridopidine
33, 55%°9 34, 75%9 35, 58%"9 100x scale, 95% 37,97% 38, 82%
Primary Alkyl Halides
(0}
cl Ph CeH13 OPh
N
EtO EtO.
Eo EtOW % EtO
o 0 o) I o o)
39, 93% 40, 90%° 41, 96% 42, 90%" 43,91%
X CN CN CN CN
EtO EtO. EtO (D/\/\/ /g\/\, Jij\/\/
~
o 0 o (0] F
44, 72%0F 45, 93% 46, 95% 47, 96% 48, 85% 49, 93%
J@r\/\/CN <OU\/\/CN @\/\/CN C(\/\/CN @Y\/\/CN
~ | | P k\/\/\/CN
50, 83% 51, 98% 52, 80%°%9 53, 72%%9 54, 78%%9 55, 81%

?All yields are isolated yields with reaction conditions of aryl halide (0.75 mmol), alkyl halide (1.25 eq), 1 (2.5 mol%), S4 (5 mol%), KPFs
(200 mM). 2.5 mol% PPh; added. ©1.5 eq alkyl bromide. ?1.75 eq alkyl bromide. ¢50° C./2 eq alkyl bromide. #Nal used in place of KPFg.
"No S4. ‘GC-FID yields with dodecane as internal standard.

Reaction Scope. With the combination of coupling catalyst XEC reaction for secondary alkyl electrophiles (Chart 1). Reac-
and shuttle, we first evaluated the scope of the electrochemical tions of aryl bromides and alicyclic bromides formed high
yields of cross products for all tested ring sizes (entries 5-9).
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The high-yielding reaction of cyclopropyl bromide under
slightly elevated temperatures (50 °C) is particularly surprising
because reductive coupling of this strained electrophile remains
rare and is generally low-yielding.!”? Similarly, both strained
(10, 11) and unstrained (12, 13) heterocyclic alkyl electrophiles
were found to be compatible with the XEC reaction, and cou-
pled products were isolated in excellent yields. In addition to
alicyclic electrophiles, acyclic alkyl electrophiles undergo cou-
pling without isomerization of the radical intermediate to afford
products in high yields (14-16).

We next evaluated the scope of the aryl halide in coupling
reactions with secondary alkyl electrophiles. Despite the reduc-
ing conditions, reactions of bromoaryl sulfones or nitriles form
cross products in excellent yields without parasitic reduction of
the functional groups (19, 20). Such couplings allow Pridop-
idine (38), a late-stage drug candidate,® to be rapidly assembled
from common electrophiles in high yield (82% overall). Simi-
larly, (Z)-vinyl bromides undergo electroreductive coupling
without isomerization and form products in excellent yields
(89%, 29) and with complete retention of the (Z)-stereochemis-
try. Haloaryl acetamides or ketones are directly compatible and
do not require protection of the respective protic or enolizable
groups (26 and 18). While electron deficient aryl bromides are
generally most reactive, electron-neutral and electron-rich bro-
moarenes form products in high yields under the mild condi-
tions. However, reactions of substrates with extremely electron-
releasing groups, such as para-dimethylamino, formed cross
products with secondary electrophiles in only modest yields
(36%, 28). Notably, the analogous reaction of a dimethylamino
bromobenzene and a primary alkyl electrophile forms near-
quantitative yields of coupled products (50). These latter exam-
ples highlight the challenge of coupling secondary alkyl elec-
trophiles compared to primary alkyl electrophiles.

Finally, we investigated reactions of secondary alkyl electro-
philes and heteroaryl bromides. Such XEC reactions remain
rare,!7?381:82 and their electrochemical analogs are unknown.
The developed methodology was directly extended to couplings
of heteroaryl substrates and generated products in modest to ex-
cellent yields. Couplings of 2-bromopyridines and secondary
electrophiles proved most challenging, but pyridyl piperidines
(30) or oxetanes (31) were still isolated in 45% and 33% yields,
respectively. In contrast, reactions of 3- and 4-bromopyridines
or quinolines are generally high-yielding (entries 32-35). In ad-
dition to reactions of secondary electrophiles, the electrocata-
lytic system was successfully applied to the coupling of primary
alkyl bromides with a variety of aryl and heteroaryl bromides.
In particular, reactions of the most challenging classes of aryl
or heteroaryl electrophiles that were identified above, including
2-pyridyl bromides (53), ortho-substituted bromobenzene (52),
or para-dimethylamino bromobenzene (50), all formed prod-
ucts in excellent yields. Finally, we note that reactions do not
require rigorously-inert conditions, and mixtures can be pre-
pared outside of a glovebox. Further simplifying the methodol-
ogy, the target combination of 1 (2.5 mol%) and shuttle S4 (5
mol%) can be directly generated by prestirring the appropriate
ratio of LS and Ni(OAc), (3:2) at 80 °C in MeOH for 1 h. Upon
cooling, an air-stable powder can be isolated by filtration and
directly employed as catalyst to form coupled products with no
reduction in yield.

