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Abstract: Despite the known nucleophilic nature of [M(CF3),] (M =
Cu, Ag, Au), their participation in trifluoromethylation reactions of aryl
halides remains unexplored. Herein, we report, for the first time, the
selective access to Cu(CF3); species, ubiquitous in Cu-mediated
trifluoromethylations, and we rationalize its complex mechanistic
scenario and its behavior compared to its silver and gold congeners
through a mixture of experimental and computational approaches.

Undoubtedly, over the past vyears, ftrifluoromethyl
organometallic compounds of coinage metals have played a key
role as reactive intermediates in organic synthesis."?-3 In this
context, fundamental studies on the reactivity of ate-type
complexes as nucleophiles has received little attention since until
recently, only well-defined (Cat)[Au(CF3);] complexes were
isolable.* In 2018, we reported, for the first time, not only the
isolation of an unique silver salt, (Cs)[Ag(CF3).], but also its high
efficiency as transmetalating reagent in Pd-catalyzed
trifluoromethylations.?? Although different literature reports have
proposed the existence and involvement of nucleophilic
[Cu(CF3).]~ species in C—CF3; bond-forming reactions, their
detailed chemical behavior remains obscure.®% This can be
attributed to challenges associated to their selective access (i) its
inherent instability and (ii) the existence of different neutral and
ionic species in solution that are in equilibrium (Figure 1).

As part of our ongoing interest in the reactivity of ate-type
complexes, we wondered whether it could be possible to unravel
the potential of (Cat)[M(CF3);] (M = Cu, Ag, Au) as reactive
species in trifluoromethylation reactions and to
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compare/understand their performance. Herein, we explore
previously inaccessible features of these rather unique
[M(CF3)2]~ species, including: 1) a direct synthetic route for
accessing unprecedented (Cs)[M(CF3)2] (M = Cu, Au) salts and
their unambiguously characterization by single crystal X-ray
diffraction; 2) a comprehensive experimental and computational
analysis of coinage [M(CFs).]~ and their relative reactivity to a
benchmark aryl halide; and 3) the first experimental evidence of
the participation of [Cu(CF3).]™ in trifluoromethylation processes.
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Figure 1. Reactivity of bis-(trifluoromethyl)metallates of coinage metals.

Inspired by our previous results, we started our investigations
by targeting the access to (Cs)[M(CF3)2] (1m, M = Cu, Au) using
1ag as CF; shuttle.? Gratifyingly, we were able to in situ generate
1cu in quantitative yield using 1 equiv of Cul and 1 equiv of 1ag
in THF or DMF at rt after 1 hour (eqn. 1).® Although 1cu is
insufficiently stable for isolation,” we confirmed its structure by
F NMR spectroscopy, ESI-MS and single crystal X-ray
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diffraction.® This result is certainly remarkable in view of the
previously described difficulties to access to [Cu(CF3),]~ species
in a selective manner in solution. Under identical conditions, the
reaction between 1ag and [AuCIl(SMe)] in THF afforded a
complex reaction mixture. However, after some experimentation,
we found that the treatment of 1 equiv of [AuCI(SMe;)] with the
combination Me3;SiCF3/CsF (3.3/3) in THF afforded 1au, a highly
stable blue solid, in 85% isolated yield (egn. 2). The resulting salt
was fully characterized by NMR spectroscopy, ESI-MS and X-ray
diffraction.

The X-ray structures of 1cu and 1as are shown in Figure 2,
along with the most relevant parameters of the measured
compounds including 1ag, previously described by our group.2#°
In these series of Cs-salts, all the metal atoms are forming linear
chains with metal-metal contacts, differing from the other
previously described [M(CF3);]~ anions,'@23¢4 showing 1au a
zigzag pattern every three Au-atoms. Regarding the M—C bonds
lengths, the Ag—C is the longest distance (2.12 A), while the Cu—
C the shortest with 1.94 A. The Au—C distances, in the range of
2.04-2.07 A due to the relativistic gold contraction effect,'® are
comparable with previously described (cat)[Au(CF3),] salts.'®*
Regarding the Cu-C bond distance, it is shorter than the only
(cat)[Cu(CF3),] characterized by X-ray diffraction,
[(SIMes),Cu][Cu(CF3),] (1.94 vs 1.97 A), which in solution is in
equilibrium with the neutral specie (SIMes)CuCF; 3
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Figure 2. ORTEP structures of 1cu, 1ag and 1au are shown with thermal
ellipsoids set at 50% probability. Red (Cs), Grey (Carbon), Green (Fluorine),
Orange (Copper), Black (Silver) and Yellow (gold). Most relevant parameters
of the structures are shown in the table.

