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Cross-coupling between two similar or identical functional groups to form anew C-C

bondis a powerful tool to rapidly assemble complex molecules from readily available
building units, as seen with olefin cross-metathesis or various types of
cross-electrophile couplings* The Kolbe electrolysis involves the oxidative
electrochemical decarboxylation of alkyl carboxylic acids to their corresponding
radical species followed by recombination to generateanew C-C bond>*? As one of
the oldest known Csp*-Csp®bond forming reactions, itholds incredible promise for
organic synthesis, yet its use has been near non-existent. From the perspective of
synthesis design, this transformation could allow one to couple the most available
carboxylates without regard to polarity or neighbouring functionality” In practice,
this promise is undermined by the strongly oxidative electrolytic protocol employed
traditionally since the 19" century’ thereby severely limiting its scope. Here, we show
how a mildly reductive Ni-electrocatalytic system can couple two different
carboxylates via in situ generated redox-active esters (RAEs), termed doubly
decarboxylative cross-coupling (dADCC). This operationally simple methodcan be
used to heterocouple primary, secondary and even certain tertiary RAEs, thereby
opening up a powerfulnew approach for synthesis. The reaction, which cannot be
mimicked using stoichiometric metal reductants or photochemical conditions,
tolerates arange of functional groups, is scalable, and is used for the synthesis of 32
known compounds, reducing overall step-counts by 73%.

As perhaps the oldest preparative C-C bond formation reaction known,
theKolbe electrolysis has been extensively studied since its first appear-
anceinliterature inthe mid-19% century>2Inits classical manifestation,
oxidative decarboxylation of an aliphatic carboxylic acid generates
atransient alkyl radical, which combines to form a Csp*>-Csp’ bond.
In complex molecule synthesis it is rarely employed but can be par-
ticularly useful for the homocoupling of alkyl acids such asin Corey’s
classic syntheses of pentacyclosqualene and onoceradienes™ Indus-
trially, Kolbe electrolysis is employed in the lubricant sector and has
recently attracted attention as a promising approach for upgrading
biomass-derived material™'¢ Despite the long history of Kolbe elec-
trolysis and the intuitive disconnection it enables, the reaction has
yet to be established asa reliable Csp*>-Csp® bond formation method
in mainstream organic synthesis” This may be due to the harsh elec-
trolysisconditions dictated by anincredibly high current density onan
expensive Ptelectrode (>250 mA/cm?)’ Such a high overpotential limits
its chemoselectivity, and thus it is mostly applicable to hydrocarbon
synthesis, where minimal functional groups are present.

Kolbe heterocoupling (Figure 1a) between two carboxylic acids -
apotentially powerful Csp>-Csp? coupling method - has also been
studied, albeit to alesser extent. Such heterocouplings were histori-
cally used as akey step to synthesize prostaglandin'®'® and jasomonic

acid analogs® as well asamodular route to access sugar derivatives”

Morerecently, the Lam group has expanded the oxidative heterocou-
plings of Schaefer to accomplish vicinal olefin functionalizations®
In general, Kolbe heterocoupling has been limited to structurally
simple primary acids and certain secondary carboxylic acids that
generate stabilized radicals. For more complex substrates with
nitrogen-containing functionalities such as amides or amines, suc-
cessful Kolbe heterocouplingis scarcely reported (See more detailed
survey in Supplementary Information).

Whereas the oxidative approach to Kolbe couplings suffers from
limited scope, we hypothesized that areductive approach employing
in-situgenerated redox active esters (RAEs) in concert with asuitable
transition metal catalyst might represent a milder and more practi-
cal alternative. The use of RAEs in Ni-catalyzed Negishi, Suzuki, and
Kumada couplings is well documented® > and served as the inspira-
tion for this approach due to its robust and chemoselective nature.
Most importantly, from the standpoint of synthetic design, such a
reaction could dramatically simplify the routes to seemingly trivial
molecules by democratizing access to intuitive le” disconnections
(radical retrosynthesis, Figure 1b)* For instance, cyclobutane 1 has
been prepared through a laborious 9-step route wedded to polar
bond disconnections® In contrast, doubly decarboxylative coupling
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(dDCC) could conceivably access 1in a single step from commer-
cial/readily available acid 3 and 4. Similarly, unnatural amino acid
2 has been prepared through a 7-step route” whereas dDCC might
offer one-step access fromacid 5 and 6. The direct C-Cbond forma-
tion between ubiquitous alkyl carboxylic acids has the potential to
increase the ideality with which broad sections of chemical space
are accessed.

