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Abstract

Cross-coupling platforms are traditionally built around a sequence of closed-shell steps, such

as oxidative addition, transmetalation, and reductive elimination. Herein, we describe a dual
photo/nickel catalytic manifold that performs cross-coupling via a complementary sequence
involving free radical generation, radical sorting via selective binding to a Ni(Il) center, and
bimolecular homolytic substitution (Sy2) at a high-valent nickel-alkyl complex. This catalytic
manifold enables the hitherto elusive cross-coupling of diverse aliphatic carboxylic acids to
generate valuable C(sp3)-C(sp3)-products. Notably, the powerful Si2 mechanism provides general
access to sterically encumbered quaternary carbon centers, addressing a long-standing challenge in
fragment coupling chemistry.
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INTRODUCTION

Transition-metal-catalyzed cross-coupling methods have enabled the rapid advancement
of disciplines that rely on the assembly of complex molecular architectures, including
chemistry, pharmacology, material science, and biology.1~3 Although traditional cross-
coupling approaches construct bonds between organic electrophiles and organometallic
nucleophiles, the emergence of multicatalytic platforms, such as metallaphotoredox
catalysis,° has extended this fragment-coupling logic to the direct coupling of native
functionalities, such as chlorides,® alcohols,”:8 carboxylic acids,®1! and C-H bonds2.13
via open-shell pathways. Among these building blocks, carboxylic acids hold a privileged
position, as they are widely commercially available, structurally diverse, benchtop

stable, relatively nontoxic, and ubiquitous in both natural products and pharmaceutical
agents.14-16 Indeed, aliphatic acids have been productively engaged in numerous metal-
laphotoredox transformations, including alkylation,8° arylation,10-17 amination,!8 and
trifluoromethylation.1® Despite these advances, however, direct metal-catalyzed cross-
coupling between two distinct carboxylic acids to generate C(sp3)—C(sp®) products remains
elusive.20

It is now well understood that the likelihood that a small-molecule therapeutic candidate
will successfully progress through clinical trials is positively correlated with the proportion
of saturated sp3-carbon atoms in the molecule.?1:22 Moreover, incorporation of quaternary
carbon centers onto a cyclic framework provides conformational rigidity, leading to
improved pharmacokinetic properties.23:24 However, applying the machinery of traditional
cross-coupling platforms to the construction of C(sp®)—C(sp®)-bonds is innately challenging,
due to the slow rates of reductive elimination from intermediate dialkyl metal complexes
and their proclivity to undergo side reactions,?® such as B-hydride elimination, metal-carbon
bond scission, and oxidation of electron-rich alkyl groups to carbocations. Thus, despite
concerted efforts in base-metal catalysis over the past two decades,?8 the general use of
cross-coupling protocols to forge C(sp3)-C(sp3) bonds remains a daunting task, particularly
in the context of constructing quaternary carbon centers.27:28
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A conceptually appealing alternative to conventional coupling methods is to achieve cross-
coupling via the recombination of free alkyl radicals. To date, kinetic obstacles have
hindered the widespread development of this fundamental reactivity mode (Figure 1A).
Because reactions between free radicals are diffusion controlled, they lead to mixtures of
homodimers and cross-coupled products in cases where both radicals have similar lifetimes
and are generated at the same rate. Hence, to reach practical selectivity, one of the radicals
must be stabilized to have a significantly lower self-termination rate; this requirement
substantially narrows the scope of such transformations.2%-31 Moreover, encounters between
alkyl radicals are intrinsically unselective and, aside from cross-coupled products, lead to
considerable amounts of radical disproportionation byproducts.32

We anticipated that a solution to the challenges of both C(sp3)—C(sp3)-reductive

elimination and free radical recombination could be accomplished through a new manifold
encompassing free radical generation, followed by selective radical-to-metal binding, and
bimolecular homolytic substitution (S42) (Figure 1B). It is well established that the strength
of the metal-alkyl bond decreases as the degree of alkyl group substitution increases.33 We
recognized that this thermodynamic trend could be harnessed to achieve radical sorting in
reaction mixtures (Figure 2A). Thus, we envisioned a metal system designed to selectively
capture methyl and primary alkyl radicals, leaving hindered secondary and tertiary radicals
unbound. This selective colligation to the metal center would serve to decrease the
concentration of the primary radical and produce metal alkyl species. Consequently, the