With a reliable route in hand for accessing the target 1m (M =
Cu, Au), we next aimed to unravel the participation of these
species, along with 1ag, in the activation of aryl halides using as
benchmark a common model system in trifluoromethylation
reactions, 4-iodobiphenyl (2) (Scheme 1)."" The reaction of 1ag
or 1auWith 2 in DMF at 50 °C during 24 hours did not provide the
desired product, observing by °F NMR the starting materials
and/or decomposition products.'? Delightfully, the reaction of 1cu
with 1.6 equivalents of 2 under the same reaction conditions led
to an excellent yield of 4-trifluoromethylbiphenyl (2cr3, 93%) by

F NMR spectroscopy, along with the formation of [Cu(CF3)I]-
(3cu) (Scheme 1b). These preliminary results confirm, for the first
time, the involvement of 1cu in the activation of 2, its capability to
transfer the two trifluoromethyl groups, and highlights its
remarkable performance compared to previously described Cu-
mediated systems under analogous reaction conditions.39
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Scheme 1. a)Trifluoromethylation of 2 with 1cu, 1ag, 1au. 2 Yield obtained by "°F
NMR analysis using 4,4 -difluorobiphenyl as internal standard. b) '°F NMR
spectrum in the region of CuCF3 species after the trifluoromethylation reaction.

We next explore the reactivity of 1cu towards different
representative  organic  electrophiles  such as 10-
iodobenzo/h]jquinoline (4), benzyl bromide (5), methyl-6-
bromopyridine-2-carboxylate (6) and 1-(allyloxy)-2-iodobenzene
(7). In all the cases, the yields were from moderate to excellent,
pointing out the capability of these bis-(trifluoromethyl)cuprate
species activating a variety of bonds such as Csp?~l, Csp?>-Br
and Csp®-Br (Scheme 2). The selection of 1-(allyloxy)-2-
iodobenzene (7) as representative substrate was not
adventitious since it is used to evaluate the presence of radical
species.’ Under our standard conditions, we exclusively
observed 7crs, discarding the participation of Cu'" radical
intermediates during the reaction.
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Scheme 2. Trifluoromethylation reactions. 2Reaction conditions: 1 (0.016
mmol), substrate (0.0256 mmol), DMF (0.6 mL), 50 °C (4, 5 and 7) or 80 °C (6),
24 h under Ar. ® Yield obtained by '°F NMR analysis using 4,4 -difluorobiphenyl
as internal standard.



Intrigued by spectacular performance of 1cu compared to its
silver and gold congeners, and the experimental observation of
other potentially reactive species such as 3cu (Scheme 1b), we
decided to examine these intricacies through a computational
study. There are a limited number of theoretical mechanistic
studies on copper-catalyzed/mediated trifluoromethylation
reactions of aryl halides and they are not directly related to our
system.34£5413 DFT calculations were carried out with the M06
functional with a double-{ plus polarization basis set in a DMF
continuum solvent. A data set collection of computational results
is available in the ioChem-BD repository.' We used as model
reagent phenyl iodide, and we did not include the countercation
of 1m in the calculations.'® In alignment with the experimental
results when using 7 as substrate, preliminary calculations
allowed us to rule out radical mechanisms with involvement of
Cu'" intermediates.'® Our favored mechanism involves oxidative
addition (OA) through a concerted transition state to form Cu"
intermediates, as shown in Figures 3 and 4. We first analyzed
the direct involvement of species [Cu(CF3),], labeled as 11¢, as
trifluoromethylating agent. The free energy profile, shown in
Figure 3, shows a quite high barrier of 29.2 kcal/mol, which would
lead to a too slow trifluoromethylation process at the
experimental conditions.
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Figure 3. Computed energy profile for the oxidative addition and reductive
elimination sequence of different [M(CF3)2]- complexes. Free energies in
kcal/mol.

In view of this result, we investigated other potential reactive
species. Interestingly, the situation changes if the
trifluoromethylating agent is (DMF)CuCF; (14°V). This copper
species is not among the initial species in solution, but it can be
generated efficiently through the nearly thermoneutral equilibria
outlined in equations 3 to 5. The initial generation of 14" will
come from ligand substitution in 13¢¥, which is the side product in
the first, slow, trifluoromethylation process, shown in Figure 3.7
Once a critical concentration of 14“ is reached, the second,
faster, trifluoromethylation starts with an affordable barrier of
21.7 kcal/mol (Figure 4), and this generates as side-product 16,
which through the equilibria in equations 4 and 5 can regenerate
14°4 and restarts the process. '® The validity of this DFT

description was confirmed by microkinetic modeling,'® where the
evolution of concentrations through time is estimated from initial
concentrations and theoretically computed rate constants. This
microkinetic modeling (see Figure S15) results in a reaction time
compatible with experiment in spite of the high barrier of 29.2
kcal/mol for the first reaction (Figure 3). An induction period,
required for the generation of (DMF)CuCF3is also predicted.

