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New synthetic routes to (NHC)copper-trifluoroacetate and -chlorodifluoroacetate complexes were
developed (NHC = N-heterocyclic carbenes) so baseline reactivity patterns could be established for the
decarboxylative trifluoromethylation of organic halides. In the presence of aryl halides, loss of CO, from
these new precursors occurred at 160 °C concurrent with the formation of aryl-CFs.
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1. Introduction

The catalytic trifluoromethylation of non-activated organic
halides represents a long-standing goal in organometallic chemis-
try [1-10]. The ability to introduce a trifluoromethyl group into a
molecule of interest at a late stage of a synthesis using mild
conditions alleviates the need to carry the fluorine functional
group through potentially incompatible synthetic procedures,
thereby eliminating potential side-reactions and raising overall
yields. The development of a catalytic procedure that is wide in
scope would powerfully impact the ability to synthesize new
materials, drugs, pesticides, agrichemicals, and fluorous tags [11-
16].

Motivated by the intense commercial and scientific interest in
trifluoromethylation reactions, several key studies have highlight-
ed some of the problematic steps of catalysis [1-4,17]. Perhaps
most well-documented is the difficulty in reductive elimination of
Ar-CF3 from low valent Group 10 metal centers, which poses a
serious challenge to the development of new catalysts for the
trifluoromethylation of aryl bromides and chlorides [1,4,17].
Another area of concern is the lack of a convenient and inexpensive
source of the trifluoromethyl group. Electrophilic sources of CFs3
like [(S-trifluoromethyl)dibenzothiophene][BF4] (1, Chart 1) are
commercially available, and this reagent has been used in a
trifluoromethylation reaction catalytic in palladium [18]. Silyl
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reagents like Et3Si-CF; (2) and MesSi-CF3 (3) have been used
extensively to stoichiometrically trifluoromethylate metal halides
[1-4,19], and the former reagent has even been employed in a
catalytic reaction using copper and activated aryl iodides [20].
These trifluoromethylsilyl reagents tend to be liquids, easy to
handle, with by-products that are readily removed at the end of
reactions. However, unless new protocols are developed that can
lower the price of these reagents, the utility of trifluoromethylsilyl
reagents in large-scale synthesis may be limited. Chart 1 shows
that the costs of 1, 2, and 3 are exceedingly high (all prices are
derived from the largest quantities available in the 2009-2010
Aldrich catalogue). Trifluoromethyl iodide (4), another reagent
used to trifluoromethylate organic halides [21,22], is cheaper, but
clearly more cost effective trifluoromethylating reagents are
needed.

Compounds 5-8 (Chart 1) are much cheaper alternatives to
reagents 1-3. The use of the methyl acetates 5 and 6 as
trifluoromethyl sources is well-documented [23-30], however
all of the known decarboxylation procedures generate extraneous
methyl halide which complicates the development of any catalytic
cross-coupling procedure with these reagents. We propose that
commercial chlorodifluoroacetic acid (7) should be a better
trifluoromethyl source than 5 or 6 for both cost reasons and for
the fact that the by-products of a catalytic reaction involving 7
could be readily handled. We have found no reports of the use of (7)
as a reagent in a decarboxylative method for forming aryl-CFs3
products. Finally, trifluoroacetic acid (8) represents perhaps the
most convenient, inexpensive, and readily available source of the
trifluoromethyl group for coupling to organic halides. Moreover, it
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Chart 1. Price per mole of various trifluoromethyl sources. The total cost of using 5-7 would also be affected by the need for a fluoride source to either generate a
trifluoromethyl group [24,25,28] or facilitate decarboxylation [30,38].
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Fig. 1. Solid-state structures of [(SIiPr)Cu(trifluoroacetate)] 9 (a), [(SIiPr)Cu(chlorodifluoroacetate)] 11 (b), and [(SIMes)Cu(trifluoroacetate)] 10 (c). Hydrogen atoms are
omitted for clarity. Selected bond lengths (A) for 10: Cu(1)-0(1) 1.842(4); Cu(1)-C(1) 1.875(6); C(22)-C(23) 1.555(9). Selected bond angles (°): O(1)-Cu(1)-C(1) 168.2(2);
C(22)-0(1)-Cu(1) 130.1(4); O(1)-C(22)-C(23) 109.6(5). Crystallographic data (excluding structure factors) for compounds 9-11 have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication numbers CCDC 769523-769525, respectively. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: +44 1223 336 033; e-mail: deposit@ccdc.cam.ac.uk].
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Scheme 1. Preparation of new (N-heterocyclic carbene )copper-trifluoroacetate and
—chlorodifluoroacetate  complexes. TFAA, trifluoroacetic acid; CDFAA,
chlorodifluoroacetic acid.