SH2 reaction between the persistent metal alkyl complex and a transient tertiary radical

en route to cross-coupled product would become a major kinetic channel, similar to the
persistent radical effect. Although the key bimolecular homolytic substitution (Sy2) step has
been known for several decades,34 Siy2 at saturated carbon centers has been rarely proposed
in the chemical literature.3°36 It was primarily identified as a reactivity mode of cobalt(I11)
alkyl complexes,3” including cobalamin cofactors in radical methyl-transferases,38 for which
the S2 methylation step was determined to proceed extremely rapidly (~108 s71).39

Building on these design principles, our group recently disclosed a metallaphotoredox
platform for cross-coupling of alkyl bromides and redox-active esters via iron porphyrin
catalysis.*0 Notably, the iron porphyrin protocol provided robust access to sterically
congested quaternary C(sp3) centers. Inspired by this finding, we questioned whether this
strategy could enable selective cross-coupling between two substrates bearing identical
functionalities, specifically carboxylic acids (Figure 1C). We envisioned that both acids
could be simultaneously transformed into free radicals, while coupling cross-selectivity
would be achieved through metal-mediated radical sorting. Recently, in a series of
stoichiometric experiments, the Sanford lab proposed Sy2 as a reactivity mode for high-
valent Ni alkyl trispyrazolylborate complexes.36 Along these lines, we sought to explore
whether a nickel scorpionate scaffold could provide a general S2-catalysis platform
complementary to previously established cobalt and iron porphyrin systems.

RESULTS AND DISCUSSION

A plausible mechanism for the proposed double decarboxylative cross-coupling reaction is
outlined in Figure 2B. A carboxylic acid 1 is envisioned to undergo facile ligand exchange
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with a pre-formed iodomesitylene carboxylate 2, producing a mixture of heteroleptic and
homoleptic I(111) carboxylates 3.4 For clarity, only heteroleptic dicarboxylate is shown
here [the carboxylate exchange at I(111) centers was observed by NMR spectroscopy;

see Figure S2 for a more complete picture]. Regardless of the exact composition of

this mixture, all of these hypervalent iodine species are ultimately expected to lead

to alkyl free radicals. Concurrently, a photocatalyst—thioxanthone (TXO) or 2,4,5,6-
tetrakis(9 H-carbazol-9-yl)isophthalonitrile (4CzIPN)—undergoes irradiation with UV or
visible light, respectively, to access a long-lived, high-energy triplet state (2.8 and 2.6

eV, respectively).#243 The photoexcited state is expected to transfer the triplet energy (see
Figures S10 and S11 for Stern—\olmer fluorescence quenching studies and Table S32 for
control experiments. Alternative photoredox activation pathways are available for 4CzIPN;
see Pages S39 and S40 for discussion) to hypervalent iodine(l11) species 3, resulting in
homolysis of both 1-O bonds to form carboxyl radicals. The latter are known to rapidly
extrude CO», yielding free alkyl radicals 4 and 5.4 At this stage, Ni(ll) complex 6

would presumably selectively capture the less substituted alkyl radical, 4, generating Ni(l11)
alkyl complex, 7. The resulting organometallic intermediate is proposed to undergo S2
homolytic substitution with the more substituted alkyl radical, 5, yielding the desired cross-
coupled product 8 and regenerating the Ni(ll) catalyst 6 (vide infra).

We began our investigations into the proposed reaction by examining the coupling between
medicinally relevant Atosylisonipecotic acid and commercial iodomesitylene diacetate

as the preactivated form of acetic acid (see Tables S1-S31 for details). All reactions

were performed in commercial photoreactors#® to ensure reproducibility of the data and

to facilitate eventual transfer of the reaction protocols to medicinal chemistry settings.
Gratifyingly, through the optimization campaign, we observed that the reaction could be
catalyzed using benchtop-stable, commercially available nickel(Il) acetylacetonate Ni(acac),
as the metal source and potassium tri(3,5-dimethyl-1-pyrazolyl)borohydride (K[Tp*]) as the
ligand (Tables S1-S3 and S14). The intermediate alkyl radicals could be generated via direct
photolysis of aryliodine-(111) carboxylates using 365 nm UV light; however, we found that
the use of a triplet sensitizer drastically expands the scope of the reaction (Tables S15 and
S16). Thus, we developed two experimental protocols that differ in both the light source
and photosensitizer: the first employs 365 nm UV light in combination with TXO as a
sensitizer (Table 1) and the second uses 450 nm light with 4CzIPN (Page S136). The latter
visible light protocol was necessary for rare examples when the substrate decomposes upon
UV irradiation. Both protocols delivered the desired methylated product in good yields: 84
and 79%, respectively, on a 1 mmol scale. Unreacted secondary carboxylic acid, as well