Inthis Article, wereport the invention of Ni-electroreductive dDCC
that enables 73% step count reduction (relative to literature routes
across 32 compounds, >160 steps werereduced in total) to access both
simple and complex building blocks. Scalable heterocouplings of a
wide range of 1° and 2° RAEs are now possible using an inexpensive
Ni-catalyst,acommercial potentiostat, and asimple experimental setup
on-par with the simplicity of classic amide-bond formation.

Inits fully optimized form, the dDCC takes place through a conveni-
entone pot procedure, which does not require rigorous degassing and
anhydrous conditions (Table1A). The general procedure proceeds as
follows: to amixture of acid components (the less expensive of which
isused in 3 equiv.) in CH,Cl, are added DIC and NHPI (1.1 equiv each
relative to total acid quantity, 4.4 equiv total) along with catalytic
amount of DMAP (10 mol% to total acid quantity, 0.4 equiv total).
After stirring for 1 h, without any solvent removal, the solution is
diluted with DMF and NiCl,»dme along with L4 are added (ca. 5 mol%
each relative to total acid quantity, 20 mol% total), followed by the
addition of Nal (0.2 M). Electrolysis using a standard ElectraSyn2.0
potentiostat (Zn anode and Ni foam cathode) for about 2.5 h (0.1
mmol scale) followed by standard workup and purification delivers
the coupled product.

Toarrive at these optimized conditions, extensive experimentation
was conducted as summarized graphically in Table 1B. Regarding the
activatingagent, PITU and CITU are less effective than DIC. Presumably,
the protonated tertiary amine generated via acid activation by these
reagents negatively affects the following reductive coupling step.In
general, tridentate ligands often provides superior outcome to biden-
tate analogs in Ni-catalyzed C-C couplings (vide infra)® > Empirical
screening of electrolytes, electrodes, and solvents were also conducted.
Finally, control experiments demonstrated that the Ni-catalyst was
essential for thereaction andit could not be recapitulated using simple
metal powder additives.

Ni-electrocatalyticdDCCexhibitsabroadscopeandfunctionalgroup
tolerance across arange of substrate classes (Table1C), including 1°-1°,
1°-2°,and evenselected 1°-3° coupling. Thus, an arylhalide (7), esters
(8,10,13,21-23,34,40), carbamates (8,9,11,15-17,19,21-23,25,26,37),
amides (20, 27, 35, 38), tertiary amines (18,19), ethers (7, 9, 10,
12,11,14, 21,23, 24,26, 27, 36), a ketal (13), an alkyl halide (18), an
alkyne (16), olefins (15,17, 20, 28), a free alcohol (12, 40), a sulfone
(14), ketones (8, 24, 36, 39,40), an alkyl boronic ester (11), and an
azetidines (25) are all tolerated. Supplementary Information also
includes additional19 successful examples containing aromatic/
aliphatic aldehydes as well as a diazirine. It is unlikely that many of
these functionalities would survive under strongly oxidizing condi-
tions of conventional Kolbe electrolysis. As mentioned above, the
direct nature of this new C-C bond forming method allows for a
dramatic reduction in step-count to access chemical space. 32 of
the 33 compounds shown in Table 1C have been prepared before. In
everysingle case, theretrosynthesis of these known compounds was
wedded to a polar bond analysis. As such, they all exhibit low ideal-
ity and are plagued with multiple functional group manipulations,
protecting groups, and redox fluctuations® It is instructive to discuss
some of these examples in greater detail. The pathways to these 32
known compounds make extensive use of conventional 2e” tactics,
and can be classified into three categories based on how a carbon
skeleton is assembled: (i) Olefination chemistry [i.e., Wittig-type,
Knoevenagel reaction, and vinylation] followed by hydrogenationinto
anew C-Csinglebond (7,9, 12,13, 15,16, 18, 21, 23, 28, 33, 38, 39),
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(ii) C-C single bond forged directly through standard polar discon-
nections, [i.e. alkylation, Grignard, Friedel-Crafts, transition-metal
catalysed coupling] (1, 8,10, 11,14, 16, 20, 24, 25, 27-29, 33-38, 40),
or (iii) repurposing existing structures with mostly functional
group manipulations, where no C-C bond was formed (19, 22).
For instance, cyclobutane 1 was previously prepared using 2e” logic
commencing from cyclobutane carboxylic acid requiring lengthy
one-carbon homologation, followed by a Friedel-Crafts acylation/
Wolff-Kishner sequence (9 steps total, 11% overall yield). In contrast,
thele disconnectionisidentified by simply selecting the most read-
ily available building blocks and coupling them using dDCC, thereby
deleting nearly all extraneous concession steps. Such a tactic is par-
ticularly valuable for the formation of seemingly distal stereocenters,
as a myriad of chiral carboxylic acid building blocks can be easily
purchased. In this way, expensive catalytic asymmetric methods (23)
and chiral auxiliaries which generally require at least three more steps
(installation, diastereoselective reaction and removal) can be avoided
(8,10,14,22). Aparticularly striking example of this concept involves
the enantiodivergent synthesis of insect pheromones (R)-and (5)-33,
previously prepared in11-12 steps (7-8% overall yield) using a category
(i) and (ii) approaches for assembling the main carbon chain (vide
supra). In contrast, commercially available desymmetrized acid 30
can be subjected to tandem dDCC to access the same materialsin 3
steps (ca.30% overall yield). Either enantiomer is accessed at will
simply by choosing the order of coupling. A complete comparison
of conventional routes to the 32 known molecules in Table 1 versus
simple pathways employing dDCCis graphicallyillustrated in the Sup-
plementary Information.

