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ABSTRACT: One of the most oft-employed methods for C-C bond formation involving the coupling of vinyl-halides with al-
dehydes catalyzed by Ni and Cr (Nozaki-Hiyama-Kishi, NHK) has been rendered more practical using an electroreductive
manifold. Although early studies pointed to the feasibility of such a process those precedents were never applied by others
due to cumbersome setups and limited scope. Here we show that a carefully optimized electroreductive procedure can enable
a more sustainable approach to NHK, even in an asymmetric fashion on highly complex medicinally relevant systems. The e-
NHK can even enable non-canonical substrate classes, such as redox-active esters, to participate with low loadings of Cr when
conventional chemical techniques fail. A combination of detailed kinetics, cyclic voltammetry, and in situ UV-vis spectroelec-

trochemistry of these processes illuminates the subtle features of this mechanistically intricate process.

INTRODUCTION

The venerable Nozaki-Hiyama-Kishi (NHK) reaction, first
discovered in 1977! and formalized in 19862 is one of the
most useful and reliable C-C bond-forming reactions in or-
ganic synthesis (Figure 1).3 It generally involves the cross-
coupling of an alkenyl halide with an aldehyde through the
use of stoichiometric Cr and catalytic Ni to afford an allylic
alcohol product.* Versions of this reaction that are catalytic
in Cr have emerged using a stoichiometric metal reducing
agent,’ and asymmetry can be induced using chiral sulfona-
mide-based ligands.¢ Applications of the NHK reaction are
manifold and have emerged in natural product total synthe-
sis,” medicinal chemistry, and even process chemistry set-
tings. In fact, the commercial route to the FDA-approved,
natural product-inspired medicine Halaven utilizes this re-
action more than once.8 Given the enabling nature of this re-
action and its documented utility in industry, a more sus-
tainable variant was pursued to avoid the use of the often
superstoichiometric quantities of reducing agents em-
ployed to render the reaction catalytic in Cr. In theory, the
most inexpensive path to achieving this is through electro-
reductive means, and three reports point to this proof of
concept as highlighted in Figure 1B.%-11 Grigg showed that a
Pd-variant of the NHK could be achieved in a divided-cell
setup,® whereas Tanakal® and Durandetti!! demonstrated
galvanostatic means for achieving NHK reactions with Ni
catalysts. The issues with these early studies were the poor

substrate scope, difficult setups (divided cell or reference
electrodes), and the use of expensive electrodes such as Pt.
We thus undertook a clean-slate approach to evaluate if the
shortcomings of the prior art could be addressed to over-
come these limitations, which have so far prevented any ap-
plication of these electrochemical methods. In this work an
electroreductively driven approach to the NHK reaction is
reported that exhibits a broad substrate scope for real-
world substrates and is operationally simple and demon-
strably scalable. Exemplified herein is the ability to employ
not only alkenyl halides in complex settings (both racemic
and with asymmetric induction) but also redox-active es-
ters.1213 The latter transformation previously required four
equivalents of Cr salts and could not be rendered catalytic
through conventional chemical strategies.'* Finally, insights
are provided into both the canonical NHK and electrochem-
ical variant through a combination of detailed kinetics, cy-
clic voltammetry, and in situ UV-vis spectroelectrochemical
studies.

ELECTROCHEMICAL NOZAKI-HIYAMA-
KISHI COUPLING: DEVELOPMENT AND SCOPE
Optimization studies began using alkyl aldehyde 1 and
alkenyl bromide 2. In its final manifestation a 62% isolated
yield of allylic alcohol 3 could be obtained using only 20 mol%
Cr (Table 1, Top). Operationally, the setup uses a simple
commerecial potentiostat, and basic precautions to limit oxy-
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Introduction to Nozaki—-Hiyama—Kishi (NHK) Coupling

A [Chemical Approaches: State of the Art]
[Ni], [Cr]
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H R T [Stoichiometric Reductants] R2
+ | > R
R = Aryl, R3 [references 1-7] |
Alkyl R3
B [ Electrochemical Approaches: Guiding Precedents |
Grigg, 1997 O
o) OH
X + R2-X Cr(ll)/Pd(Og N ldivided cell]
g1t H CloPE R R* [palladium]
i R = Aryl, Alkeny! (+)C/(=)Pt i
F X=8Br F

Tanaka, 1999 G
o] -
[undivided cell]

H
L - B | Br NiBry/CrCly g2 g1 [one example for
H R > | aliphatic aldehyde]

R = Aryl, R3 (HAI)PE R3 [platinium cathode]
Alkyl
Durandetti, 1999 and 2001
(o] o OH
Rz-X bpy [undivided cell]
N H + RZ=Ay, ———— R2[one example for
RiY = Alkenyl  (H)SS/C)PL R / a[liphatic aldpehyde]
X=8Br,Cl
c
[o] 0 OH
A+ e -
H R! [Electrochemical Nozaki-Hiyama—Kishi] R? "R
R = Aryl, Alkyl; R? = Alkenyl, Alkyl
X =Br, NHPI
[undivided cell] [no stoichiometric reductant] [> 60 examples]
[scalable] [high functional group tolerance] [applications]

FIGURE 1. Introduction to Nozaki-Hiyama-Kishi coupling.