B Speciation of copper complexes in solution

[Cu(CF3)()]- + DMF =——= (DMF)CUCF; + I~ (3) AG = - 4.0 kcal-mol"!
13 14
(DMF)Cul + I =——= [Cul,J- + DMF  (4) AG = 4.0 kcal-mol!
16 17
Schlenk equilibrium
[Culp]” + [Cu(CF3),]" 2 [Cu(CF3)(N~  (5) AG = - 3.1 kcal-mol”!

17 "1 13

AG (solvent DMF, 50 °C, M06(SMD)/6-31+G**) kcal/mol

DMF $
Fsc-MY,,
ovMF |*
289 151445 i
TS 1SR 57 FaC:
Cu 5 15RG TS 15-6Cu .
TSWRTAT . qm 0 ©
=g 150 ‘
5T 153 TS I5-16
Oxidative -
Addition 73 A
14/ (DMFMCF; pye  Reductive '
0.0 [ Elimination
| FsC-MY| :
©/ % 1gCy CFs
\—
472
N 15 +
: Y
DMF-M-CF; DME M1
14 6

Figure 4. Computed energy profile for the oxidative addition and reductive
elimination sequence of different (DMF)MCF3 complexes and speciation of
copper in reaction conditions. Free energies in kcal/mol.

It is noteworthy to mention that for silver and gold analogous
systems, also in Figures 3 and 4, we found that the paucity of
reactivity towards the trifluoromethylation of aryl halides is related
to a sluggish oxidative addition event. The increased barrier
when going from copper to gold correlates with the nucleophilic
character of the different metallates as can be seen in Table S3.

Although to a certain extent it is counterintuitive that the neutral
14°v species is a better trifluoromethylating agent than the anionic
complex 11€Y, this can be explained considering the lability of the
DMF-Cu bond, which favors the approach of Phl to the metal
center (see Scheme S4). This mechanism explains also the
convenience of using coordinating solvents, such as DMF for the
reaction to take place.?’ Under our reaction conditions, 1cu acts
as CF;3 reservoir, being (DMF)CuCF3; the most active species.*f

We then aimed to experimentally corroborate this theoretical
mechanistic scenario, with these two concatanated pathways.
To do so, we monitored by "F NMR spectroscopy the
trifluoromethylation reaction of 2, first forming a mixture of 1cu
and 1ag (83:17) using substoichiometric amounts of Cul respect
to 1ag, and next adding excess of Cul. Our goal was to ensure



that, initially, all the copper was speciated as 1cu, Since an excess
of Cul (5 equiv) generates a mixture containing 1cu along with
[Cu(CF3)IT™ (3cu) (65:35). Based on eqn. 3-5, in the absence of
excess of I, 3cu would not be formed, hindering the most facile
route shown in Figure 4 and observing a delay in the formation
of 2¢cr3 due to the proposed induction period. Under these
substoichiometric conditions, after 20 h at 50 °C, we only
observed the ftrifluoromethylated product in 4% yield.?' As
predicted by DFT, when we added the excess of Cul to the
reaction mixture, we observed a dramatic increase in yield of 2cr3
(55% after 4 hours). Moreover, we detected the appearance not
only of (Cs)[Cu(CF3)l] (s,8 = —27.44 ppm)? but also of
(DMF)CuCF3 (broad signal,d = —25.75 ppm), the reactive
species based on our DFT calculations (Figure 5b).?3
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Figure 5. a) Kinetic experiment using 1cu before and after the addition of
excess of Cul; b) '°F NMR spectrum showing the Cu species present in the
trifluoromethylation reaction of 2, 4 hours after the addition of Cul.
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In summary, we report the synthesis and structural
characterization of (Cs)[M(CF3);] (M = Cu (1cu), Au (1au)) and
compare their reactivity, along with 1ag, in the trifluoromethylation
of a benchmark aryl halide from an experimental and
computational point of view. The selective synthesis of 1cu
allowed us not only to unravel the potential of 1cu in Cu-mediated
trifluoromethylation reactions but also to disclose the complex
underlying Cu”" reaction mechanism due to the generation of
more reactive species such as (DMF)CuCFs.
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unique (Cs)[Cu(CF3),] salt, but also its
superior activity compared to its
congeners, and a detailed mechanistic
understanding, combining
experimental and  computational
studies.
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