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Trifluoromethane (CHF;, fluoroform, HFC-23) is a gas
(b.p.=—-82°C) that is formed as a side product (>20000
t/a) in Teflon manufacturing. Being neither toxic nor ozone-
depleting, fluoroform must nonetheless be destroyed because
of its high global-warming potential (> 10* that of CO,) and
atmospheric lifetime of more than 250 years.!!! Incineration of
CHF;, a flame retardant, is, however, a costly and environ-
mentally unfriendly process.

A vastly preferred alternative to the destruction of CHF;
would be its utilization as a feedstock for the production of
fluorochemicals. Fluoroform has long been viewed as by far
the best CF; source for the preparation of trifluoromethylated
building blocks and intermediates that are in great demand
for the synthesis of modern agrochemicals, pharmaceuticals,
and specialty materials.>* However, selective and efficient
activation of CHF;, a rather inert molecule, represents
a considerable challenge. Until very recently, deprotonation
of weakly acidic fluoroform (pK,=27 in H,0)"' with strong
bases remained the only methodology™® to employ CHF; in
synthesis. This deprotonation approach may not be feasible
for applications on a larger scale for a number of reasons,
including the necessity to use low temperatures in order to
avoid the exceedingly facile decomposition of the CF;~
carbanionic intermediate to difluorocarbene.

A much more recent, distinctly different approach to
CHTF, activation is based on the previously proposed!®® idea of
direct metalation, leading to a stable M—CF; derivative in one
step. In 2011, the first reactions of direct zincation and
cupration of fluoroform were reported by Daugulis and co-
workers”! and our group,>® respectively. Our cupration
method® employs a novel reagent, dialkoxycuprate [K-
(DMF)][(tBuO),Cu] (1), which is prepared quantitatively
from CuCl and two equivalents of tBuOK in DMF. Pre-
isolated or insitu generated 1 reacts with CHF; at room
temperature and 1 atm to give synthetically useful®'” CuCF;
in >90% yield within minutes (Scheme 1). Although evi-
dence has been obtained™® that neither CF;™ nor CF, mediate
this process, its mechanism remained unknown. Herein we
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Scheme 1. Preparation of CuCF; from CHF,.!

report a combined experimental and computational study of
the cupration reaction of fluoroform. Our investigations have
revealed mechanistic features of this H-CF; activation that
are as striking and unique as the reaction itself.

The CuCF; species that is directly produced in the
reaction of [K(DMF)][(BuO),Cu] (1) with CHF; decays in
the course of hours and is too unstable for isolation.["! This
decomposition is caused by the potassium cation that
abstracts F from the CF; ligand on Cu (o-F-elimination) to
give KF and a Cu' carbene. Freshly prepared solutions of
fluoroform-derived CuCF; can be efficiently stabilized
against this decomposition by the treatment with a source
of HF, such as Et;N-3HF or Py(HF),. The mechanism of this
stabilization is the sequestering of the reactive potassium
cations in the form of highly thermodynamically favored KF.
The CuCF; species in the resultant solution is much more
stable (for days at room temperature), yet insufficiently stable
for isolation and structural studies.

We reasoned that adding a ligand with a strong affinity for
K" after the cupration reaction would diminish its electro-
philicity, thereby suppressing the decomposition of the just-
produced CuCFs;. Unlike the treatment with the HF sources,
this method was expected to provide a milder, more “non-
invasive” technique to stabilize the originally formed CuCF;
species for isolation and further studies. We were delighted to
find that the addition of one equivalent of 18-crown-6 to the
reaction mixture immediately after the cupration produced
quantitatively a stable complex that was amenable to isolation
and structure determination.

As shown in Figure 1, the product of this complexation is
[K(18-crown-6)][(BuO)Cu(CF;)] (2)," a mixed ate species

