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The development of synthetic methods to introduce trifluoro-
methyl groups into aromatic and heteroaromatic compounds
is of considerable interest as CF3-substituted molecules often
possess improved physical and chemical properties.[1] As
a result, a variety of synthetic methods have been developed
to accomplish this task.[2,3] Nagib and MacMillan[4] and Baran
and co-workers[5] reported elegant examples of (hetero)-
aromatic trifluoromethylation reactions by CF3 radical pro-
cesses. These have the advantage of being simple and high
yielding, though a lack of regiocontrol is observed with
certain classes of substrates. Although palladium and copper
systems have been developed for the trifluoromethylation of
(hetero)aromatic precursors, the scope of heterocyclic sub-
strates handled by these methods is limited (Scheme 1).[3] In
addition, they usually necessitate the use of an excess of

expensive or gaseous CF3 reagents (the latter which are more
difficult to handle in normal laboratory settings) and have
reaction times ranging from hours to days. Thus, it would be
desirable to devise a rapid and efficient method which can be
applied to a broad range of substrates and employs a low-cost
CF3 source.

Since the pioneering work by Wiemers and Burton,[6]

a great deal of effort has been expended to devise convenient
means of generating a [CuCF3] species, which is the presumed
key intermediate in many copper-mediated trifluoromethy-
lation processes.[3, 7–10] In 2008, Vivic and co-workers disclosed
that [CuCF3] could be stabilized with NHC ligands,[11] and the
resulting complexes were applied to the room temperature
transformation of aryl iodides into aryl trifluoromethyl
compounds. Amii and co-workers then reported the first
copper-catalyzed aromatic trifluoromethylation process uti-
lizing Et3SiCF3.

[3b] The subsequent use of the isolated
[(phen)CuCF3] reagent by Hartwig and co-workers allowed
the successful transformation of a variety of aryl halides and
several heteroaryl iodides into trifluoromethyl (hetero)ar-
enes.[3g]

Among the various trifluoromethylating reagents, fluoro-
form and trifluoroacetate salts are stable and low priced, and
thus represent attractive CF3 sources for many applications.
Seminal work by Grushin and co-workers demonstrated the
viability of fluoroform in trifluoromethylation processes.[3h,12]

While a major step forward, the need to manipulate gaseous
CF3H is inconvenient for some applications. Because of the
ease of handling and low cost, trifluoroacetate salts have been
used by Matsui and co-workers and others in the trifluoro-
methylation of aryl halides.[8–10] Only a limited number of
heterocycles have been successfully furnished under batch
conditions. In those processes, up to 10 equivalents of sodium
trifluoroacetate were used, and mixtures of Ar�CF3, Ar�
C2F5, and Ar�H were usually obtained during reaction times
of several hours. The separation of Ar�CF3 from these side
products is usually difficult because of their similar physical
properties. Given our experience in both flow and trifluoro-
methylation chemistry,[3a, 13] we wondered if a method com-
bining the two would be advantageous. Herein, we report an
efficient aromatic trifluoromethylation process conducted
under flow conditions. With this operationally simple method,
a broad spectrum of trifluoromethylated aromatic and
heteroaromatic compounds can be prepared from the corre-
sponding aryl iodides in a protocol requiring only minutes of
residence time, and using CF3CO2K as the CF3 source.

Early in our work, in studies carried out under batch
conditions, we found that the rate of the decarboxylation of
CF3CO2K could be substantially accelerated by increasing the
reaction temperature from 160 8C to 200 8C in the presence of
copper iodide.[14] In principle, this rapid decarboxylation
process could facilitate the generation of the desired [CuCF3]
intermediate. While the high temperature and the increased
pressure which occurs during decarboxylation[15] can present
problems under batch conditions, especially on a larger scale,

Scheme 1. Aromatic trifluoromethylation under batch and flow condi-
tions.
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flow processes are able to readily manage reaction parame-
ters such as temperature, pressure, and residence times.[16–18]