It is equally important to mention current limitations of this
method (see Supplementary Information) which include difficulty
in coupling alkyl carboxylic acids adjacent to aromatic rings, phos-
phonates, and esters. The scalability of this powerful C-C bond
forming reaction was demonstrated using compound 7, which pro-
ceededin54%yield onagramscale. In certain cases, if both carbox-
ylic acid components are valuable, a 1:1 ratio can be employed to
deliver a coupling product with lower yet synthetically useful yield
as demonstrated with compound 7. If one of the acids is 2°-acyclic
or B,3-gem-disubstituted acid, the amount of the coupling partner
acid canbereduced to 1.5 equivalent without substantial loss of the
heterocoupling yield. This is due to the sterically hindered nature
of the radicals derived from these acids, which renders the forma-
tion of heterocoupling product preferentially. Moreover, 20 mol%
catalystloading canbe reduced to 8 mol% with the addition of AcOH
while maintaining a similar catalytic efficiency, as demonstrated in
the case of 1,7,10 and 24 in Table 1C (Supplementary Information
includes another 4 examples).

To confirmthe radical nature of this reaction, aradical clock experi-
mentwas conducted (Figure 2a). Submission of RAEs 41 and 42 to stand-
ard conditions led to a mixture of heterocoupled products 43 and 44
resulting from immediate cyclopropane opening and coupling with
5-hexenyl radical either in cyclized or open form, respectively. This is
consistent with the common reactivity that RAEs generate alkyl radicals
viasingle electron transfer (SET) followed by rapid fragmentation. Since
the coupling reaction barely proceeded when Ni catalyst was omitted
(Table 1B, control experiments), the role of the Ni catalyst is presum-
ably either mediating the SET?**? (See Supplementary Information for
additional study by cyclic voltammetry) or effectively capturing free
radicals generated by direct cathodic reductionto facilitate productive
reaction pathway. Furthermore, theratio of43 and 44 is dependent on
Ni catalyst concentration, indicating that cage-escaped radical might
beinvolved for Ni-Cbond formation. In addition, such observationis
diagnostic for involvement of multiple Ni species in the mechanism,
and could exclude possibility of double oxidative addition on a sin-
gle Ni species (or cage-rebound mechanism)*°™** Although detailed
mechanistic understanding is outside the scope of this initial report,



future in-depth kinetic studies may provide further support for this
hypothesis.

In principle, dDCC should be amenable by other means of single-
electronreduction. Thus, photoinduced electron transfer was inter-
rogated for the same reactivity (Figure 2b, entries 2-4). Based on the
results of three different experiments, this process appears to be
exclusively workable under electrochemical conditions, as no observ-
able product or only traces were observed. In one case, exclusive
homodimerization of the 1° RAE 45 was observed when ‘Pr,NEt was
employed as sacrificial reductant. These results could indicate that
the successful coupling requires fine balance between radical gen-
eration from two RAEs and C-C bond formation processes catalyzed
by Ni species.