Overall, reactions with the developed electrocatalytic system
were found to be applicable to a broad range of substrates with
high reliability and to be easily scaled (100-fold scale, 75 mmol
of 36). The impact of the developed strategy is undetscored by
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the extreme differences in product yields from reactions with
added the shuttle and those without. Products 6, 17, 24, and 26
were isolated in a combined average yield of 88% from reac-
tions performed under the standard conditions but are formed
with an average yield of only 10% in the absence of the shuttle.
These findings suggest that desirable catalysts — previously
evaluated to be ineffective for cross coupling — could exhibit
high coupling activity when paired with the appropriate shuttle.

Role of the Shurtle. The success of the catalyst/shuttle pair
inspired us to gain further insight into the role of the shuttle,
such that catalyst pairings can be rapidly developed in future
methodologies. We first performed catalytic reactions with in-
creasing quantities of the shuttle 84 and monitored both product
formation and consumption of starting materials. As summa-
rized in Figure 9, reactions under the standard conditions of
2.5%-5% S4 formed products in high yields (blue trace). Omit-
ting the shuttle results in reactions that generate products in low
yields yet still consume the majority of the alkyl electrophile
(red trace). Reactions with high loadings of S4 (10%-20%) sim-
ilarly formed low yields of product but contained significant
quantities of unreacted starting materials. Because 2.5 equiva-
lents of electrons were applied to all reactions, these data pro-
vide insights into the electron utilization with different shuttle
loadings. Specifically, a significant portion of the reducing
equivalents are consumed for parasitic degradation of the start-
ing materials in reactions without S4. In contrast, a high con-
centration of the shuttle prevents these reductive degradations
but also inhibits product formation. An identical correlation be-
tween shuttle loading and conversion is observed for reactions
of bromobenzoate (see the SI, Figure S6). We hypothesize that
electrons are preferentially shuttled back to the anode rather
than utilized for coupling in reactions with high concentrations
of S4. These degenerate redox events (reduction of S4 at the
cathode and oxidation of 84~ at the anode) are a low-voltage
alternative to cross coupling and represent a short circuit. An
accounting of the electrons that were utilized for coupling pro-
vides further evidence that high loadings of S4 promote unpro-
ductive ET. Specifically, the total quantity of converted reac-
tants and formed products in reactions with high loadings of S4
accounts for only 52% of the applied electrons during electro-
reduction. The remaining 48% of the passed electrons remain
unaccounted for and were likely consumed by degenerate elec-
tron shuttling, rather than bonding-forming processes.

2.5mol% 1
/@,Br O x mol% shuttie
+ —()—)
Ph Br 250 mM KPFg Ph
0.75 mmol 1.25 equiv rt, DMA,2.5eqe" 92% at 30 mA (1.7 h)
100
0O % product yield
80 1 O % remaining Alk-Br
3 60 1 0
2
£ 40§ D
B .. ]
20 &% remaining Ar-Br
0 ¥ + +
0 5 10 15 20
% loading of shuttle S4

Figure 9. Effect of the shuttle loading on the formation of product
(blue trace) and consumption of alkyl and aryl bromides (red and
black traces).
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These insights suggest that the shuttle serves as an internal
limiter that is enabled when the rate of electrolysis (current) ex-
ceeds the rate of catalysis. This concept led us to evaluate reac-
tions at high currents that would be limited only by the turnover
frequency of the coupling catalyst. High current densities are
particularly important for chemical throughput, but electrore-
ductive reactions are generally performed at low current densi-
ties (<0.5 mA/cm?).**33 Similarly, highest yields are obtained at
low currents with the standard loadings of shuttle. However re-
actions conducted with slightly increased loadings of S4 (10
mol%}) and Ni-cathodes of just 1 cm x 1 ecm submerged in solu-
tion can be performed at currents up to 30 mA to generate cou-
pled products in high yields (92%) in under 2 h.3* The impact
of the high current densities on product throughput was high-
lighted by a reaction that was performed on a 75 mmol scale
(>17 g) at 400 mA to form the cross-product 36 in 85% yield
after just 12 h. The slight decrease in yield is likely the result of
elevated temperatures (35-40 °C) that result from the increased
resistance due to the large electrode separation and high current
density at the Zn plate. We anticipate that even greater through-
put with no loss in yield can be achieved with improved engi-
neering of the reactors or by performing the reactions in flow.

