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ABSTRACT: Despite the recent advancements of Cu catalysis for the cross-coupling of alkyl electrophiles and the frequently pro-
posed involvement of alkyl-Cu(III) complexes in such reactions, little is known about the reactivity of these high valent complexes.
Specifically, although the reversible interconversion between an alkyl-CuIII complex and an alkyl radical/CuII pair has been frequently
proposed in Cu catalysis, direct observation of such steps in well-defined CuIII complexes remains elusive. In this study, we report
the synthesis and investigation of alkyl-CuIII complexes, which exclusively undergo a Cu–C homolysis pathway to generate alkyl
radicals and CuII species. Kinetic studies suggest a bond dissociation energy of 28.6 kcal/mol for the CuIII–C bonds. Moreover, these
four-coordinate complexes could be converted to a solvated alkyl–CuIII–(CF3)2, which undergoes highly efficient C–CF3 bond-form-
ing reductive elimination even at low temperatures (–4 °C). These results provide strong support for the reversible alkyl radicals
recombination with CuII to form alkyl–CuIII species, an elusive step that has been proposed in Cu-catalyzed mechanisms. Furthermore,
our work has demonstrated that the reactivity of CuIII complexes could be significantly influenced by subtle changes in the coordina-
tion environment. Lastly, the observation of the highly reactive neutral alkyl–CuIII–(CF3)2 species (or with weakly bound solvent
molecules) suggests they might be the true intermediates in many Cu-catalyzed trifluoromethylation reactions.

Introduction

Over the past decade, significant advancements have been made in
Cu-catalyzed cross-coupling reactions, enabling the involvement
of traditionally challenging alkyl electrophiles in carbon-carbon
and carbon-heteroatom bond formation.1 In many of these catalytic
transformations, formal alkyl–CuIII complexes, generated via the
oxidative addition from CuI catalysts, have been proposed as the
key intermediates.2 The ensuing reductive elimination from these
high-valent complexes furnishes the desired coupling products and
regenerates the CuI catalysts. While CuIII intermediates have been
proposed frequently, it is only recently that isolated CuIII com-
plexes displaying catalytically relevant reactivity have been identi-
fied, with most studies primarily focusing on their reductive elimi-
nation reactivity. Noteworthy contributions by Ribas and Stahl
demonstrated that aryl-CuIII complexes stabilized by macrocyclic
ligands can reductively eliminate to form C–N, C–O, and C–halo-
gen bonds.3 Xi has reported the discovery of a spiro CuIII complex
that undergoes C(sp2)–C(sp3) bond-forming reductive elimination
reactions.4 Our group and the Shen group have successfully syn-
thesized alkyl- and aryl-CuIII–CF3 complexes capable of participat-
ing in C–CF3 bond-forming reactions.5 Additionally, Tilley re-
cently published a study on CuIII metallacyclopentadiene dimer
complexes, which can undergo reductive elimination to generate
phenanthrocyclobutadiene in quantitative yield.6 More recently,
Sanford has reported the characterization of CuIII-aryl intermedi-
ates in aminoquinoline-directed C–H functionalization.7

Despite significant progress in understanding the reductive elimi-
nation step in Cu catalysis, the involvement of CuIII species in Cu
catalysis remains speculative. Particularly in Cu-catalyzed C(sp3)