as protodecarboxylation and decarboxylative olefination side products, accounted for the
remainder of the mass balance (Table S19). The differences in yields of the UV and visible
light protocols could be attributed to the difference in the photostability of the sensitizers,
the difference in the alkyl radical generation rates, and the ability of 4CzIPN (unlike TXO)
to engage in electron-transfer processes with the starting materials (see discussion on Pages
S39 and S40) or intermediate alkyl radicals. Notably, the reaction was amenable to a range
of solvents, from toluene to wet dimethylsulfoxide; benchtop dimethyl carbonate (Me,CO3)
was identified as the optimal solvent (Table S25).
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Control experiments showed that all components of the reaction protocol—nickel source,
scorpionate K[Tp*] ligand, sensitizers, and light source—are required for optimal
performance (Tables 1 and S32). The nickel catalyst played an important role in mediating
both reaction efficiency and cross-coupling selectivity. Thus, under nickel-catalyzed
conditions, the yield of the cross-coupled product supersedes statistical expectations for
various loadings of Mesl(OAc), (Table S28), in line with the proposed radical sorting
principle. In contrast, uncatalyzed encounters of the free radicals were not synthetically
valuable even when an immense excess of MesI(OAc), was used (Table S29). Furthermore,
the Ni(acac),/K[Tp*] system also dramatically improved the ratio of the cross-coupled
product to the homo-recombination product. In fact, under nickel-catalyzed conditions, the
2°-2° homo-recombination product was observed only in trace amounts (<1%) (Tables
S19 and S28). These results strongly support the capacity of the designed nickel catalytic
platform to achieve radical sorting and subsequent streamlining of the cross-coupling
reactivity.

With the optimized experimental protocols in hand, we sought to evaluate the scope of the
decarboxylative methylation reaction. As demonstrated in Figure 3, these protocols were
found to be general and robust, with remarkable functional group tolerance and applicability
to a wide range of medicinally relevant carboxylic acids (17 additional examples can be
found in Figure S3). Primary acids bearing bio-relevant heterocyclic rings, such as pyridine,
benzotriazole, and 1,2,4-oxadiazole, provided corresponding methylated products in good
yields (9 and 10, 67 and 80%, respectively).

A broad spectrum of secondary acids was successfully engaged in the C(sp3)-C(sp®)
cross-coupling reaction. Open-chain benzylic and aliphatic acids (11-13, 57-90% yields)
afforded methylated products in good to excellent yields, revealing S-lactams as well as
protected and unprotected alcohol groups to be well tolerated. The compatibility of free
alcohols with the reaction is of particular importance for medicinal chemistry programs, as
it removes the need to protect ubiquitous alcohol functionalities. We further established that
the methylation protocol is efficient for a diverse range of cyclic secondary acids, including
azaspiro[3.3]heptane (14, 70% yield), S-amidocyclopentane (15, 70% yield), pyrrolidine
(16, 83% yield), piperidines 2014 including those bearing unprotected alcohols and 1,2,3-
triazole functionality (17-19, 66-85% yields)—and nortropane (20, 81% yield). Notably, the
successful cross-coupling of acids bearing electron-withdrawing a-F (17) and a-CF3 (13)
groups demonstrates that electrophilic radicals are capable of efficient Sy2 alkylation.

The cross-coupling protocol is applicable to a wide range of structurally unbiased tertiary
acids, providing access to synthetically challenging quaternary carbon products. As shown
in Figure 3, cyclic tertiary acids of different ring sizes, including cyclopropyl (21,

68% yield), azetidine with a pendant alkene moiety (22, 73% yield), and pyrrolidine
(23-24, 83-86% yields) deliver quaternary methylated products in good to excellent
yields. Furthermore, a homobenzylic cyclohexyl carboxylic acid, prone to metal-mediated
B-hydrogen elimination and bearing both an unprotected alcohol and an aryl bromide, was
methylated with excellent efficiency (25, 91% yield); this result demonstrates the power of
the method to effectively modify the types of highly functionalized building blocks that are
generally used in discovery chemistry campaigns. In addition, the bridgehead positions of
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bicyclo[4.4.0]decane (26, 74% yield), adamantane (27, 59% yield), and bicyclo[2.2.2]octane
(28, 40% yield) were methylated in good yields, illustrating the applicability of this
chemistry to fused and caged polycyclic systems. Finally, an open-chain tertiary carboxylic
acid, Gemfibrozil, was found to undergo efficient methylation (29, 78% yield).

