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Abstract: A transformation analogous in simplicity and
functional group tolerance to the venerable Suzuki cross-
coupling between alkyl-carboxylic acids and boronic acids is
described. This Ni-catalyzed reaction relies upon the activation
of alkyl carboxylic acids as their redox-active ester derivatives,
specifically N-hydroxy-tetrachlorophthalimide (TCNHPI),
and proceeds in a practical and scalable fashion. The
inexpensive  nature  of the reaction  components
(NiCL-6 H,O—$9.5mol™', Et;N) coupled to the virtually
unlimited commercial catalog of available starting materials
bodes well for its rapid adoption.

Alkyl carboxylic acids and boronic acids are amongst the
most widely available building blocks for modern organic
synthesis (Figure 1A). Recent surveys and informatic
approaches to mining chemical reaction space within drug
discovery explain this phenomenon: Amide bond formation
and Suzuki couplings are the most often employed reac-
tions.? A reaction that could therefore marry these ubig-
uitous and convenient building blocks in one diversifying step
would likely be of great utility in all areas of chemical science.
Earlier this year we reported that common activated esters
(such as HOAt, HOBt, and NHPI) normally employed in
amide-bond formation could also engage in Negishi-type
couplings with aryl- and alkylzinc reagents under nickel-based
catalysis.”* The fact that all of these activated esters not only
prime the carboxyl for nucleophilic attack but also accept an
electron from a low-valent metal in an SET-based thermal
process was previously unrecognized.”® Whereas the former
process allows for ester and amide formation, the latter
enables a simple thermal decarboxylative radical formation
with immediate capture by that transition metal (Ni).F>7]
Herein, a reaction analogous to the venerable Suzuki
coupling for the cross-coupling of activated alkyl carboxylic
acids with aryl and vinyl boronic acids is reported exhibiting
a broad substrate scope, scalability, functional group toler-
ance, and inherent accessibility.®
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A. New coupling: boronic acids and alkyl acids as "off the shelf" coupling partners.

OH [cross-coupling] fo)
! [
8 “OH activation - catalyst Ho)l\/ i
+ Ry
boronic acid Rz carboxylic acid
[bench-stable] Ry [ubiquitous in Nature]
[non-toxic] [highly diversifiable]
[readily available] [inexpensive]
[library of heteroaromatics] [aryl-alkyl] [readily available]

B. Invention: Ni-catalyzed cross-coupling of redox active esters with arylboronic acids?
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20.1 mmol. © Yield determined by GC using dodecane as internal standard. ¢ Isolated
yield.

Figure 1. A) Boronic acids and carboxylic acids as desired coupling
partners in a new cross-coupling reaction. B) Optimization of a Ni-
catalyzed cross-coupling between boronic acids and redox-active
esters.

Although conceptually simple, the execution of this
coupling relied on extensive experimentation and some
empirical observations that are at this time poorly under-
stood.

Figure 1B presents an abbreviated picture of the optimi-
zation conducted on ester 1 and boronic acid 2, culminating in
78 % isolated yield of 3. Solvent and concentration played
a crucial role in this chemistry, with a mixture of 1,4-dioxane
and N,N-dimethylformamide (DMF, 0.023 M) emerging as the
optimal.”! For example, exclusion of DMF diminished the
yield (entry 1) and when 1,4-dioxane was substituted for THF
this seemingly trivial change essentially shut down the
reaction (entry 2). The choice of base was also unusually
important with excess triethylamine furnishing the best
results (entries 3-6).

Next, numerous ligands were screened and it was found
that a 1:1 ratio of Ni/L performed the best with L1 and L4

Angew. Chem. 2016, 128, 9828 —9831


http://dx.doi.org/10.1002/anie.201605463
http://dx.doi.org/10.1002/ange.201605463
http://orcid.org/0000-0001-9193-9053
http://orcid.org/0000-0001-9193-9053
http://dx.doi.org/10.1002/anie.201605463
http://dx.doi.org/10.1002/anie.201605463