Figure 1. ORTEP drawing of [K(18-crown-6)][(:BuO)Cu(CF;)] (2) with
H atoms omitted and thermal ellipsoids drawn to the 50% probability
level.
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that bears one BuO and one CF, ligand on the Cu' center.
The O atom of the rBuO ligand on Cu is coordinated to K* in
the crown ether. The O-Cu-CF; fragments in the four
independent molecules found in the crystal of 2 are nearly
linear (174.5(5)-179.7(5)°) and the Cu—CF; bond distances
(1.81(2), 1.868(14), 1.914(15), and 1.927(13) A) are, on
average, noticeably shorter than in the handful of previously
reported structurally characterized Cu'~CF; complexes.'?
Under rigorously O,- and H,O-free conditions, 2 is stable
in the solid state and decomposes only slowly in solution
(DMF, THF, benzene). The isolation and structural character-
ization of 2 provides evidence for the reaction of CHF; with 1,
leading to [(fBuO)Cu(CF;)]~ along with one equivalent of
tBuOH (Scheme 2). These two undergo fast exchange, as
follows from the observation of only one singlet resonance
from the rBuO groups in the room temperature 'H NMR
spectrum of a freshly prepared cupration reaction mixture in
[D;,]DME. A possible mechanism for this exchange is shown
in Scheme 2. In solutions of [(rBuO)Cu(CF;)]™ prepared from

[K(DMF)][(BuO)»Cul
CF, [ CF,
o
ot
H

Scheme 2. Cupration of CHF; and tBuOCu/tBuOH exchange.

_CHFs_ [K(DMF),J(BuO)Cu(CF3)] + BuOH
DMF

[K(DMF),J*

1 and CHF;, the lack of strongly stabilizing ligands for the
potassium cations accounts for their enhanced electrophilicity
toward the Fatoms and, as a consequence, the facile o-F
elimination.

A striking observation was made when the synthesis of 2
was attempted by adding one equivalent of 18-crown-6 to
a solution of 1 in DMF before rather than after the
introduction of fluoroform. In the presence of 18-crown-6,
the reaction was sluggish, producing 2 in only 15, 30, and 35 %
yield after 10, 40, and 60 min, respectively. The cupration was
further slowed down in the presence of five equivalents of 18-
crown-6 and even more so when the latter was replaced with
one equivalent of [2.2.2]cryptand (crypt-222). No detectable
change in the reaction rate occurred, however, when the
amount of crypt-222 was doubled.

Kinetic data for these reactions were obtained by
YFNMR spectroscopy with an internal standard under
pseudo-first-order conditions in CHF;. The non-exponential
curves (Figure 2) suggested autoinhibition, regardless of the
presence or absence of the additives. In the latter case, this
effect was difficult to recognize because the reaction was fast,
reaching >90% conversion within about 5 min. It was
confirmed by an independent experiment, however, that the
tBuOH by-product (Scheme 2) does slow down the cupration.
In the presence of 1.1 equivalents of rBuOH, deliberately
added to 1 in DMF prior to the introduction of CHF;, the
yield of CuCF; was only about 65% after 20 min. Detailed
kinetic analysis of the autoinhibition is the subject of
a separate research project. Herein, we focus on the more
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Figure 2. Kinetics of the cupration reaction of CHF; with [K(DMF)]-
[(tBuO),Cu] (1) in DMF ([Cu]=0.1 ™) in the absence and presence of
18-crown-6 or [2.2.2]cryptand at 25°C.

mechanistically significant, totally unexpected inhibiting
effect of 18-crown-6 and crypt-222 that points to a crucial
role of the alkali-metal counterion in the CHF; activation
with 1.

On addition of 18-crown-6 (1 equiv) to 1in DMF, THF, or
benzene, [K(18-crown-6)][(fBu0O),Cu] (3)M"! was cleanly
formed with concomitant loss of the coordinated DMF
molecule. The structure of isolated 3 (Figure 3) shows that

Figure 3. ORTEP drawing of [K(18-crown-6)][(¢BuO),Cu] (3) with
H atoms omitted and thermal ellipsoids drawn to the 50% probability
level.

the crowned K* is coordinated to one of the two O atoms of
the dialkoxycuprate anion, with the K—O bond length of
2.668(2) A being within the range found in the structures of
1 (2.629(2), 2.699(2), and 2.747(2) A)® and 2 (2.652(11),
2.575(10), 2.600(10), and 2.625(10) A). The Cu—O bond
distances (1.804(2) and 1.829(2) A) and the O-Cu-O angle
(169.66(8)°) in 3 are similar to those determined for
1 (1.815(2) and 1.825(2) A and 173.10(10)°, respectively). In
spite of these similarities, however, 3 appeared to be much
less reactive toward fluoroform (Figure 2).