Next, we turned our attention to a-amino and oxyacids. Exposure of these substrates to the
reaction conditions afforded the corresponding methylated products in good yields (30-33,
61-81% yields), demonstrating that highly nucleophilic radicals are capable of undergoing
Sn2 alkylation. These results, taken together with the successful incorporation of electron-
withdrawing fluorinated groups (13 and 17), reveal that radical polarity has minimal
influence on reaction performance. Finally, it is notable that the chemistry tolerates the
presence of an isoxazole ring (31), a motif that often poses a challenge in metal-catalyzed
cross-couplings.46:47

To further demonstrate the utility of the decarboxylative methylation protocol for the late-
stage functionalization of biologically relevant systems, we examined the reaction in the
context of a range of complex medicinal agents and natural products (34-39). Remarkably,
both Artesunate, containing a peroxide ketal scaffold, and Gibberellin A3, containing two
unprotected allylic alcohol groups, were transformed into 34 and 38 in 44 and 76% vyield,
respectively, illustrating a level of functional group tolerance that is unusual for a cross-
coupling reaction. Additionally, the successful methylation of Ambrisentan (36, 89% vyield),
which bears an a-diphenyl fragment, demonstrates that this technology can furnish C-C
bonds even in highly sterically crowded settings.

Having established the scope of this reaction with acetic acid as the small-alkyl source, we
now turned our attention to achieving cross-coupling with other small-alkyl sources (Figure
4). The small-alkyl carboxylic acid used in excess could be conveniently preactivated to

the corresponding iodomesitylene dicarboxylate via mixing with MeslO in the presence of
MgSOy. The resulting I(111) reagents were formed quantitatively after filtering off the drying
agent and subjected to the reaction conditions without any purification. Alternatively, the
reaction could be performed with the same efficiency without this preactivation step simply
by combining both carboxylic acids and MeslO in the reaction mixture (see Table S35

and Figure S4). These protocols were used to efficiently access isotopically labeled CD3
(40, 82% yield) and 13C-methyl (41, 71% yield) products. The protocols are also amenable
to substituted acetic acids (42—44, 42-58% yields) and propionic acids (45-46, 45-74%
yields). Small alkyl groups were also installed to construct quaternary carbon centers (47—
49, 44-47% vyields).

We next investigated the mechanistic aspects of the nickel catalytic cycle. First, we strove
to confirm that the C—C bond formation step does indeed involve the nickel species.
However, variable time normalization Kinetic analysis revealed that for the UV-light
protocol the rate-determining step of the overall transformation is photosensitization of
the hypervalent iodine species, and reaction rate does not depend on the concentration

of nickel catalyst (see Section 11 of the Supporting Information). Thus, we turned to
stereochemical probing and subjected S-amino acid 50 to several methylation conditions
to observe diastereomeric mixtures of #rans/cis 15 (Figure 5A). The nickel-free control
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experiment afforded the cross-coupled product in 34% yield and 1.5:1 d.r., presumably
through uncatalyzed recombination of free alkyl radicals. Introduction of the nickel catalyst
and potassium tri(1-pyrazolyl)borohydride K[Tp] ligand increased the reaction yield to 63%
and improved the product d.r. to 2.4:1. Using the optimal ligand, K[Tp*], we observed a
further increase in both reaction yield (81%) and d.r. (3.0:1). Changes in the reaction yield
and d.r. upon variation of ligand strongly indicate that nickel species are directly involved in
the C—C bond formation step.