cross-coupling reactions with alkyl radicals, an ongoing debate per-
sists regarding the formation of CuIII species in these transfor-
mations. Two distinct pathways have been proposed to elucidate
the interaction between alkyl radicals and Cu catalysts: an inner
sphere and an outer sphere pathway (Figure 1a). In the former
pathway, a carbon-centered radical engages with a CuII species to
generate the reactive organo-CuIII intermediate.8 This step is con-
sidered to be reversible since the CuIII–C is expected to be relatively
weak. Homolysis of an alkyl–CuIII complex could regenerate an al-
kyl radical and a CuII complex. Alternatively, in the outer sphere
pathway, the alkyl radical directly reacts with the CuII intermediate
via group transfer, resulting in the formation of the coupling prod-
uct.9 Experimental evidence has indeed supported the occurrence
of the outer sphere pathway in certain Cu-catalyzed transfor-
mations. For example, Peters and Fu recently demonstrated that in
a photoinduced, Cu-catalyzed enantioselective N-alkylation reac-
tion, the chiral amine product was generated through the direct
transfer of an amide group from a CuII-amide species to an alkyl
radical, without the formation of a CuIII intermediate.10 On the other
hand, while a reversible combination of alkyl radicals with CuII is
postulated to form the CuIII intermediate in the inner sphere path-
way, there is limited experimental evidence supporting either the
homolysis reactivity of CuIII complexes or the formation of CuIII

through a radical combination process. Consequently, the inner
sphere pathway, despite being routinely proposed for Cu catalysis,
remains largely elusive.11

Our groups have a long-term goal to understand the role of elusive
metal intermediates, especially high-valent metal complexes, in
catalytic reactions.12 In our previous studies, we have reported the
synthesis of anionic [alkyl–CuIII–(CF3)3]- complexes, which could
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undergo predominantly C(sp3)–CF3 bond-forming reductive elimi-
nation reactions.5 These complexes, along with a five-coordinate
neutral complex reported by Shen,13 represent the rare examples of
isolated alkyl–CuIII complexes that can undergo reductive elimina-
tion reactions (Figure 1b). Motivated by these findings, we re-
cently questioned whether analogous complexes with well-defined
structures could exhibit the putative CuIII–C bond homolysis reac-
tivity, thus shedding light on the inner sphere pathway of Cu catal-
ysis. In this work, we present the synthesis and exploration of al-
kyl–CuIII complexes that can exclusively undergo CuIII–C homo-
lytic cleavage reactions to form alkyl radicals and CuII species (Fig-
ure 1c). Through kinetic studies of the homolysis reactions, we
have, for the first time, determined the bond dissociation energy of
CuIII–alkyl bonds. Furthermore, these complexes could be trans-
formed to solvated alkyl–CuIII–(CF3)2 species, which undergo ex-
clusive C–CF3 reductive elimination reactions occurring orders of
magnitude faster than previously reported alkyl-CuIII complexes.

a. Two commonly proposed pathways in Cu catalysis

treatment of the neutral (Py)CuIII(CF3)3 complex with the corre-
sponding benzyl zinc reagent at room temperature. Subsequently,
the resulting anionic complexes were isolated as their tetraphenyl
phosphonium salts. Remarkably, both complexes exhibit excellent
stability under aerobic conditions and at ambient temperatures, al-
lowing for their characterization using various spectroscopic tech-
niques. The structures of these two complexes were confirmed by
X-ray crystallography, and an ORTEP structure of each is shown
in Figure 2. Both complexes exhibit a slightly distorted square pla-
nar geometry. The average distance between CuIII center and the
CF3 group in 1a is 1.957 Å, while bond length between the benzyl
carbon and Cu is 1.984 Å, closely resembling the bond length ob-
served in the previously reported non-fluorinated analog (1.997
Å).5
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Figure 2. a. Synthesis and characterization of [alky-CuIII–(CF3)3]-

complexes. b. X-ray crystal structures of complexes 1a and 1b as
[PPh4]+ salts. Oak Ridge thermal ellipsoid plot (ORTEP) drawings
with atoms at 50% probability; [PPh4]+ counter cations omitted for
clarity.
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Figure 1. Understanding the CuIII–C homolysis reactivity in well-
defined CuIII complexes should shed light on the hypothetical in-
ner sphere pathway for Cu catalysis.