The simultaneous radical generation from two RAEs under electro-
chemical conditions was further studied by changing a redox-active
motifin a starting material. RAE 2 and RAE 3 were synthesized based
on the expectation that extended mt-system could have an influence
on SET and following radical generation. As illustrated in Figure 2c,
amongst several RAE/halide combinations explored, NHPI-based RAE’s
delivered the best yields of heterocoupled products (closely match-
ing the statistically predicted outcome which would be 3:1, assuming
100% mass balance). Alkyl halide precursors are not as versatile as
NHPI-based RAEs due to lower reactivity for bromides and slightly
higher homocoupling tendency for iodides.

Finally, the role of ligand was further explored (Figure 2d, see Sup-
plementary Information for the complete survey). The product dis-
tribution in the coupling of 50 and 51 was analyzed in detail. It was
found that ligand structure has animpact oni) conversion of RAEs, ii)
radical capture efficiency andiii) side-product formation. By switching
frombidentate ligand L6 to tridentate ligand L1, the reactivity of the Ni
complex notably increased to realize efficient radical generation from
RAEs. A change of ligand skeleton to pybox L2 further increased the
reactivity; more notably, the efficiency of capturing 2°-carbon radical
was enhanced based on the analysis of the mass balance of 51. Yet, L2
furnished considerable amount of alkane side-product 55, which did
not contribute to the productive coupling reaction. Subtle electronic
modulation of L2to L4 led to the suppression of the alkane formation,
delivering the heterocoupling product 52 efficiently. These qualitative
trends found in this work warrants further rigorous and systematic
studies to elucidate the role of aligand, possibly contributing deeper
mechanistic understanding.

Withtheseresultstaken collectively, the overall reaction mechanism
isdepictedin Figure 2e. Electrochemical reduction of Ni(Il) generates
low valent Ni species active for reducing RAEs, efficiently supplying
alkylradicals (step A). Direct cathodic reduction of RAEsis also a pos-
sible source of alkyl radicals. Then, the alkyl radicals combine with
Ni species consecutively (step Band C). During these two Ni-C bond
formation, adjustmentof Ni oxidation state via chemical (dispropor-
tionation or comproportionation) or electrochemical pathway might
be involved. Finally, reductive elimination forges anew C-C bond,
closing the catalytic cycle.

New methods for the construction of C-C linkages in a modular
way from ubiquitous building blocks can immediately simplify the
logic of chemical synthesis. Polar bond analysis is routinely taught
at the undergraduate level to help guide chemists to make strategic
disconnections. Radical retrosynthesis® effectively divorces polar-
ity from the analysis and prioritizes simplicity and building block
availability. The dDCC method reported herein has been applied to
32arbitrarily chosen, previously synthesized substrates containing
amyriad of functional groups. The simple one-step procedure and
wide availability of starting materials makes this protocol promising
despite the near-statisticalhomo/heterocoupling ratio in many cases.
Finally, the dramatic reductionin documented step-count and labor
relative to the prior art bodes well for its immediate adoption for a
range of organic molecules.
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B. Practical Doubly Decarboxylative Coupling Can Simplify Synthesis
Doubly decarboxylative coupling

(Radical retrosynthesis"f 3)
R'-CO,H + R2-CO,H

Current synthesis logic
Disconnection is

A. Revisiting the Oldest C-C Bond Forming Method: Kolbe Decarboxylation

Kolbe heterocoupling: An unexplored opportunity

(2e*-based disconnection)
E Multiple tactics
-- -

polarity agnostic

Disconnections
(non-intuitive)

generate stabilized radicals. (B) 1 e logic simplifies retrosynthetic analysis and increases ideality.