We then sought to probe the intermediacy of low-valent nickel species in the reaction.
Conventionally, nickel-catalyzed cross-coupling reactions are proposed to proceed via
low-valent Ni(0) and Ni(I) complexes.*849 However, cyclic voltammetry (Figures S7-S9)
suggests that these species are unlikely to be present under the reaction conditions, because
Mesl(OAc),, which is used in super-stoichiometric quantities, is sufficiently oxidizing

(E* = -0.82 V vs saturated calomel electrode, SCE) to convert Ni(l) species (E* = - 1.74
V vs SCE) into Ni(ll). Moreover, the general compatibility of substrates bearing reductively
unstable moietiessuch as isoxazole (31), 1,2,4-oxadiazole (9), and alkyl peroxide (34)—is
additional evidence against the involvement of low-valent metal complexes. To further
examine this issue, we subjected A-tosylisonipecatic acid, 51, to the standard methylation
protocol in the presence of excess quantities of activated aryl halides 53 and 54 (Figure

5B). Low-valent nickel species are known to undergo rapid oxidative addition into Ar-Br
and especially Ar—I bonds.?9:51 Thus, deterioration of the reaction yield and consumption of
the halides may indicate the presence of Ni(0) or Ni(l) species. Notably, however, addition
of 53 or 54 did not decrease the yield of the methylated product; moreover, these aryl
halides were fully recovered after reaction completion, providing further evidence against
the intermediacy of Ni(0) and Ni(l) species in the formation of cross-coupled products.

To investigate nickel speciation upon irradiation, we turned to in situ photo electron
paramagnetic resonance (photoEPR) spectroscopy (Figure 5C). A solution containing
Mesl(OAc),, isolated Tp*Ni(OAc) complex 55 (see Supporting Information Section 7),52
and TXO in benzene was EPR-silent in the dark, demonstrating that the hypervalent iodine
reagent does not thermally oxidize the Ni(Il) complex. UV-vis spectral analysis further
corroborated this finding: the addition of Mesl(OAc); to an acidified toluene solution of
Tp*Ni(OAc) complex 55 did not lead to the appearance of new spectral features (Figure
S6). However, upon irradiation with 365 nm UV light, a sole EPR signal, a singlet with
g=2.17, emerged (Figure S12). A significant deviation of the g value from that of a

free electron (g = 2.0023) is indicative of a spin system centered at a transition-metal
atom. Control experiments demonstrated that both Mesl(OAc), and Tp*Ni(OAc) 55 are
required to detect the signal (Figure S12). In the absence of TXO, the same signal was
registered, although of lower intensity. The latter is consistent with the fact that Mesl(OAc),
is directly photolyzed by 365 nm light and TXO functions as a triplet sensitizer in the
system. Importantly, continuous irradiation of the sample was essential; when the light
source was turned off, the signal disappeared within seconds, implying that the observed
paramagnetic species are labile and rapidly decompose without continuous generation of
methyl radicals. Based on these results, we tentatively assigned the signal to the product of
methyl radical capture by Tp*Ni(OAc)—the low-spin d’-Ni(l11)-Me complex 56a. Next, to
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support this signal assignment, we conducted analogous spectroscopic experiments with a
different methyl radical source, di-fert-butyl peroxide. Indeed, the identical EPR signal (g
= 2.17) was registered in this case, corroborating the proposed nature of the paramagnetic
species, 56a (see Figure S17 for low-temperature photoEPR spectrum of 56a). Furthermore,
the same EPR signal was detected in a methylation reaction mixture (Figure S16), and a
subsequent quantitative EPR experiment revealed that 1.0% of the initial Tp*Ni(OAc) 55
was converted into the Ni(l11)-Me complex 56a upon photolysis of MeslI(OAc),. Reactivity
of this Ni(ll11)-Me complex, 56a, was studied using density functional theory (DFT). These
investigations established that 56a undergoes the proposed Sy2 step with a variety of alkyl
radicals at near-diffusion rates (Figure S25) to yield corresponding methylated products.

Finally, we subjected a series of iodomesitylene dicarboxylates to the same photoEPR
experiments to examine the radical sorting design principle (Figure 5D). Aside from
Mesl(OAc),, only Mesl(O,CEt), led to a detectable EPR signal (g = 2.19, Figure S15),
which was assigned to Ni(l11)-Et 56b complex by analogy. The identical trend was observed
when the EPR spectra were recorded at 10 K from frozen toluene glass samples (Figures
S17-S20). These observations are consistent with our theoretical DFT estimates of Ni-C
BDFEs: alkyl radical binding to Tp*Ni(OAc) 55 is thermodynamically favored only for
methyl and ethyl radicals (Figures S18). Combined, these experimental and computational
data demonstrate that high-valent nickel chemistry can provide a generic platform for
sequential radical-to-metal binding and Sy2 substitution.