Results and Discussion

Design and synthesis of alkyl–CuIII complexes with homolysis
reactivity

We anticipated that two crucial requirements would be necessary
to prepare isolable alkyl-CuIII complexes that can undergo predom-
inantly Cu–C homolysis. First, we opted for CF3 groups as the an-
cillary ligand, taking into account our and others’ previous studies
indicating that such strong donor ligands are capable of stabilizing
organo–CuIII complexes.13-14 Secondly, we have selected electron-
deficient alkyl groups as the participating groups to minimize the
competing reductive elimination pathway. This decision draws in-
spiration from prior investigations in Pd catalysis, where it was ob-
served that complexes incorporating less electron-rich reactive
groups exhibit slower rates of reductive elimination compared to
those with more electron-rich counterparts.15

Based on these two criteria, we prepared complexes 1a and 1b, fea-
turing electron-deficient benzyl groups. The synthesis involved the

Next, we sought to probe the reactivity of these complexes toward
CuIII–C homolysis. Heating a solution of 1a in CH3CN at 55°C for
two hours under anaerobic conditions resulted in the substantial
consumption (90%) of the initial CuIII complexes, along with the
formation of bibenzyl as the major organic products in 72% yield
(Figure 3a and Figure S1). Similar results were obtained for the
thermal decomposition of 1b. Notably, no formation of benzyl tri-
fluorides was detected in either case. These findings starkly con-
trast with the behavior exhibited by previously reported [alkyl–
CuIII–(CF3)3]– complexes or five-coordinate (bpy)CuIII(Me)(CF3)2,
which primarily undergo C–CF3 bond-forming reductive elimina-
tion reactions.

We then investigated the fate of the Cu center during the homolysis
reactions. It is anticipated that the release of a benzylic radical from
1a would result in the formation of a [CuII–CF3] complex, which
can be detected using electron paramagnetic resonance (EPR) spec-
troscopy. X-band EPR analysis of a MeCN solution (100 K) of
compound 1a after heated at 50 °C, revealed the presence of two
distinct S=1/2 CuII signals. Simulation of the EPR spectra with two
S=1/2 components provides g1 = g2 = 2.044, g3 =2.25, A3= 310
MHz for component A and g1= 2.00, g2 = 2.10, g3 = 2.16, A3= 630
MHz for component B (Figure 3a and 3b). Although the definitive
structure determination of these two components remains challeng-
ing, DFT calculations on a range of potential [CuII–CF3] species
suggest that A is likely an anionic [CuII(CF3)3]– complex, while B
corresponds to a neutral CuII(CF3)2(CH3CN)2 complex (see Sup-
porting Information). The assignment of component A as anionic



[CuII(CF3)3]– (m/z = 269.9) was further supported by ESI-MS anal-
ysis (see Supporting Information for details, Figure S2).

Figure 3. Cu-C homolysis reactivity of compound 1a. a. At ele-
vated temperatures, complex 1a undergoes Cu–C homolysis to
form the dimerization product and CuII species. b. EPR spectra of
the homolysis reaction.

Quantification of EPR spin signals revealed that only 20% of CuII

species were formed after the release of the benzyl radical (Figure
S3). This low yield of CuII could be attributed to the subsequent
disproportionation of copper(II) CF3 species, leading to the for-
mation of copper(I) and copper(III) CF3 species (Figure 3a). We
reason that the disproportionation is initiated by the homolysis of
[CuII(CF3)3]–, leading to the formation of a CF3 radical and
[CuI(CF3)2]–.16 The CF3 radical can then react with another equiva-
lent of [CuII(CF3)3]–     to form [CuIII(CF3)3]–.     Indeed, both
[CuI(CF3)2]– and [CuIII(CF3)3]– were detected by ESI-MS (m/z =
200.9 and 338.9, respectively, Figure S2). Quantification of
[CuI(CF3)2]– and [CuIII(CF3)3]– from the same reaction mixture us-
ing 19F NMR revealed 42 yield for [CuI(CF3)2]–, and 32 % yield for
[CuIII(CF3)3]– (Figure S4). Accounting for all the observed copper
species, including the NMR active ones [CuI(CF3)2]– (42%) and
[CuIII(CF3)3]–       (32%),     along     with     the     EPR     active     ones
CuII(CF3)2(CH3CN)2 and [CuII(CF3)3]– (20%), the overall yield for
detected Cu products is ca. 94%. This suggests that most Cu prod-
ucts have been accounted for.