-COpH + R?-COH ——> —R2
—2C0, wedded to bond
“polarity”
Oxidative (since 1849) Reductive (this work)
R?-CO, ~(Large excess) R2 . o R2-CONHPI (3 equiv) R2 = Ni] R2 COOH 2el Ar [el CO.H
-CO,~ — s ~CONHPI — E( + A—X &= [e— + i
N A N_te 7 3 9-steps Ar=4-cyanobiphenyl | [ step] 3 HOZC/“\/
Cathode 1
MeO,C
Oxidative approach (last >170y) | Reductive approach (This work) : i \E/\COzH
Classof acids | 1A—1A°| 1A°—2A° 2A°—2Aq 1A°—1A° 1A°-2A7 2A°2A7 || B COOH <:.[2 ! MeOgC\/\/(/\)\n/Me % 7/
i = —2A°) - = = = r : 3
\/P\)B\/ lleBoc o 1 st y
Hydrocarbons ? Limited@ | Unknown | 2 2 2 7-steps y [1 step] HOZC\/(’\)S\[(ME’
- . . 6
N-containing ? Limited? | Unknown % ? ? Case-by-case C—C bond formation tactics Modular, simpf@¥and intUitive Io;?c
with multiple FG manupulations (low ideality) ! (ic]eal)
Fig.1|Kolbe heterocoupling simplifies synthesis. (A) Reductive approachis the key toimproving generality of Kolbe heterocoupling. Limited to acids that
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A. Radical clock experiments B. Comparison with photochemical conditions
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O
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- N L st )
LN LN 1% NI-C bond formation ) Ir(ppy)s, NiClp+cme (5 mol%), L4 (6 mol%), quinuciidine .
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=
< n+1 . .
& _ L—Ni—R' ‘ 3 Ir(ppy)s, NiClp*dme (5 mol%), L4 (6 mol%), ‘ProNEt Frace
= L=NI=A" ks T2 NECbond fomiation (2 equiv.), DMA , Blue-LEDs (450 nm), r.t
45/46 = 2/1, Ir(ppy)s, NiClo*dme (20 mol%), L4 (22 mol%), .
L—NI—R! + \n/ SNphtn SETIORAE - N._R‘ iPr,NE (4 equiv.), DMA, Blue-LEDs (450 nm), r.t Yace
e
Catalyst loading (mol%) cage-rebound H2 *Quantitative dimerization of 1°-RAE
C. Comparison with other electrophiles
Ph Yield (%)
X 4 "
NiClp+dme (20 mol%) + 47 8  47/48
xt , \ I'(-:f&)mgm . X'=RAE1,X2=RAEA__ 72" 16 45
p% al (0.2 M), it 47 48
Yo X'=RAE2,X2=RAE2 50 23 22
1 equiv 3 equiv (+)Zn/(-)Ni foam, 4 mA, 4 F/mol [+ P NN ] X'=RAE3,X2=RAE3 28 13 22
49 (Not quantified) X'=Br, X2=Br 19 7 2.7
0, X'=1,X2=1 52 19 2.7
>_{ >_{ 12 2 _
—d NHPI ester has the best reactivity Xg*RAE 1, X =Br 20 74 0.3
and homo/hetero coupling ratio X' = Br, X2 = RAE 1 0 0 =
O RAE1 O RAE2 o RAE3 tatistical distribution gives 47/48 = 3 (assuming 100% mass balance)
D. Ligand effect: systematic evaluation o E. Proposed reaction mechanism 4“
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Ph o ~NPhth N, ligand
SNPhth  + o 1°-1° homo (49), 1°-2° hetero (52) o
N " 2°-2° homo (53), 1°-alkane (54), 2°-alkane (55) R—R
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Products Ph 49 52 53 54 55 [o] *
—Ni'
ph\/(,\)G\/Ph V\/\O\‘ L6 52% 27% 6% 4% 9% L e
N |
49 52 CO:Me L1 71% 50% 10% 2% 11% R—Ni"—R [A]
MeOZC—N/\:>—)— Pha_~_-Me MeO,C—N > L2 52% . 55% 20% 39% 39%
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[(49+52+53)/(54+55)] O O O [D] Reductive elimination

Fig.2|Controlstudies and ligand analysis. (A) Radical clock experiments to
probetheintermediacy of radical species. (B) Comparison with photochemical
reactions. (C) Effect of redoxactive motifs onreactivity and product
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distribution. (D) Impact ofligand structure onreactivity and coupling
efficiency. (E) Overview of proposed reaction mechanism.




A. General Conditions

(R = Cly-phthalyl)

OMe
Acid activation Electrolysis Activation Electrolysis X
1h . . " |
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6 e 24
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Fig.3|Reaction Detail. (A) General reaction conditions. (B) Effect of reaction
parameters. (C) Reaction generality. All reactions were performed under the
general conditions. See Supplementary Information for further reaction detail.

2L1wasusedasaligandinstead of L4.°2 equiv of AcOH was added with 8 mol%
of Niand theligand. DIC: diisopropylcarbodiimide, NHPI:
N-hydroxyphthalimide, DMAP: 4-dimethylaminopyridine.
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