Likewise, adding one equivalent of crypt-222 to a solution
of 1in [D;]DMF led to the instantaneous complexation of the
potassium cation, as was manifested by the characteristic
changes in the '"H NMR spectrum. The resultant salt [K(crypt-
222)]" [(fBuO),Cu]~ (4)M"! was also isolated and structurally
characterized (Figure 4). Unlike 3, 4 does not display
coordination of the dialkoxycuprate anion to the K* that is
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Figure 4. ORTEP drawing of [K(crypt-222)][(¢BuO),Cu] (4) with
H atoms omitted and thermal ellipsoids drawn to the 50% probability
level.

confined in the cryptand cage: the two K--O(Cu) distances
exceed 6.1 and 8.2 A.

The observed order of reactivity toward fluoroform (1>
3> [3+ 18-crown-6 (4 equiv)] >4~ [4+ crypt-222 (1 equiv)]
(see above and Figure 2) correlates with the concentration of
“free” K* in these systems: 0.1>2.4x1073>12x107°>3.5x
107 ~2.5x107°M, respectively. These [K'] values were
calculated given [1]=0.1M used in the experiments and the
reported logKs data for [K(18-crown-6)]" (4.2-4.3)! and
[K(crypt-222)]" (7.9)"! in the same solvent (DMF).!! The
observed correlation indicated that the potassium cation
provides critical electrophilic assistance to the activation and
cleavage of the H-CF; bond with the dialkoxycuprate. To
understand the key role of K* in the cupration reaction, we
studied its mechanism by theoretical calculations.

Analysis of mechanisms!'”! of C—H activation with metals
suggested that the cupration might proceed, as shown in
Scheme 3, by a) oxidative addition of CHF; to the Cu' center,

(OMF), 1% ,-(DMF), (DMF),
. K‘ K/
K‘ CF: ‘0 CFg ———> ‘O
Ou,, CFsl — 7 3 . wCF:
Fl/ _Cu__| Oxidative R/O/C“\ Reductive R/ Cu 8
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Scheme 3. OA/RE and AMLA mechanisms for H—CF; activation with
[K(DMF),J[Cu(OR),] (R =alkyl).

followed by reductive elimination of tBuOH (OA/RE) or
b) proton transfer from CHF; to the O atom of the BuO
ligand on Cu with the simultaneous formation of the Cu—CF;
bond (Scheme 3). This proton-transfer mechanism is similar
to ambiphilic metal-ligand activation (AMLA), in which the
cooperative effect of the F;C—H--OCu hydrogen bond and
the Lewis acidity of the 14e Cu' center provides a low-energy
route to fluoroform C—H bond cleavage and Cu—CF; bond
formation. Each of these two mechanisms was probed with
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two sets of calculations, one for K*-free, “naked” [Cu(OR),]~
and one for [K(DMF)][Cu(OR),] with R =Me (small model).

The ability of CHF; to form hydrogen bonds with O-
donors has long been established."® Although such H-bonds
are largely of electrostatic nature, the contribution of
dispersion interactions needed to be taken into account in
order to obtain accurate binding energies of CHF; to the
dialkoxycuprate. Therefore, all calculations were performed
at the DFT/B97D!™! level of theory with the Gaussian09
package.”!

In the study of the OA/RE pathway (Scheme 3), no
agostic intermediates were located and the molecule always
relaxed to the initial compound with a strong hydrogen bond
between CHF; and [Cu(OMe),]” (r(O--H)=1.76 A). With
K* omitted, a prohibitively high barrier of 47.3 kcalmol ' was
computed. Inclusion of [K(DMF)]" in the model resulted in
electrostatic interactions between K* and F atoms of CHF;,
which changed the barrier to 49.6 kcalmol™'. We therefore
concluded that the OA/RE mechanism is unlikely to operate
in the reaction.

An AMLA-type four-center transition state was found for
H—CF; activation with [Cu(OMe),|” alone. The computed
activation barrier AG* 45 =27.7 kcalmol™! is fairly consis-
tent with the experimentally observed (Figure 2) slow reac-
tion rate of CHF; with 4, in which the K* cation is separated
from the reactive centers by encapsulation inside the cryptand
host (Figure 4).!