gen and water content are employed (reactions conducted
with an Ar balloon). As the NHK reaction historically con-
sists of numerous reagents and additives, several iterative
rounds of optimization were conducted to arrive at the final
protocol. At the outset, known literature conditions (Table
1, entries 1-4) were applied to these substrates leading to
low isolated yields with no remaining starting materials.
Although the conditions of Durandetti and Perichon!tt de-
livered the highest yield (entry 3, 12% under the same con-
ditions that led to similar yields of exact products reported
in that paper), they were not a basis of our further optimi-
zation due to the experimentally onerous requirement for a
pre-electrolysis of a stainless-steel anode (along with care-
fully weighing to determine the amount of metal removed)
followed by exchange with an iron anode. Similarly, entries
1 and 2 were problematic due to the requirement of slow
syringe pump addition of the aryl halide along with the need
for careful control of potential (reference electrode). Alt-
hough the yield was low, the Tanaka conditions?0 (entry 4)
benefitted from a more practical procedure with a simple
undivided cell setup and were therefore chosen as a frame-
work from which to optimize. The development of a syn-
thetically useful e-NHK reaction required exploration of five
main parameters: (1) oxophilic additives, (2) ligands for Ni,
(3) Ni source, (4) Cr source, and (5) electrochemical param-
eters (electrode, electrolyte, current). A summation of this
study (for a more extensive summary, see SI) is outlined in
Table 1 (entries 5-18). The use of Cp2ZrClz (0.5 equiv) was
found to be superior to other common oxophilic additives
such as silyl chlorides (entries 5 and 6). A ligand screen
demonstrated that phenanthrolines performed better than
bipyridines, and that n-Bu substitution at 2 and 2' (L1) fur-
ther improved the reactivity (entries 7-10). The Ni and Cr
sources also played a vital role in reaction efficiency with

Reaction Development and Optimization?

Ph "0 NiCly+glyme (2 mol%), OH

1 L1 (3 mol%)
+ CrCl, (20 mol%) o PR =z
B -
ST G,z (0.5 equiv), TBAB (0.1 M) °
o | DMEF, (+)Al/(=)Ni foam o\)
</0 2(2 equiv) 3, 62%b

Ecen =2V, 4 F/mol
entry state-of-the-art electrochemical methods yield (%)°

1d Reference 11a [Ni (20%), Cr (40%), NiBro*bpy (6.7%)] <10
2d Reference 11b [Ni (10%), Cr (20%), bpy (10%), Fe(+)] <10

3d Reference 11b [Ni (7%), Cr (3%), bpy (3%), Fe(+)] 12
4 Reference 10 [no ligand, TMSCI, Pt(-)] <10
entry deviation from above yield (%)°
Additives
5 no Cp,ZrCl, 20
6 TMSCl instead of Cp,ZrCl, 23
Ligand source
7 no Ligand 37
8 L2 instead of L1 24
9 L3 instead of L1 36
10 L4 instead of L1 54
Nickel source
1 no NiCly*glyme <5
12 NiBr, instead of NiCl,*glyme 40
Chromium source
13 CrCly instead of CrCl, 35
Electrochemical parameters

14 Fe as anode instead of Al 36
15 RVC as cathode instead of Ni foam 42
16 TBAPFg instead of TBAB

17 constant current =10 mA

18 no electric current

N /

N
N N
R

L2:R=H

L3: R =Me
TABLE 1. Development and optimization of the e-NHK
coupling. 0.2 mmol. ’Isolated yield. <Yields determined by
crude 'H NMR using 1,3,5-trimethoxybenzene as the inter-
nal standard. 4Cr(II)/Ni(I1l) are generated from stainless
steel anode (304L, Fe/Cr/Ni=72/18/10).

NiClz-glyme and CrClz proving optimal (entries 11-13).
Electrochemically, an inexpensive Al-based sacrificial an-
ode and Ni-foam cathode provided higher yield and both the
electrolyte (TBAB) and current settings (constant potential,
undivided cell, no reference electrode) were optimum (en-
tries 14-18).

With a concrete set of conditions in hand, the scope of e-
NHK was evaluated as depicted in Table 2 with direct com-
parison in nearly all cases to past precedent (Tanaka, Table
1, entry 4). Aside from operational complexities of past e-
NHK methods, the demonstrated use of alkyl aldehydes was
severely limited as well as the range of usable alkenyl hal-
ides. In this work a variety of both coupling partners could
be employed—encompassing a broad range of functional
groups such as esters (8, 11, and 21), heterocycles (11, 16,
and 17), ethers (10, 12, 20, and 23), alkynes (10), alkyl
chlorides (9 and 19), sulphones (22), and imides (25). The
range of suitable aldehydes was also expanded to include
o,B-unsaturated (31) and aryl systems containing cyclopro-
panes (37), saturated heterocycles (33), and alkyl chlorides
(32).