CONCLUSIONS

We disclose herein a multicatalytic platform that enables the cross-coupling of aliphatic
carboxylic acids. In situ activation of acids in the form of iodoarene carboxylates and
subsequent photosensitization of the hypervalent iodine species provides generic access
to alkyl radicals. The designed Ni(ll) scorpionate platform subsequently intercepts the
alkyl radicals with a predictable selectivity. Eventually, C—C bonds are furnished via

an underutilized bimolecular homolytic substitution (Sy2) mechanism. This catalytic
platform provides general access to sterically encumbered quaternary carbon centers and
demonstrates a level of functional group tolerance that is unusual for a cross-coupling
reaction. Furthermore, mechanistic studies suggest that the S2 step occurs at a Ni(ll1)
alkyl scorpionate complex, illustrating that this mechanism is not limited to porphyrin-based
systems and thus might be more abundant than previously anticipated. Work on further
application of this platform is underway in our lab.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Decarboxylative cross-coupling of aliphatic carboxylic acid — an elusive transformation
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Figure 3.

Scope of the decarboxylative methylation. Purple black circle: UV-light protocol, isolated
yields: carboxylic acid (1 mmol), Mesl(OAc);, (2.5 equiv), Ni(acac), (5 mol %), K[Tp*]

(5 mol %), and TXO (10 mol %) were mixed in Me,CO3 (33 mM) and irradiated

with 365 nm light for1 h. Blue white circle Blue light protocol, 1H NMR yield vs 1,3-
bis(trifluoromethyl)-5-bromobenzene as an internal standard: carboxylic acid (1 mmol),
Mesl(OAc), (2.5 equiv), Ni(acac), (5 mol %), K[Tp*] (5 mol %), and 4CzIPN (5 mol

%) were mixed in Me,CO3 (33 mM) and irradiated with 450 nm light for 3 h. 31H

NMR yield vs 1,3-bis(trifluoromethyl)-5-bromobenzene as internal standard. Plsolated yield.
¢5CzBN was used instead of 4CzIPN. 5CzBN, 2,3,4,5,6-penta(carbazol-9-yl)benzonitrile;
Cbz, benzyloxycarbonyl; TBS, fert-butyldimethylsilyl; #Bu, fert-butyl; Ph, phenyl.
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Scope of carboxylic acid cross-coupling reaction. Purple black circle: UV-light

protocol, isolated yields: large-alkyl carboxylic acid (1 mmol), small-alkyl dicarboxylate
Mesl(O,CR), (2.5 equiv), Ni(acac), (5 mol %), K[Tp*] (5 mol %), and TXO (10 mol %)
were mixed in Me,COj3 (33 mM) and irradiated with 365 nm light for 1 h. Blue white
circle: Blue light protocol, H NMR yield vs 1,3-bis(trifluoromethyl)-5-bromobenzene as an
internal standard: carboxylic acid (1 mmol), Mesl(O,CR), (2.5 equiv), Ni(acac), (5 mol %),
K[Tp*] (5 mol %), and 4CzIPN (5 mol %) were mixed in Me,COj3 (33 mM) and irradiated
with 450 nm light for 3 h.
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Mechanistic experiments. (A) Probing nickel involvement in the C—C bond formation

step. (B) Probing intermediacy of low-valent Ni species. (C) PhotoEPR detection of
Ni(I11)-Me species. (D) PhotoEPR experiments to validate radical sorting hypothesis.

Ni—R bond dissociation free energies (BDFE) values calculated at SMD(PhMe)-M06-D3(0)/
def2-QZVP//TPSS-D3(BJ)/def2-TZVP level of theory. Et, ethyl; /~Pr, iso-propyl; r.t., room

temperature.
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Table 1.

Control Experiments for Decarboxylative Methylation

2.5 equiv. Mesl(OAc),
O/CO,H 5 mol% Mi(acac),, 5 mol% K[Tp"]
Ts/” 10 mol%e TXO, Me,CO; (33 mM)

365nm LED,30°C, 1 h

carboxylic acid
entry@ deviation
1 none
2 no Ni(acac),, no K[Tp*]
3 no K[Tp*]
4 no TXO
5 no light

Me
TS/U

cross-coupled product

yieldb (%)
85
37
51
82
0

a
0.1 mmol scale.

bUPLC yields vs acetanilide as an internal standard.

See the Supporting Information for further details. Ts, paratoluenesulfonyl.
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