is well-known that heating copper salts with sodium trifluor-
oacetate leads to a decarboxylation reaction and the formation of a
trifluoromethyl source that can be trapped with various organic
substrates [31-37], including aryl halides [34-36]. However,
trifluoromethylation of aryl halides under these conditions
required temperatures above 150°C and super-stoichiometric
amounts of copper.

While the use of “ligandless” copper salts as decarboxylation
catalysts for 5-8 would be most practical in terms of catalyst
choice, the study of well-defined ligated copper complexes may
provide added insight into controlling reactivity. Such a study
would be extremely helpful for understanding the nature and
facility of the rate limiting step in the decarboxylation of
trifluoroacetic acetate, which is known to occur at temperatures
around 150 °C with copper salts [34-36]. The goal of this work is to
begin to address the structure/reactivity relationships of well-
defined LCu-carboxylates (i.e. to determine if ligands can lower the
decarboxylation temperature) by developing routes to new copper
complexes of 7 and 8, and to demonstrate the proof-in-principle
that indeed these well-defined complexes can be used for the
trifluoromethylation of organic halides.

2. Results and discussion

We chose to investigate the use of N-heterocyclic carbenes
(NHCs) as ligands in the decarboxylation reactions, as it was recently
reported that [(NHC)Cu-CF3] complexes could readily trifluoro-
methylate aryl iodides [2,3] and bromides [3]. We found the most
reliable method to prepare the new (NHC)copper-trifluoroacetate
and -chlorodifluoroacetate complexes was to add the corresponding
acid to an equivalent amount of [(NHC)Cu(O'Bu)] complex as
outlined in Scheme 1. These new copper carboxylate complexes
show diagnostic 'F NMR signals at about —76 ppm for the
trifluoroacetate and —61 ppm for the chlorodifluoroacetate deriva-
tives. The compounds are stable under an inert atmosphere and
crystallize as colorless plates. X-ray crystal structures of 9-11 have
been obtained, and the ORTEP diagrams are shown in Fig. 1.
Interestingly, X-ray analysis reveals that the SIiPr complexes 9 and
11 (SIiPr = 1,3-di-i-propylimidazolin-2-ylidene) exist as dimers in
the solid-state with Cu-Cu contacts (2.870 and 2.869 A, respective-
ly), whereas the SIMes derivative 10 (SIMes = 1,3-dimesitylimida-
zolin-2-ylidene) exists as a monomer. Analyses of the solid-state
structures of 9 and 11 were complicated by the common rotational
disorders involving CX3 bonds, but fortunately no disorder was
observed for 10. Selected bond lengths and angles for this SIMes
derivative are provided in Fig. 1.

Table 1
Trifluoromethylations at 160 °C mediated by well-defined copper acetate deriva-
tives and “ligandless” copper salts.

aryl , copper A acp
halide complex -CO,

(neat) (0.05 M)

2 Time | Yield of
Entry Aryl Halide Metal Complex (h |Ar-CFy (%)

1 @—I (SUPOCUTFA) | o4 o
2 Q| (SIMes)Cu(TFA) 4 20
3 | (SUPrICU(CDFA) | 4 10

+ 10 equiv CsF

4 | Cul + 2 equiv 24 0
CF,CO;Na
5 Br (SliPr)Cu(TFA) 24 64
(SIMes)Cu(TFA) 4 5
7 Br (SliPr)Cu(CDFA) 4 2

+ 10 equiv CsF

Cul + 2 equiv
CF4CO,Na 24 0

@
2

slcisNsRoe

Yields were measured by '°F NMR relative to 1,3-dimethyl-2-fluorobenzene as
an internal standard. Yields based on copper as the limiting reagent and are an
average of two runs. TFA, trifluoroacetate; CDFA, chlorodifluoroacetate.