Kinetics of the homolysis step

We next sought to investigate the kinetics of the homolysis reac-
tions. The thermal decomposition of 1a at 55 °C displayed a
pseudo-first-order kinetic behavior with a rate constant of (2.77 ±
0.07) × 10-4 s-1 (Figure S1). However, this observed decay rate
should correspond to the combined rate of the forward homolytic
dissociation and reverse radical oxidative recombination steps. On
the other hand, the rate for the homolysis step alone can be sepa-
rately measured if the oxidative radical recombination step is re-
moved from the kinetic scheme. This can be achieved by employ-
ing a radical trap that rapidly and irreversibly reacts with the gen-
erated radicals. This trapping strategy has previously been used to
study the activation barrier for other metal-carbon homolysis reac-
tions, including the homolytic splitting Co–C cleavage in vitamin
B12 and related model complexes.17

TEMPO was found to be a suitable radical trap for the purpose of
our study. In the presence of 2 equiv. of TEMPO, the thermal de-
composition of 1a followed a first-order rate law in a temperature
range of 40 – 60 °C (k = 3.9 × 10-4 s-1 at 40 °C and k = 6.8 × 10-3 s-1 at
60 °C.), affording TEMPO–CH2C6F5 and TEMPO–CF3 as the only
observable organic products (Figure 4a and 4b). Notably, the
formation of the bibenzyl compound, which arises from the dimer-
ization of the benzyl radical, was not detected. This observation is
consistent with the efficient trapping of the benzylic radical by
TEMPO, preventing its dimerization. When the thermolysis was
conducted with more than 2 equiv. of TEMPO, the decay rate for
1a remains the same (Figure S5). This saturation behavior is con-
sistent with our hypothesis that the reverse radical oxidative recom-
bination step was suppressed with an excess amount of radical trap-
ping agent while the Cu–C homolysis step remains undisturbed.

19F NMR analysis of the Cu complex following thermolysis re-
vealed that the predominant species was [CuI(CF3)2]- (72%), while
only a small amount of [CuIII(CF3)4]- (~5%) was detected by 19F
NMR spectroscopy. This finding supports the notion that the CF3

radical is captured by TEMPO, thereby suppressing the dispropor-
tionation pathway of [CuII(CF3)3]-.

Eyring analysis of the rate constant at different temperatures re-
veals that CuIII–C homolysis from 1a proceeded with ΔH‡ = 28.6 ±
1.6 kcal/mol, ΔS‡ = 16.8 ± 4.9 e.u., and ΔG‡

298 = 23.6 kcal/mol
(Figure 4c). Given the low barrier for the radical recombination
step, we reason that the measured value of activation enthalpy, 28.6
± 1.6 kcal/mol in CH3CN, can be used as an estimate of the bond
dissociation energy of CuIII–alkyl bonds in compound 1a.

Figure 4. Kinetic studies of the Cu–C homolysis of 1a in the pres-
ence of a radical trap. a. Homolysis of 1a with 2 equiv. of TEMPO
affords the radical trapping product. b. First-order plot of the ho-
molysis at various temperatures in the presence of two equiv. of
TEMPO. c. Eyring analysis of the homolysis reaction.

From CuIII–C homolysis to C–CF3 reductive elimination

In the context of Cu-catalyzed trifluoromethylation reactions, it is
commonly proposed that organo–CuIII–CF3 complexes undergo C–
CF3 bond-forming reductive elimination, leading to the formation
of trifluoromethylated products.8a, 8b, 14a, 18 However, the results
shown here suggest the possibility of an alternative homolytic
cleavage pathway for such complexes. This intriguing new reactiv-
ity prompts us to explore whether there exists a means to control
the reactivity of organo-CuIII complexes, directing them either to-
wards Cu-C homolysis or reductive elimination.