GDCh
~~

providing the most reliable outcomes (entries 7-10). The
choice of ester was also critical as the more electron-rich
redox-active NHPI derivative was an incompetent coupling
partner under these conditions (entry 11). TCNHPI, an
activating agent used for the first time in synthesis as a catalyst
for hydrogen atom transfer,'”! proved to be ideal for this
coupling (Commercially available from Sigma-Aldrich, cata-
log # ALDO00564). Control experiments pointed to the
essential roles of the catalyst and ligand (entries 12-13).
Curiously, even in the absence of base the reaction proceeds
to some extent, possibly due to the basic nature of the ligands
employed (entry 14). It is worth mentioning that a preformed
Ni-ligand complex in DMF added to a 1,4-dioxane solution of
boronic acid, base, and activated ester gave the most robust
results.”)
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Over thirty examples of this cross-coupling are depicted in
Scheme 1. The reaction appears to be general for both
coupling partners and largely undeterred by a wide variety of
functional groups such as aryl halides (3-13, 15, 17, 19, 20, 23,
26, 28, 35, 41), common protecting groups (4, 11, 13-16, 21—
38), esters (12, 15, 16), nitriles (25, 39), ketones (17, 22),
carbamates (15-16), and even medicinally relevant hetero-
cycles (14, 16, 18, 28-34). Both primary and secondary alkyl
carboxylic acids with or without a radical stabilizing groups
are viable (11, 18-19) and N-Boc protected amino acid side
chains show no erosion of optical activity (15-16). Both
electron-rich (24, 27, 34, 40) and electron-poor (22-23, 25-26,
28-33, 39) aryl boronic acids can be employed as well as vinyl
boronic acids (35-36).
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Scheme 1. Initial scope of the Ni-catalyzed cross-coupling of TCNHPI redox-active esters with boronic acids. Reaction conditions: Redox-active
ester (1 equiv), NiCl,-6 H,O (20 mol %), L1 (20 mol %), Et;N (10 equiv), boronic acid (3 equiv) in 1,4-dioxane:DMF (10:1) at 75°C for 12 h.
[Isolated] refers to yields from the isolated redox-active ester, and [in situ] refers to yields from the carboxylic acid. a=for in situ preparation, see
the Supporting Information. b =using L4 instead of L1. c=using 10 mol % NiCl,-6 H,0, 10 mol % L1, at 85°C. d =reaction at 85°C. e=5 equiv of
boronic acid.
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An important feature of this new cross-coupling hinges on
the simplicity of its setup and the development of a new one-
pot protocol. Hence, the transformation could be conducted
without the need for isolation of the activated esters, as
exemplified by 10 representative substrates in Scheme 1 (3-5,
8, 21-25, 29). A simple activation of the carboxylic acid by
DCC, followed by the Suzuki protocol, afforded comparable
yields as starting from the isolated redox-active ester. This
rapid access coupled with the experimental ease of the union
might have a tangible impact on the speed with which many
organic compounds can be made. For example, the prepara-
tion of p-bromophenyl substituted species such as 5 has
previously required as many as five steps to procure.['!! Most
routes to compounds such as 3-10 involve organometallic
additions to ketones followed by cationic or radical-based
reductions.'”’ The simple ester 12 has previously required
more than five steps to prepare.”*! The unnatural amino acids
15 and 16 have required multistep pathways involving
homologation of aspartic acid rather than a direct coupling
with glutamic acid as in the present work.' A direct
comparison to reported substrates for Ni-catalyzed protocols
using alkyl bromides and arylboronic species resulted similar
yields of the cross-coupling product when the redox-active
ester is utilized (39-40).% Albeit the apparent similarities of
both protocols, we hypothesized that a different mechanism
could be operating under our optimized conditions. To test
the hypothesis, an alkyl bromide was embedded in a pending
chain of a linear redox-active ester and subjected to the
optimized conditions. Interestingly, complete chemoselectiv-
ity favoring coupling of the redox-active ester was obtained
for substrate 41, which highlights the orthogonal compatibil-
ity with other protocols in the area of Suzuki arylations. It is
worth mentioning that the catalyst loading was standardized
to 20mol % across the examples in Scheme 1 for optimal
yields. However, we demonstrated that comparable yields
could also be obtained when the catalyst loading was lowered
to 10 % (4, 21-23, 29).

The experimental ease of this transformation cannot be
overemphasized as the demanding environment of medicinal
chemistry prioritizes those reactions that require minimal
experimental precaution. Thus, as depicted in Scheme 2 A,
a reaction of 1 was conducted using wet solvents without any
precaution to exclude air or moisture (open-flask) to produce
adduct 3 in 65% isolated yield. The scalability was also
evaluated using 42 and it was found to proceed smoothly to
deliver 3 on a gram-scale (Scheme 2B). In accord with our
previous findings,** the reaction of redox-active esters with
in situ generated low valent Ni species generates radical
intermediates as evidenced by the cyclopropane-opened
product 44 derived from 43 (Scheme 2 C).

A postulated mechanism for this transformation is
depicted in Scheme 2D. By analogy to prior mechanistic
investigations of Ni-catalyzed cross-coupling reactions with
alkyl halides,”! and our previous studies using organozinc
reagents,®* a related pathway is postulated for the coupling
of redox-active esters with boronic acids. Initially, a Ni'
complex I undergoes transmetalation with an arylboronic
acid aided by Et;N and H,O delivering aryl-Ni' complex IL.[*!
Reduction of the redox-ester by complex II affords species 111
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A. Zero-precaution on setup
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Scheme 2. A) Reaction carried out with wet solvents and opened to air.
B) Reaction performed at gram-scale. C) Ring-opening of a cyclopropyl-
methylene redox-active ester. D) Working hypothesis for the redox-
active ester cross-coupling with aryl- and vinylboronic acids.

which, upon fragmentation, ultimately leads to the alkyl
radical and the parent phthalimide anion.”>! Subsequent
recombination”'® with complex IV delivers intermediate
complex V which, after reductive elimination, affords the
desired product and regenerates the catalytically active
species 1.

Although it is perhaps too early to cite specific limitations
of this transformation, currently ortho-methoxy groups on the
boronic acid lead to diminished yield. Acids for which the
activated ester is hydrolytically labile leads to lower yields
due to competing hydrolysis.”) Aryl boronic acids that have
difficulty in transmetallation, such as 4-pyrimidyl, are also
low-yielding. It is possible that optimization of the ligands and
redox-active ester might improve the yield of such substrates.
Our lab is currently involved in the study of such drawbacks as
well as the investigation of the mechanism, in particular the
origin of the chemoselectivity with alkyl halides.

A surprisingly simple union of the two most popular
building blocks in modern organic chemistry has been
enabled through the exclusive use of a redox-active ester
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(TCNHPI). Numerous examples have been presented to
demonstrate the broad scope of this transformation and it has
already found use in the context of drug development.l”! It is
likely that many other branches of chemistry will benefit from
this cross-coupling as well. Studies to expand the scope of
coupling to alkyl boronic acids, develop asymmetric variants,
and deeply probe the mechanism of this fascinating trans-
formation are underway and will be reported in due course.
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