With the new well-defined copper complexes in hand, the
reactivity towards the loss of CO, was explored (Table 1).
Temperatures of 160 °C were required to achieve decarboxylation,
and when the thermolysis of [(SIiPr)Cu(TFA)] was performed in
neat phenyl iodide, 64% of trifluorotoluene was obtained (Table 1,
entry 1). [(SIMes)Cu(TFA)] and [(SIiPr)Cu(CDFA)] afforded less
trifluoromethylated product from phenyl iodide (20 and 19%,
respectively, entries 2 and 3). Significantly, all three complexes
outperformed the use of “ligandless” copper iodide plus two
equivalents of sodium trifluoroacetate under these conditions,
which yielded no detectable product by GC/MS or NMR spectros-
copy (entry 4). Performing the decarboxylation reactions in neat 4-
bromotoluene (entries 5-8) led to similar yields of trifluoro-
methylated product for [(SIiPr)Cu(TFA)] but substantially lower
yields for [(SIMes)Cu(TFA)] and [(SIiPr)Cu(CDFA)]. While the yields
in Table 1 are modest at best, they represent improvements in
conditions from previous reports of decarboxylative trifluoro-
methylations using sodium trifluoroacetate as a trifluoromethyl
source [34-36]. In these previous studies, trifluoromethylations all
proceeded in amide-based solvents with super-stoichiometric
amounts of copper relative to aryl halide [34-36].

We next explored the effect of switching to a 1:1 mixture of aryl
halide and N,N-dimethylacetamide (DMA) solvent, as DMA is
known to solvate copper salts [39]. The solvent effects were
dramatic for “ligandless” copper iodide precursor, which in this



Table 2

Solvent effects for trifluoromethylations at 160 °C mediated by well-defined copper
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acetate derivatives and “ligandless” copper salts.

aryl copper 4 arcr,
halide complex -CO,
(0.05 M)
i Time | Yield of
Entry |Aryl Halide/Solvent | Metal Complex (h |Ar-CFs(%)
1 @4| - DMA Cul + 2 equiv
) CF3CO,Na o 48
(1:1)
2 Br : DMA Cul + 2 equiv
( > i CF4COsNa 2 73
(1:1)
3 ©—| - DMA (SIiPFICU(TFA) 10 56
(1:1)
4 OBr : DMA (SliPr)Cu(TFA) 10 59
(1:1)
5 @' : DMA (SIMes)Cu(TFA) 24 29
(1:1)
6 OBr :DMA (SIMes)Cu(TFA) 24 55
(1:1)
7 (SliPr)Cu(CDFA) 4 o7
Q' :DMA +10 equiv CsF
(1:1)
< > . (SliPr)Cu(CDFA) 4 2
2 BEEDM + 10 equiv CsF
(1:1)
Cul + 1.1 equiv
9 OI - DMA diphenylacetylene +| 24 20
2 equiv CF3CO;Na
(1:1)
Cul + 1.1 equiv
W @Br :DMA diphenylacetylene +| 24 33
(:1) 2 equiv CF3COzNa

Yields were measured by '°F NMR relative to 1,3-dimethyl-2-fluorobenzene as
an internal standard. Yields based on copper as the limiting reagent and are an
average of two runs.

mixture of solvents afforded yields of 48 and 73% of trifluor-
omethylated product from phenyl iodide and 4-bromotoluene,
respectively (Table 2, entries 1 and 2 vs. Table 1, entries 4 and 8).
These yields are on par with what has previously been reported for
solvated copper salts in amide-based solvents [34-36]. Notably,
the yields of product using DMA solvated copper iodide surpassed
that of all the new copper complexes 9-11 for the 4-bromotoluene
substrate. Solvent effects were less pronounced for 9-11 (Table 2,
entries 3-8), which are inherently much more homogeneous in
aryl halide solution. The addition of diphenylacetylene inhibited
the trifluoromethylations relative to “ligandless” copper iodide
(Table 2, entries 9 and 10 vs. 1 and 2) which is important because it
suggests that decarboxylations may be tunable though ligand
design. DFT studies may aid in this regard, especially if it can be
determined whether bound DMA facilitates or inhibits the
decarboxylation reactions. Finally, an unusual trend was observed
in which the trifluoromethylation of 4-bromotoluene proceeded in
higher yields than for phenyl iodide for a number of entries

(Table 2, entries 2, 4, 6, 10). This electronic effect, and how it may
be of relevance to the mechanism of these copper-catalyzed
decarboxylative trifluoromethylations, is currently under further
investigation.