Previous studies on well-defined PdII compounds have revealed
that complexes with three-coordinate metal centers tend to undergo
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faster reductive elimination than those with four-coordinate cen-
ters.15 Building upon this knowledge, we thus speculate whether
complex 1a could be converted to its neutral three-coordinate al-
kyl–CuIII–(CF3)2 analog, which might favor reductive elimination
reactions. To accomplish this transformation, the selective removal
of a CF3 ligand from the CuIII center is required. Previous work has
shown that Brønsted or Lewis acids can promote the activation of
the C–F bonds in metal-trifluoromethyl complexes, leading to the
formation of metal-difluorocarbene species that can undergo di-
verse transformations.19 For example, Reger has shown that the re-
action of CpMo(CO)3CF3 with SbF5 leads to the formation of
[CpMo(CO)3CF2]SbF6, which transforms to [CpMo(CO)4] SbF6

during the attempts to isolate the difluorocarbene species.20 Baker
has reported that a CoIII difluorocarbene species could undergo hy-
drolysis to form a CoIII carbonyl species.21 Toste and coworkers
have shown that treating an AuIII–CF3 complex with tris(pen-
tafluorophenyl)borane, B(C6F5)3, leads to the formation of a
difluorcarbenoid complex capable of undergoing an unusual fluo-
ride rebound process.22 Similar reactivity has been observed on
copper(III) species. Grushin reported the reaction of a four-coordi-
nate [CuIII(CF3)4]– complex with acetic acid, resulting in the loss of
a CF3 group and the formation of a five-coordinate (bpy)CuIII(CF3)3

compound when the bipyridine ligand is present.14c This strategy
has been used by Shen to synthesize neutral five-coordinate
(bpy)CuIII(CF3)2(Me) and (bpy)CuIII(aryl)(CF3)2 complexes.13, 23

a. formation of a neutral (alkyl)CuIII(CF3)2 species
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Figure 5. Formation of solvated alkyl–CuIII species. a. The addi-
tion of B(C6F5)3 to a solution of 1a leads to the formation of new
CuIII species. b. Mechanism for the formation of species 2a.

Motivated by these precedents, we studied the reaction of 1a with
various acids. While most acids either caused the intractable de-
composition of 1a or showed no reactivity towards it, the addition
of B(C6F5)3 to a CDCl3 solution of 1a resulted in immediate effer-
vescence. Monitoring this reaction by 19F NMR spectroscopy (Fig-
ure S6) at –25 °C revealed the rapid disappearance of original CF3

groups (–35.5 ppm and –36.7 ppm) and the appearance of a new
singlet at –43.5 ppm. Quantitative analysis of the new peak, using
an internal standard, indicated that two CF3 groups were bound to
the Cu center, consistent with the formation of a new [CuIII–(CF3)2]
species featuring two equivalent CF3 groups (Figure 5a). Given the
effervescence observed during the reaction, we further analyzed the
headspace using gas chromatography (Figure S7), which demon-
strated the formation of CO. Based on these results, together with
the precedents on fluoride abstraction from metal–CF3 compounds
by B(C6F5)3, we propose that the borane abstracts a fluorine atom
from 1a, leading to the formation of an unstable CuIII–difluorocar-
bene species (Figure 5b). Subsequent hydrolysis, facilitated by
trace amounts of water in the solvent, gave rise to the formation of
a CuIII–carbonyl complex. This complex readily released one
equiv. of carbon monoxide to form a ligandless [benzyl–
CuIII(CF3)2] species 2a (or with weakly bound solvents). The struc-

ture of compound 2a is supported by 2D NMR (see Supporting In-
formation for details). A similar compound 2b could be formed via
the reaction of compound 1b with B(C6F5)3 (Figure S9).

Figure 6. Reactivity of compound 2a. a. Compound 2a exhibits
exclusive reductive elimination reactivity. b. Monitoring the reduc-
tive elimination of 2a by 19F NMR at –4 °C in CDCl3. c. First-order
plot of reductive elimination of 2a at –4 °C.