Placing a CHF; molecule in the [K(DMF)][Cu(OMe),]
environment produced a much more stable transition state
with AG* 45 =21.5 kcalmol %! In addition to the expected
pattern involving the H, O, Cu, and C centers, this striking
transition state (Scheme 4) displays interactions of the

—0—Cu—O—R|* NLY a p
Ame e oTR 0—cu—0’
HY K aH_ /Feoka
CF.” DMF ' ¢—F  DMF
¢ F ¢

Scheme 4. Schematic representation of the computed transition state
(left) displaying interacting Lewis acid (a) and Lewis base (b) centers
(right) involved in the CHF; cupration reaction.

potassium ion not only with the other O atom on Cu, but
also with two of the three F atoms of the fluoroform molecule.
These additional K--O and K--F contacts provide extra
stabilization to the transition state, thereby lowering consid-
erably the activation barrier. As shown in Scheme 4, the
presence of the potassium cation creates a remarkable
template, in which a total of three Lewis acid centers (H,
Cu, K) and five basic centers (O, O, C, F, F) are ideally
preorganized for the C—H bond breakage and Cu—CF; bond
formation. Apart from the template effect, this assembly
facilitates the process by altering the electronic properties of
the reactive centers. Thus, the K--F contacts increase the
acidity of the H—CF; bond and the K-O interaction enhances
the electrophilicity of the Cu center, as confirmed by NBO
charge distribution analysis."!

The established Lewis acid effect of K* on the cupration
reaction prompted us to synthesize a salt of [(fBuO),Cu]”
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with a metal-free countercation in order to explore its
reactivity toward CHF;. The organic cation of choice was
[Me,N]" that is devoid of f-H atoms and hence cannot
undergo Hofmann elimination. Attempts to prepare [Me,N]*
[(tBuO),Cu]~ (5) by metathesis between [Me,N]* X~ (X =Cl,
BF,) and 1 or [Na(DMF),][(BuO),Cu]® in various solvents
were unsuccessful. The reaction of [Me,N]* F~ with [Na-
(DMF),][(BuO),Cu] in THF, however, cleanly produced 5,
which was isolated and structurally characterized
(Figure 5).01

Figure 5. ORTEP drawing of [Me,N] [(BuO),Cu] (5) with H atoms
omitted and thermal ellipsoids drawn to the 50% probability level.

As anticipated, 5 appeared poorly reactive toward fluoro-
form in DMF, the reaction rate being roughly one half of that
with [K(18-crown-6)][(tBuO),Cu] (3). Somewhat unexpect-
edly, however, the cupration with 5 proceeded slightly faster
than with 1 in the presence of five equivalents of 18-crown-6
and with [K(crypt-222)][(tBuO),Cu] (4). We suspected that
trace residual amounts of Na* in the sample of 5 after the
synthesis might have catalyzed the cupration. Therefore, the
reaction of CHF; with § was repeated in the presence of crypt-
222 (1equiv), which would efficiently sequester residual
sodium ions in the form of inactive [Na(crypt-222)]*. How-
ever, no change in the reaction rate was observed in this
experiment, thus indicating that the sample of 5 was Na-free
and that the measured rate of the reaction of 5 reflected its
intrinsic reactivity toward fluoroform. A computational study
was then performed and a transition state found where the
[Me,N]" plays essentially the same role as the potassium
cation (Scheme 4), providing electrophilic assistance by
means of NCH-+-O and NCH-F interactions. These inter-
actions, however, are considerably weaker than those with
K*. As a consequence, the computed barrier (AG™ 45 =
26.9 kcalmol™) in this case is intermediate between those
for the reactions in the presence of more Lewis acidic K*
(21.5kcalmol™'; 1) and in the absence of electrophilic
assistance (27.7 kcalmol™'; 4). All three AG* values are in
excellent agreement with the experimentally observed reac-
tion rates for 1, 4, and 5 (Figure 2).

In conclusion, we have uncovered the critical role of the
countercation in the cupration of fluoroform with dialkoxy
Cu' ate complexes such as 1. In accordance with the previous
observations,!® this reaction is not mediated by free CF;™ and/
or difluorocarbene. Both experimental and computational
studies rather indicate that the cupration process is governed
by a unique mechanism that involves synchronous C—H bond
cleavage and Cu—CF; bond formation with electrophilic
assistance from the alkali-metal counterion. A total of eight
Lewis acid and Lewis base centers interacting with one
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another are cleverly arranged in the computed stable
transition state that provides a low-energy pathway for the
transformation. Therefore, the alkali-metal counterion M*
(e.g., M=K or Na) to the dialkoxycuprate is highly impor-
tant, as it plays a dual role in the overall cupration process. As
was shown previously,®! the cation slowly decomposes the
CuCF; product through a-fluoride elimination. As we dem-
onstrate in the current work, the electrophilic assistance of
M* is paramount to the occurrence of the CHF; cupration in
a highly efficient manner.
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