A
N / _ 30 mM $4
N 156 vs. 2
N—-N—=> + O ——
SN Br 0.1 M KPFg, rt, DMF
» N ) Ni()/Zn(+)
30mM Sy 100 mM no $4: >95% (0.9 V)
with 84: 86% (0.7 V)
09 I~ anodic potentials ()
B .,
% 11 S e—
w
é-1.3 1 LNiPh (2) only
25 Eeet =09V LNiPh (2) + S4
g Eat=07V | Ni(s4) only
§-17 Ee=0.1V
3 |
E———— e
-1.9
cathodic potentials (s}
21 ' + '

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
e~ passed (mAh)

Figure 10. Comparison of operating potentials of the anodes
(dashed lines) and cathodes (solid line) from the stoichiometric re-
actions illustrated above.

Finally, we sought to gain further insight into the redox
events at the anode and cathode under the developed conditions.
Degenerate ET by the shuttle would result in anodic and ca-
thodic voltages that are both at the standard potential of S4 (£
= -1.82 V) and a net cell voltage of zero. Electrolysis under the
catalytic conditions with a pseudo-reference electrode failed to
reveal significant changes to the anodic or cathodic potentials
when reactions were performed with or without S4. We attrib-
ute these results to the low concentrations of shuttle in solution,
such that Zn oxidation is the predominant reaction at the anode
compared to the occasional oxidation of S4-. Consequently, we
performed studies with high concentrations of shuttle and stoi-
chiometric quantities of the isolated Ni(aryl) intermediate 2 in
the presence of excess alkyl electrophile. Illustrated in Figure
10 (red trace), electrolysis of 2 in the absence of added shuttle
formed coupled product in quantitative yield and occurred with
an Fen 0f 0.9 V. The pseudo-reference electrode reveals that the

measured cell voltage results from oxidation at -1 V (vs F¢/Fc*)
and reduction at -1.9 V. Electrolysis performed with added S4
had no change in the operating potential of the cathode, but
shifted the potential of the anode to a more negative voltage (-
1.1 V, black trace). Because S4 has no redox event at -1.1 V,
the negative shift in anodic potential is likely the result of com-
petitive oxidation of the reduced shuttle at -1.8 V in preference
to Zn (-1 V). Additionally, the yield of coupled product is only
85%, and quantitative yields required an additional 0.5 equiva-
lents of e-. These results indicate that a significant portion of
the reducing equivalents were consumed through degenerate
shuttling rather than coupling. A more drastic shift in anodic
potential was observed when electrolysis was performed with
only the shuttle in solution (blue trace). With no possibility for
cross coupling, the anode and cathode operate at nearly identi-
cal potentials of -1.8 V. The resulting Ecen of just 0.1 V is con-
sistent with a degenerate transfer of electrons by the shuttle.

CONCLUSION

In summary, this work details the strategic integration of re-
dox-active molecules developed by the energy-storage commu-
nity into electrochemical XEC reactions to protect desirable
coupling catalysts from overreduction. The resulting electrocat-
alytic system is practical, scalable, and broadly applicable to the
reductive coupling of a wide range of aryl, heteroaryl, or vinyl
bromides with primary or secondary alkyl bromides. The dra-
matic influence of overcharge protection on coupling reactions
is particularly striking in outcomes of reactions of secondary
alkyl electrophiles, which are generally lower-yielding and less
reliable than reactions of primary alkyl electrophiles. Specifi-
cally, isolated yields of such reactions with overcharge protec-
tion generally exceed 80%, while unprotected reactions form
coupled products in less than 20% yield.

The generality of this coupling system rivals or exceeds the
current state-of-the-art for XEC reactions that often require su-
perstoichiometric additives, expensive reductants, or specially-
designed ligands. In contrast, the developed reactions are per-
formed (7) with inexpensive catalysts and shuttles that are ac-
cessible in a single step on >50 g scales, (ii) at ambient temper-
atures with a strip of Zn, and (i) at high currents on large
scales. Detailed mechanistic studies of isolated organometallic
complexes in their various redox states were critical in identi-
fying decomposition pathways and developing catalyst-shuttle
pairs. To the best of our knowledge, this report represents the
first example that explicitly details overcharge protection as a
strategy for improving electrocatalytic methodologies. How-
ever, we anticipate that overcharge protection could be a gen-
eral strategy for the protection of desirable electrocatalysts from
overreduction or overoxidation and applicable to a wide range
of electrochemically-induced catalytic reactions.
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measurements of capacitance. Here, the apparent current den- and the current density based on electrochemically-measured
sity is 15 mA/cm? (30 mA ata 1 cm x 1 cm piece electrode) area is 6.7 mA/cm?,
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