The reactivity of this newly formed species 2a was investigated.
Unlike 1a, which undergoes a homolysis reaction, complex 2a un-
dergoes reductive elimination within seconds at ambient tempera-
ture, yielding the benzyl trifluoride product as the only organic
compound (Figure 6a). At sub-ambient temperatures (–4 °C), the
reductive elimination of 2a followed the first-order kinetics, with a
rate constant of 1.03 × 10-3 s-1 (Figure 6b and Figure 6c). Similar
reactivity has been observed with the three-coordinate compound
derived from 1b, which reductively eliminates with faster kinetic
rates (k > 10-2 s-1 at –4 °C and k = 1.37 × 10-3 s-1 at –15 °C) (Figure
S9). Notably, these rates of reductive elimination are at least three
orders of magnitude faster than that of the previously reported ani-
onic [nBu–CuIII–(CF3)3]– and five-coordinate (bpy)CuIII(CF3)2CH3

species (calc. rate constant for reductive elimination at –4 °C based
on Erying plot: ~0.4 ×10-6 s-1 and ~0.9 × 10-6 s-1, respectively).

DFT calculations

To gain further insights into the significant difference in the reac-
tivity between the four-coordinate complex 1a and apparent three-
coordinate complex 2a, we conducted DFT calculations on these
two compounds (see Supporting Information for details). In agree-
ment with the experimental findings, DFT calculations show that
the reductive elimination of complex 2a proceeds with much lower
activation enthalpy (ΔH‡ = 11.9 kcal/mol ) than the four-coordinate
and anionic analog 1a (ΔH‡ = 30.8 kcal/mol). In addition, the en-
thalpy change of the homolysis reaction of 1a has been calculated
as ΔH = 23.1 kcal/mol. This is in good agreement with the experi-
mental activation enthalpy ΔH‡ = 28.6 ± 1.6 kcal/mol, when taking
into account the small barrier for the recombination of the benzylic
radical with the CuII species.

To illustrate the variation of bonding orbitals during reductive elim-
ination, we used the intrinsic bond orbital (IBO) scheme to localize
the canonical molecular orbitals for each point along the intrinsic
reaction coordinate (IRC) for both compounds 1a and 2a.24 Our
analysis showed that two Cu–C s-bonds involved in reductive
elimination change more significantly than the others (Figure 7).
One evolves into a C–C s-bond, whereas the other becomes a Cu
d-orbital. At the transition states, the newly generated Cu d-orbital
suffers from repulsive interaction with the CF3 ligands that do not
participate in reductive elimination. Compound 1a has two such
ligands to affect the transition state, whereas compound 2a has only



one. As a result, the transition state of 2a is less destabilized as
compared to that of 1a, leading to its lower barrier. A similar ex-
planation is documented to explain the influence of the coordina-
tion number on the rate of reductive elimination of other d8-or-
ganotransition metal complexes.25

three-coordinate [CuIII–CF3] complexes in Cu-catalyzed trifluoro-
methylation and other Cu-catalyzed reactions are currently being
conducted in our laboratory, and we will report our findings in due
course.

Conclusions

In summary, these complexes represent the first examples of well-
defined CuIII complexes that exhibit the putative CuIII–alkyl homol-
ysis reactivity, a commonly proposed step in Cu catalysis. Through
kinetic studies, the bond dissociation energy of CuIII-alkyl bonds
has been estimated experimentally for the first time, which is sup-
ported by DFT calculations. Additionally, the conversion of the
four-coordinate alkyl-Cu species to its apparent three-coordinate
analog has been achieved by removing a CF3 ligand. Notably, the
resulting neutral complex displays exclusive reactivity towards C–
CF3 bond-forming reductive elimination under sub-ambient tem-
peratures, with a rate constant significantly faster than previously
reported for alkyl-CuIII-CF3 species. These findings provide valua-
ble insights into the reactivity and potential catalytic applications
of CuIII complexes in Cu-catalyzed reactions.
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