ASYMMETRIC VARIANT

Kishi’s breakthrough discovery on the use of ligands to in-
duce asymmetry was also translated to this electrochemical
variant as depicted in Scheme 1.6 In this case, a stainless ste-
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TABLE 2. Scope of the e-NHK coupling. Yields of isolated products are indicated in each case; yields in parentheses are from
reactions under Tanaka's condition determined by crude 'H NMR using 1,3,5-trimethoxybenzene as the internal standard.
TBAB = tetra-n-butylammonium bromide. Standard reaction conditions: aldehyde (1.0 equiv), alkenyl bromide (2.0 equiv),
NiClz-glyme (2 mol%), L1 (3 mol%), CrClz (20 mol%), Cp2ZrClz (0.5 equiv), TBAB (0.1 M), DMF (0.08 M), Al(+)/Ni foam(-),

Ecen = ZV, 4F/mol

Electrochemical Nozaki—-Hiyama—Kishi (NHK) Coupling

2 3 NiClg-glyme (2 mol%), L1 (3 mol%) OH
JOJ\ el CrCl, (20 mol%) 1 R3
U e Cp,»ZrCly (0.5 equiv), TBAB (0.1 M’ |
(1 equiv) (2 equiv) DMF, (+)AI/(=)Ni foam R2
a a Egen =2V, 4 F/mol

*Yields in parentheses are from reactions under Tanaka's condition (reference 10).

Alkenyl Bromide Scope

Sy K

4,66% (33%) 5, 63% (34%) 6, 54% (8%)

PhW\/OTHP

10, 40% (<5%) 11, 33% (<5%)

15, 27% (11%)

16, 62% (34%)

20, 36% (10%) 21, 52% (<5%)

25, 58% (<5%) 26, 21% (<5%)

OH
ph/\/HngPh

7, 66% (17%)

)W& J\D h/\woms ph/\)\/\w ph/\)\/\

12, 61% (<5%)

OH
PhWCy ph/\/vm /\)\/\O h/\/ﬁ(\
P (o] /
N OMe

17, 44% (<5%

OH OH ~ Me
Ph
Ph/\WOTBS Ph/\/V\/\COZIBu |

22, 61% (<5%)

OH o
PhA/H@% PhAW J\<
o

27, 53% (1 71 dr)
(<5°/o)

OH OH
CO,B
Ph/\/Hr\/ 2 Ph/\MQ

8, 54% (<5%) 9, 71% (26%)

13 39% (13%) 14, 55% (19%)

ph/\WCI

19, 50% (<5%)
OH
Phw "Bu

24, 41% (<5%)

18, 39% (1 0%)

TR |
SO,Ph _OTBS
23, 50% (<5%)

OH Me OH
28, 51% 29, 56%

Aldehyde Scope

(R = Cyclohexane
31, 56%

(R= Cyclohexene) 32, 69% 33, 75% (31%)

Me
R Me
36, 59% (32%)
OH
30, 59% ) cl

34, 66% (1:1 dr) (1:1 dr)

" A
oh ., OH
/]\/ )i
Me

37, 54% (1:1 dr)

i ""e 35, 63%

Z 38, 71% (28%)

el anode proved ideal in terms of conversion and enantio-
control, which was modest (4.5:1) but on par with that ob-
served in the purely chemical version (cf 44). The main dif-
ference in the experimental setup involves a pre-coordina-
tion event of the ligand to the Cr salt and proton sponge (1
h) followed by addition to a solution of the remaining com-
ponents and subsequent electrolysis. In contrast to prior re-
ports, the electrochemical variant described herein does
not require 2-3 equivalents of a metal reducing agent (Mn)
and a full equivalent of Zr.6d

With viable conditions for both the classical and asymmet-
ric NHK variants, five real-world examples of the latter
manifold were pursued using internal Eisai intermediates,
some of which are relevant to Halaven itself (Scheme 2).82-¢

The chemoselectivity of these transformations is notable
and bodes well for adoption on a larger scale. Thus, alde-
hyde 46 could be employed to deliver allylic alcohol 47a or
47b as the major product as controlled by the ligand choice
(Scheme 2A). Similarly, aldehyde 48 could be engaged by
alkenyl bromide 49 bearing homoallylic chloride to furnish
either diastereomer as the major product (Scheme 2B). The
complex sugar-derived aldehyde 5 could be easily alkenyl-
ated to controllably provide diastereomer 52a or 52b
based on the stereochemistry of the ligand employed
(Scheme 2C). The preparation of 52a was accomplished on
gram-scale demonstrating the robustness and scalability of
the e-NHK protocol. Even when both components were
complex, oxygen-rich architectures, a serviceable yield of
product was obtained with complete control of diastereose-
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Enantioselective Electrochemical Nozaki—-Hiyama—Kishi (NHK) Coupling

NiCly+glyme (2 mol%), L1 (3 mol%)
in situ generated Cr-complex
[CrCl5 (20 mol%), L* (22 mol%), Proton sponge (22 mol%)]>

Cp,ZrCl, (0.5 equiv), TBAB (0.1 M), MeCN,

1 (1 equiv) 39 (2 equiv) (+)Stainless steel/(—)Ni foam 40, 68% (4.5:1 er) Pr O:§:°
= n-pentyl Egen =2V, 4 F/imol A A Me
Optimization Table Scope OH OH
entry anode solvent? yield (%)? erb Ph/\w ph/\)ﬁ(\/ ~
1 Al DMF 50 1.1:1
41, 52% 42, 61%
2 Al THF <5 n.d.c 4.2:1er 4.0:1 er
3 Al MeCN 18 3.0:1 OH OH
4d Al DMF 50 1.1:1 Ph/\)\/\/\/ ph/\)\/\/\/
5e 42 1.1:1 43, 81% 44, 69%
A 1 1.2:1 er 1.3:1 er (1.6:1 er)f
6 Mg MeCN <5 n.d.
OH
7 Fe MeCN 65 3.8:1 45, 80%
) PN = 1.4:1 er
8 Stainless steel MeCN 68 4.5:1 Ph