3. Conclusion

Here we report the first decarboxylative trifluoromethylation of
aryl halides using well-defined copper-trifluoroacetate and -
chlorodifluoroacetate precursors. The successful syntheses of 9-11
permitted the baseline reactivity studies outlined in Tables 1 and 2.
In aryl halide solvent, the ligated copper complexes 9-11
outperformed “ligandless” copper iodide. However, in DMA
solvent, the ligated copper complexes did not afford any
enhancement of yields over the known decarboxylation chemistry
of copper salts. With these new complexes and data in hand, we
can now begin to systematically explore the effects of additives
and ligand modifications on the facility and scope of decarbox-
ylative trifluoromethylations with the ultimate goal of performing
reactions catalytic in copper.

4. Experimental procedures
4.1. General considerations

All manipulations were performed using standard Schlenk and
high-vacuum techniques [40] or in a nitrogen-filled dry box, unless
otherwise noted. Solvents were distilled from Na/benzophenone or
CaH,. All reagents were used as received from commercial vendors
unless otherwise noted. 'H NMR spectra were recorded at ambient
temperature on a Varian Oxford 300 MHz spectrometer and
referenced to residual proton solvent peaks. '°F spectra were
recorded on the Varian Oxford spectrometer operating at 282 MHz
and were referenced to CFCl; set to zero. A Rigaku SCXMini
diffractometer was used for X-ray structure determinations.
[(SIiPr)Cu(O'Bu)], and [(SIMes)Cu(O'Bu)] were synthesized
according to previously published procedures [2,3].

4.1.1. General procedure to prepare the [(NHC)Cu] complexes 9-11

1 mmol of CF3COOH was added to solution of corresponding
[(NHC)Cu(O"Bu)] (1 mmol) in 10 ml THF and the resulting solution
was stirred for 2 h at room temperature. The solvent was then
evaporated on a high vac line and the residue was washed with
10 ml of pentane, filtered, and dried under vacuum.

4.1.2. [(1,3-Di-i-propylimidazolin-2-
ylidene)copper(trifluoroacetate)] (9)

Yield: 75%. 'H NMR (CD»Cl,): § 1.25 (d, J = 6.7 Hz, 12H), 3.51 (s,
4H), 4.33 (hept., J = 6.7 Hz, 2H). '3C NMR (THF-dg): & 21.6, 44.1,
52.9, 159.9, 197.9. The CF; carbon was not observed. 'F NMR
(CD,Cl,): 8 —=75.7 (s, 3F).

4.1.3. [(1,3-Dimesitylimidazolin-2-ylidene)copper(trifluoroacetate)]
(10)

Yield: 82%. 'TH NMR (CD,Cl,): & 2.32 (s, 6H, para-CHs), 2.34 (s,
12H, ortho-CHs), 3.99 (s, 4H, CH,-CH5), 7.02 (s, 4H, Ar-H). '3C (THF-
dg): § 203.1, 139.3, 136.7, 136.6, 130.5, 52.0, 21.3, 18.3. (Note: the
carbon resonances belonging to the trifluoroacetate ligand were
not observed.) °F NMR (CD»Cl»): § —75.9 (s, 3F).

4.1.4. [(1,3-Di-i-propylimidazolin-2-
ylidene)copper(chlorodifluoroacetate)] (11)

Yield: 86%. "H NMR (THF-dg): § 1.26 (d,] = 6.7 Hz, 12H), 3.56 (br
s, 4H), 4.39 (sept, ] = 6.8 Hz, 2H). '*C NMR (THF-ds): § 21.5, 44.0,
52.9. 'F NMR (THF-dg): 8§ 61.4 (s,2F).
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4.2. General procedure for the decarboxylative cross-coupling
reactions

All samples were prepared in J-Young NMR tubes in a nitrogen-
filled glovebox. 0.04 mmol of the copper complex was dissolved in
0.8 ml of the desired solvent to give a 0.05M solution. Sodium
trifluoroacetate or cesium fluoride was added, if necessary, as
described in Tables 1 and 2. Then 20 wl of 2-fluoro-1,3-dimethyl-
benzene was added as the internal standard. The resulting solutions
were degassed via three freeze-pump-thaw cycles on a high-
vacuum line and then heated to the desired temperature in a silicon
oil bath. Reactions were monitored by '°F NMR spectroscopy. Yields
based on copper complex as the limiting reagent.
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