M
N R

SCHEME 1. Enantioselective version of the e-NHK coupling. “Used for both Cr-complex formation and electrochemical
reaction. ’Yields determined by crude 'H NMR using CH:Br as the internal standard; er determined by Mosher ester analysis.
cNot determined. “DIPEA was used for Cr-complex formation instead of proton sponge. €CHsCN was used for Cr-complex for-
mation; DMF/CHsCN (4:1 v/v).fer reported by Kishi et al. using stoichiometric CrCl-L* complex.

lectivity (Scheme 2D). Notably, this example demonstrates
the use of enol triflates in the e-NHK reaction. Finally, a mac-
rocyclizing e-NHK reaction was successful on aldehyde 56,
delivering Halaven intermediate 57 in good yield (Scheme
2E).

ELECTROCHEMICAL DECARBOXYLATIVE
NOZAKI-HIYAMA-KISHI COUPLING

Attention then turned to a recent disclosure using redox-ac-
tive esters (RAEs) in the NHK reaction (Scheme 3). In that
work,!* all four equivalents of Cr were needed to achieve
good conversion (Scheme 34, entry 1). Despite multiple at-
tempts, the use of exogenous metal reducing agents with
lower Cr levels proved unsuccessful (entry 2). In stark con-
trast to conventional NHK reactions (vide supra), this prob-
lem was singularly addressed using electroreductive condi-
tions, which in optimized form delivered a good yield of ad-
duct 85 from aldehyde 59 and RAE 58. In this transfor-
mation, a silyl chloride was found to be optimal rather than
a Zr-based oxophilic additive (entries 3-5). The use of CrCl3
rather than CrClz, a lower current (2.5 mA vs 5 mA, entry 7)
and a Ni-foam cathode (entry 8) proved essential. The scope
of this coupling was found to be identical to the chemical
variant and in nearly all cases provided a similar conversion
to that reported previously using only 20 mol% Cr vs four
equivalents and only one equivalent of RAE vs two. In a few
cases however (Scheme 3C), chemical conditions proved
superior (81, 83, and 84).

KINETICS INVESTIGATION OF
ELECTROLYSIS

From a mechanistic standpoint, the classical NHK reaction
has been evaluated only sporadically and thus in-depth
study was pursued in this work. Figure 2B outlines the main
mechanistic observations supported by kinetics, cyclic volt-
ammetry, and UV-vis spectroelectrochemistry. The pro-
posed classical NHK mechanism adapted to the

BULK

electrochemical protocol is shown in Figure 2A (left). The
proposed mechanism involves a complex set of intercon-
nected cycles: low-valent Ni activates the vinyl halide in one
cycle, while Cr turns over the Ni catalyst and is in turn re-
duced by an external chemical reductant. Cr participates in
a second cycle involving transmelation of the vinyl-Ni(II)
species, followed by aldehyde addition and trapping of the
resulting Cr alkoxide species to provide the product. These
cycles may be envisioned as a set of connected cogs, mean-
ing that the overall rate will be controlled by the slowest cog
(cycle). To our knowledge no detailed kinetics studies have
been performed. We undertook kinetic studies!s of both the
classical NHK and the optimized e-NHK to develop further
comparative insight into the mechanism. As shown in Fig-
ure 2C, both protocols show a slight induction period, but
the e-NHK reaction proceeds nearly twice as rapidly as the
classical reaction using a chemical reductant. In addition,
the e-NHK reaction shows overlay in the “same excess” pro-
tocol of reaction progress kinetic analysis (RPKA, see SI), in-
dicating no erosion of electrode efficiency over the course
of the reaction. Further studies probed the effect of concen-
trations of reactants, Ni, Cr, or Zr, as well as the effect of
changing current (for e-NHK) and Mn reductant (for classi-
cal NHK) (see SI). For both protocols, little change in rate
was observed with changes in any of these variables, with
the exception of the concentration of Cr and, in the case of
e-NHK, current. These findings suggest that the Cr(III) re-
duction step controls the overall rate of the complex set of
reactions. This reveals an advantage of the e-NHK over the
classical reaction: the rate of the Cr reduction step may be
increased by increasing the current, while increasing the
concentration of the chemical reductant failed to substan-
tially alter the reaction rate. As discussed above, the e-NHK
protocol allows coupling of redox-active esters that fail in
the classical NHK protocol. This striking difference is
demonstrated by comparing the reaction progress profiles
of the two protocols for the reaction of RAE 58 with aldehy-
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Application of the Enantioselective Electrochemical Nozaki—-Hiyama-Kishi (NHK) Coupling

A JI\/\/\
Br Me
NiCly*glyme (2 mol%), L1 (3 mol%)
)o H i situ generated Cr-complex (20 mol%) MeO. J 5 MeO l/
MeO. W > OTBS Me OTBS

\ 0  CpyZrCl, (0.5 equiv), TBAB (0.1 M) Me Me
Me Me OTBS MeCN, 4AMS R = n-pentyl
46 (+)Stainless steel/(-)Ni foam 47a, (9)- Ligand 67% yield, dr (-OH:-OH) = 4.4:1 (0 °C, dr = 5.3:1)
Ee1 =2V, 6 F/mol 47b, (R)-Ligand: 71% yield, dr (-OH:-OH) = 1:4.5
B Br CI
A A _~_oTBOPS 49
0 NiCl,+glyme (10 mol%), L1 (15 mol%) ‘0
Bzo/\/Y in situ generated Cr-complex (40 mol% OTBDPS OTBDPS
48 H Cp,ZrCl, (1.0 equiv), TBAB (0.1 M), MeCN, 4A M5
(+)Al/(=)Ni foam, Eg =2V, 6 F/mol 50a, (S)-Ligand: 55% yield, dr (- OH) =
50b, ( )-Ligand: 52% vyield, dr( )=
(o] OH

W H BN R= ¥ cotBu

0 NiCly*glyme (2 mol%), L1 (3 mol%) MeO C\)f
in situ generated Cr-complex (20 mol%) 2 0”:

0
A > H
S Cp,ZrCly (0.5 equiv), TBAB (0.1 M) o
51 @ MeCN, 4A MS

(+)Stainless steel/(—)Ni foam

i 52a, (S)-Ligand [4 mmol]: 65% yield, dr (-OH:-OH) >20:1
Eoen =2V, 6 F/mol 52b, (R)-Ligand: 73% yield, dr (-OH:-OH) = 14:1
MeO MeO
D oTf % SOzPh % SOzPh
“Me e S N0 e )
MeO, SO,Ph TBSO TBSO
O OPiv Ho
}—7/\/\ TBSO TBSO TBSO TBSO
(0] \A\ 54
TBSO H O NiCl,+glyme (10 mol%), L1 (15 mol%) )
TBSO in situ generated Cr-complex (40 mol%) - )—7/\/\0p|\/ }_/\/\OPIV
53 Cp,ZrCl, (1.0 equiv), TBAB (0.1 M), MeCN, 4A MS
(+)Stainless steel/(-)Ni foam, Ege) = 2 V, 6 F/mol 55a, (S)-Ligand: 31% yield, dr (-OH:-OH) >20:1
55b, ( R)-Ligand: 32% vield, dr( -OH:-OH) >20:1
E MeO H oTBS MeQ OTBS

(j/\ﬂ/ 0 | A~_..0TBS (j/\n/
e TBSO
TBSO\{ o, o f OTBS NiCly*glyme (10 mol%) \y o—-, 0

L1 (15 mol%)
in situ generated Cr-complex (20 mol%) TBSO o

| Cp,ZrCl, (1.0 equiv), TBAB (0.1 M),
Me MeCN, 4A MS, ¢ = 20 mM
w,, 0O, H (+)Stainless steel/(—)Ni foam

56 W Ece = 2 V, 6 F/mol }J/\
o 57, (S)-Ligand: 51% vyield, dr ~1:1

SCHEME 2. Applications of the e-NHK coupling. Yields of isolated products are indicated in each case. See SI for reaction
conditions. (A to E) Application of the e-enantioselective NHK to five real-world examples including some that are relevant to
the synthesis of Halaven.

Me

de 59 as shown in Figure 2C. According to the proposed and [59]. This supports the proposal that the reactions at
mechanism shown in Figure 2A (right), it is hypothesized the electrode are rapid and the rate-determining step be-
that the success of the e-NHK decarboxylative variant can comes the reaction between the Cr-alkyl species and the al-
be attributed to this rapid and selective Cr-reduction in con- dehyde (See SI for details).

trast to chemical reducing agents that lead to mostly de-
composition of the RAE rather than productive coupling. As ELECTROANALYTICAL INVESTIGATIONS

shown in Figure 2F, reactions initiated with CrCls, which is To further elucidate the e-NHK electron transfer processes
relatively insoluble in DMF/THF, exhibit an induction pe- and support the critical steps of the proposed mechanism,
riod that decreases with increasing current. After the initial cyclic voltammetry (CV) and UV-vis spectroelectrochemis-
induction period, reaction rate becomes impervious to the try were employed. Previous work by Berkessel and
magnitude of the current, and the reaction exhibits zero-or- coworkers demonstrated the utility of both of these electro-

der kinetics in [58] and positive order kinetics in both [Cr]
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Electrochemical Decarboxylative NHK Reaction

A. Ooptlmlzatlc:)n CrCl, (20 mol%) on C. Scope Limitations
I TESCI (2.0 equiv) OH OH
NHPI + o TBACIO, (01 M) _ -0 N0 N
DMF/THF (41, 0.08 M) | > | I > |
Ph o] (+)Al/(=)Ni foam Z =0 cl 2~0 o N7
58 (1 equiv) 59 (1 equiv) 25mA,12h 85, 54% 81, <10% (60%) 82, <10% (<10%)
entry deviation from above yield (%)? ' ’
1 [Reference 13], 4 equiv CrCl,, 2 equiv RAE 79 OH
2 Zn, Mn, Mg powder instead of electric current 5-16 OH
3 Cp,ZrCl, instead of TESCI <5 | N 0>
4 TMSCl instead of TESCI 36 =
5 TBSCl instead of TESCI 47
6 w/o TESCI <10 N N
7 CrCl, instead of CrCl 25 Boc Boc
8 5mA, 6h 21 83, <10% (66%) 84, 23% (72%)
9 RVC as cathode <10
10 w/o electric current n.d.

B. Scope?
Redox active esters

OH
Ph 0,
J\@ >
o

60, 53% (79%)

OH OH

MeO.___O o o
j\@ (5\()> U\@g ULy

61, 51% (68% 62, 63% (73%) 63, 37% (42%)

i o -0 MeO -0
/| LD | ;ro> l ;Eo>
S = e OMe

65, 52% (73%)

64, 55% (68%)

O,

OH
OMe
Me
from mycophenolic acid
68¢, 28% (37%)

66, 63% (64%) 67, 39% (69%)

OH

OH
S S o Me - - (o)
| _ | P > >
F o from linoleic acid o

69, 41% (67%) 70, 61% (56%)

Aldehydes  OH Br

mm

74, 31% (50%) 75, 39% (73%)

e

71, 36% (70%)

OH Me Me
Ph ZMe
76, 51% (78%), 1:1 dr

from dehydrocholic acid from cholic acid
72, 49% (40%), 1.3:1 dr 73, 62% (48%), 1.3:1 dr

.............................................................................................

77 55% (85%) 78, 47% (84%) 79, 45% (68%)

Me Me
80, 42% (73%), 1:1 dr
SCHEME 3. E-decarboxylative NHK coupling. 0.2 mmol; yields determined by crude H NMR using 1,3,5-trimethoxyben-
zene as the internal standard. ¢Isolated after desilylation (TBAF, THF) of the crude mixture. <Isolated as corresponding tri-

ethylsilyl ether.

analytical techniques in characterizing species relevant to
NHK chemistry;1¢ thus, we were inspired to apply this ap-
proach to examine the e-NHK. To confirm whether or not
the e-NHK had voltammetry consistent with an electrocata-
lytic mechanism, we performed a series of analytical CV
measurements. CV of the e-NHK reaction mixture using
CrClz pre-catalyst did not display significant catalytic cur-
rent for a potential sweep from 0 V to -3.5 V vs Fc*/0 (Figure

S2). We suspected that the rapid chemical reduction of Ni(II)
(NiClz-glyme and L4) by CrCl; obfuscated the voltammetry.
When CrCl3-3THF was used as the Cr source, however, a
large cathodic current was observed at =2.0 V vs. Fc*/0 (Fig-
ure 2D Left, plum).

To further identify potential species associated with this
catalytic wave, we acquired analytical CVs of the individual
e-NHK reaction components and then sequentially combin-
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Mechanistic Investigations of NHK Reaction
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FIGURE 2. Proposed mechanism and mechanistic studies.

Figure 2B: “xx” indicates that either Ni(0) or Ni(I) species is potentially operative in our proposed mechanism. Figure 2C
middle: Comparison of the dependence of reaction rates for classical NHK (purple bars, right) and e-NHK (orange bars, left)
on concentrations of 1, $11, NiClz-glyme, CrClz, Cp2ZrClz, and Mn (for classical NHK) and current (for e-NHK). The designations
(+) and (=) indicate a reaction carried out with an increase or decrease, respectively, in the concentration of the noted variable.
Percent deviation of rate from standard conditions is given above each bar. See Supporting Information for details and com-
plete kinetic profiles. Fig 2C bottom left: Comparison of reaction profiles for classical NHK (purple squares) with e-NHK (or-
ange circles) for the reaction to form product 7 (see Table 1) using 0.08 M aldehyde 1 and 0.16 M vinyl bromide S11 in DMF.
[NiClz2-glyme] = 0.0016 M; [L1] = 0.0024 M; [CrClz2] = 0.016 M; [Cp2ZrCl2] = 0.04 M. For classical NHK: Mn powder = 0.16 M;
[LiCl] = 0.16 M. For e-NHK: [TBAB] = 0.1 M; electrodes: (+)Al/(-)Ni foam; constant current at 10 mA. Fig 2C bottom right:
Comparison of reaction profiles for classical decarboxylative NHK (purple squares) with electrochemical decarboxylative
NHK (orange circles) for the reaction to form product 85 (see Scheme 3) using 0.08 M aldehyde 59 and 0.08 M redox active
ester 58 in DMF/THF (see Scheme 3). [CrCl3] = 0.016 M; [TESCI] = 0.16 M. For classical NHK: Mn powder = 0.16 M. For e-NHK:
[TBACIO4] = 0.1 M; electrodes: (+)Al/(=)Ni foam; constant current at 2.5 mA. Figure 2D left: Cyclic voltammetry of the e-NHK
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reaction under conditions for spectroelectrochemical studies, prior to bulk electrolysis. (Black): Cr(1lI)-based e-NHK mixture
that does not contain the Ni(II). (Teal): Cr(II)-based e-NHK. (Plum): Cr(III)-based e-NHK. All experiments contain [Cr] = 0.016
M, [NiClz-glyme] = 0.0016 M, [L4] = 0.0024 M, [Cp2ZrCl2] = 0.04 M, [1] = 0.08 M, [S11] = 0.16 M, [TBAPF¢] = 0.1 M, DMF, a Ni
working electrode, an Al counter electrode. CV data acquired with 0.025 V/s scan rate. Figure 2D right: CrCls-3THF:
[CrCl3-3THF] = 2 mM. CrCl3-3THF+ Ni(II) catalyst: [CrCl3-3THF] = 2 mM, [NiClz-glyme] = 0.2 mM, [L4] = 0.3 mM. Ni(II) catalyst:
[NiClz-glyme] = 0.2 mM, [L4] = 0.3 mM. All CV experiments were run in DMF with [TBAPF¢] = 0.1 M and acquired with a scan
rate of 100 mV/s, GC working electrode, and Al counter electrode. All potentials referenced to Fc*/0. Figure 2E left. [S11] = 160
mM, [1] = 80 mM, [CrCl,] = 16 mM, [Cp,ZrClL,] = 40 mM, [NiClz-glyme] = 1.6 mM, [L4] =2.4 mM (teal), [S11] = 160 mM, [1] =
80 mM, [CrCl3-3THF] = 16 mM, [Cp,ZrCl,] = 40 mM, [NiClz-glyme] = 1.6 mM, [L4] = 2.4 mM (plum), [S11] = 160 mM, [1] = 80
mM, [CrCl;-3THF] = 16 mM, [Cp,ZrCl,] = 40 mM, [NiClz-glyme] = 0 mM, [L4] = 0 mM (tangerine), and [CrCl;-3THF] = 16 mM
(clover). Figure 2E right: UV-Vis of: Cr(II)-based e-NHK mixture prior to bulk electrolysis (solid teal), Cr(1I)-based e-NHK
mixture after an applied potential of —1.5 V vs F¢*° for 15 minutes and then an applied potential 2.0 V vs Fc*° for 30 minutes
(dashed teal), Cr(IlI)-based e-NHK mixture prior to bulk electrolysis (solid plum), Cr(III) based e-NHK mixture after an applied
potential of —1.5 V vs Fc¢*"* for 15 minutes and then an applied potential —2.0 V vs Fc¢*° for 30 minutes (dashed plum). Absorbance
data were baseline-corrected by taking the absorbance at 900 nm to be zero. *indicates portions of the UV-vis absorbance data that
have signal saturation inherent to the detector/light source used for these experiments. Figure 2F middle left: Comparison of
induction period with different current. [58] = 0.08 M, [59] = 0.08 M, [CrCl3] = 0.016 M, [TESCI] = 0.16 M, [TBACIO4] = 0.1 M,
with 2.5 mA, 5 mA and 7.5 mA, respectively. Figure 2F middle right: reaction rate after removing induction period. Figure 2F

bottom left: Comparison of the dependence of reaction rates on concentration of 58, 59, and CrCls.

ed components of the e-NHK reaction towards the complete
reaction mixture. The formal potential of CrCls3-3THF in
DMF was determined to be —1.06 V vs Fc*/? with a peak-to
peak separation, AEp, of 1.1 V at a scan rate of 100 mV/s,
which suggests slow electron transfer due to a large inner-
sphere reorganization energy (Figure 2D right, plum).Upon
addition of Ni(II) to a solution of CrCl3-3THF, the main re-
dox process shifts to a half-wave potential of -1.2 V vs Fc*/0
and exhibits greater reversibility (AE, = 0.130 V at 100
mV/s) (Figure 2D right, teal). While we cannot yet assign
the nature of this redox-active species, the influence of Ni(II)
on the redox behavior suggests the presence of a potential
interaction between the two metal species during electro-
catalysis, which is in accord with prior electrochemical
studies.!¢ Introduction of Cp2ZrClz and alkyl aldehyde 1 to
the mixture of Cr(III) and Ni(II) did not significantly change
the CV of the Cr(1II) /Ni(II) mixture (Figure S4, clover vs teal
line). In contrast, addition of alkenyl bromide S11 to a solu-
tion of Cr(III), Ni(II), and Cp2ZrCl. yielded a significant ca-
thodic current at -2.0 V vs Fc*/9, which has an onset poten-
tial at a cathodic wave that is only present when Ni(II) is in
solution (Figure S7, blue). Thus, we hypothesize that this
catalytic current originates from the electrocatalytic, low-
valent Ni homocoupling of the alkenyl bromide, a reaction
precedented by Nédélec and coworkers employing similar
electrolysis conditions.!” Next we investigated the concen-
tration dependencies of the catalytic wave and observed a
linear correlation between the peak catalytic current and
both [CrCl3-3THF] and [Ni(II)] (Figures S9 and S10).20
These electroanalytical results differ from the observed ki-
netics of the reaction under bulk electrolysis. We note that
the analytical CV studies require 8-fold more dilute concen-
trations, which can alter the kinetics of the e-NHK and shift
the Ni catalyst resting state from a kinetically saturated spe-
cies to another elementary step that has a rate dependence
on [Ni]. In electrocatalysis, a linear relationship between
[catalyst] and catalytic current is expected for an electrocat-
alytic mechanism based upon E:Ci (i.e. reversible electron
transfer followed by an irreversible, catalytic chemical
step).18 The concentration dependence data for Cr(III) and
Ni(II) are indeed consistent with an e-NHK mechanism that
proceeds first by reversible cathodic electron transfer to

Cr(III) followed by irreversible electron transfer from the
resulting Cr(II) to the Ni(II) catalyst, which would regener-
ate Cr(III) and form a proposed low-valent Ni species that
oxidatively adds to 1 for cross-coupling, as suggested by the
reaction pathways in Figure 2A. These results and those dis-
cussed below point to a potential Cr(III) resting redox state.

After characterizing the catalytic current for the e-NHK sys-
tem, we next attempted to observe the proposed Cr(III) cat-
alyst resting state during bulk electrolysis by utilizing a
combination of ex situ UV-vis spectroscopy and in situ UV-
vis spectroelectrochemistry. The ligand field transitions of
pseudo-octahedral Cr(III) and high-spin, pseudo-octahe-
dral Cr(II) in ~On symmetry provide excellent handles for
determining active components in the e-NHK mixture. For
example, the UV-vis spectrum of CrCl3-3THF dissolved in
DMF exhibits two bands with Amax = 677 nm and 487 nm.
These bands can be attributed to *Az; — 4Tz, *T1g transitions,
respectively (Figure S23). Of note, a Fano antiresonance is
observed on the lower-energy ligand field transition (~695
nm); this feature reflects the spin-orbit interaction between
a spectroscopically spin-forbidden ligand field excited state
(likely specific orbital components of either the 2E; or 2T,
states) with a vibrationally broadened spin-allowed ligand
field excited state.21.22 Antiresonances have been observed
for various other six-coordinate Cr(III) complexes.1?23 For
Cr(II), we observe a band at A,,,x = 843 nm, which can be
assigned as the SEg — 5Tz transition (Figure S21). We ini-
tially monitored the reduction of Cr(III) to Cr(II) in the ab-
sence of other components, confirming that one-electron
reduction decreased absorbance due to Cr(IlI) and in-
creased absorbance due to Cr(II) (Figure S28). We then
probed the complete CrCl3-3THF-based e-NHK reaction
mixture during active electrocatalysis. Both ligand field
transitions for Cr(III) persisted at open circuit potential
(OCP) (Figure 2E Left, plum) and while holding the poten-
tial at both -1.5 Vvs Fc*/0 or —2.0 V vs Fc*/0 (Figure 2E Right,
plum), suggesting persistence of Cr(I1I) during electrolysis.
Interestingly, both absorptions for Cr(I1I) slightly blue-shift
and increase in intensity relative to an independently pre-
pared CrCl3-3THF sample (Figure 2E Left, clover) as well as
a non-electrolyzed CrClz-3THF-based e-NHK mixture that
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excluded Ni(II) catalyst (Figure 2E Left, tangerine). One
possibility for this shift is a change in the inner-sphere co-
ordination environment during redox cycling of Cr(I11/1I) or
an interaction between Ni and Cr(I1I). However, a definitive
conclusion cannot be drawn from these experiments, and a
future study will be directed at structural and spectroscopic
characterization of potential metal-metal interactions.

We then performed UV-vis spectroelectrochemistry of the
e-NHK mixture using CrCl: as the Cr source, despite the ab-
sence of catalytic current in the analytical CV of this system.
Interestingly, upon addition of the Ni(II) catalyst to the
CrCl; e-NHK mixture at OCP, the Cr(II)-based 5E — 5T tran-
sition immediately disappeared with concomitant appear-
ance of Cr(III) ligand field transitions (Figure 2E Left, Teal).
The spectra suggest that CrCl; rapidly reduces Ni(II) to a
catalytically active low-valent Ni complex. This is in agree-
ment with the lack of any detectable buildup of Cr(II) spe-
cies during active electrocatalysis for either the Cr(I)-
based e-NHK or the Cr(III)-based e-NHK reaction mixture.
Temporal monitoring of the bulk electrolysis for both the
Cr(1I)- and Cr(III)- based e-NHK mixtures also revealed de-
creases in absorbance for Cr(IlI) ligand field transitions
(Figure 2E Right). The change in [Cr(III)] at the beginning of
bulk electrolysis could be associated with either the induc-
tion period of the reaction or the partial positive order in
[Cr] observed during the bulk electrolysis kinetic studies.
Additionally, these in situ UV-vis spectra of e-NHK bulk elec-
trolysis support minimal buildup of a putative low-valent Ni
species during active electrocatalysis.

Taken together, the results from these electroanalytical
studies illustrate the following: (1) the thermodynamic and
kinetic redox properties of the Cr(III) are significantly dif-
ferent in the presence of Ni(Il), (2) the e-NHK electron
transfer processes likely proceed first by electrochemically
reversible cathodic electron transfer to Cr(III) followed by
electrochemically irreversible electron transfer from Cr(II)
to the Ni(II) catalyst, (3) a Cr(III) species persists through-
out the duration of the e-NHK, which could correspond to a
putative resting state preceding rate-determining electron
transfer observed under bulk electrolysis conditions, and (4)
there does not appear to be an appreciable buildup of Cr(II)
or low-valent Ni species by UV-vis spectroscopy during ac-
tive electrocatalysis.

CONCLUSION

In summary, the NHK reaction, one of the most oft-em-
ployed methods for C-C bond formation, particularly in nat-
ural product total synthesis, has been rendered more sus-
tainable24 using electroreductive conditions. Inspired by
early proof-of-concept work in this area, a careful choice of
ligand, Cr and Ni sources, and optimization of electrochem-
ical parameters allow the practitioner to avoid the use of su-
perstoichiometric metallic reducing agents and dramati-
cally expand the scope of those original reports. Application
to Kishi’'s asymmetric variant as well as multiple realistic
substrate classes is also demonstrated. Most importantly,
the RAE-variant of the NHK reaction, which cannot be ren-
dered catalytic in Cr using exogenous chemical reducing
agents, can be uniquely enabled electrochemically. Finally,
a combination of detailed kinetics, CV, and in situ UV-vis
spectroelectrochemical studies teach new lessons about
this useful transformation and may aid in the invention and

improvement of other electroreductive processes with
wide utility for synthesis.
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