The handling of solids under flow conditions can be
problematic. Considering the low solubility of CuI in NMP,
we first examined a number of ligands, such as 1,10-
phenanthroline, 2,2’-bipyridine, TMEDA, DMEDA, and
pyridine, to establish suitable reaction conditions. Pyridine
proved to be the optimal ligand, thus furnishing a homogenous
solution in combination with CuI. The CuI (2.0 equiv)/
pyridine (2.4 equiv) combination was applied to a mixture
of CF3CO2K (2.0 equiv) and 4-iodobipenyl (1.0 equiv) at
200 8C for 15 minutes to provide an excellent yield of 4-
trifluoromethylbiphenyl (95 % as determined by 19F NMR
spectroscopy). Only trace amounts of the reduced product
(biphenyl) or double insertion product (4-pentafluoroethyl
biphenyl), were detected (< 2% as judged by GC analysis).
Interestingly, when CF3CO2K was replaced with CF3CO2Na
under otherwise identical reaction conditions, only a 40%
yield of the desired product was realized.[19]

We next adapted our process to flow conditions. A
solution of CF3CO2K, CuI, and pyridine in NMP was mixed
with a solution of 4-trifluoromethylbiphenyl in NMP and
introduced into a stainless steel tube reactor submerged in
a preheated 200 8C bath using an optimized 16 minute
residence time (Figure 1). At this point the mixture was

diluted with a stream of ethyl acetate (controlled with back-
pressure regulators). Finally, the resulting mixture was
collected and subsequently purified in a standard fashion by
column chromatography to afford 2a in 87% yield upon
isolation (Table 1).

Having established efficient flow conditions, the substrate
scope was investigated (Table 1) using the flow setup shown in
Figure 1. All of the substrates underwent complete conver-
sion using a 16 minute residence time, thus affording products
in good to excellent yields and in over 95 % purity. The high
selectivity for trifluoromethylation further enhances the
efficiency of this method, since the separation of Ar�H,
a typical side product of trifluoromethylation processes, from
Ar�CF3 can often be difficult. The aromatic trifluoromethy-
lation reaction could be successfully carried out with para-,
meta-, and ortho-substituted aryl substrates. In addition,
electron-deficient, electron-neutral, and electron-rich iodo-
arenes are all suitable substrates. As illustrated in Table 1, the
flow conditions tolerate ester- (2 b), nitro- (2c), amide- (2d),

sulfonamide- (2 e), and chloro-substituted (2 f) aryl com-
pounds as well.

In light of the above results, we next focused on expanding
the scope of this method to heteroaryl substrates (Table 2).[8b]

Nitrogen-containing heterocycles are known to coordinate
with copper species, and thus represent a challenging class of
substrates for copper-catalyzed processes. As shown in
Table 2, a variety of heterocyclic compounds including
pyridines (2m, 2 n, and 2o), indole (2p), pyrimidine (2 q),
pyrazine (2r), quinoline (2s), isoquinoline (2t), imidazopyr-
idine (2u), and pyrrolopyridine (2v) substrates could be
efficiently coupled with the trifluoromethyl group under the
flow conditions. Trifluoromethylpyrazole is the core unit of
many pharmaceuticals, agrochemicals, and potential drug
candidates (e.g., Celecoxib, Mavacoxib, Razaxaban, SC-
560),[20] but these five-membered heterocycles are poor
substrates for palladium-catalyzed processes.[21] However, by
using this flow method, both 2- and 3-trifluoromethyl-
substituted pyrazoles (2 w and 2 x) could be prepared in
good yields.

One of the major advantages of flow chemistry involves
the ease-to-scale-up reactions. To further demonstrate the
robustness of our flow system, we successfully performed the
trifluoromethylation of ethyl 4-iodobenzoate under flow
conditions on a 10 mmol scale (Scheme 2). In a period of
208 minutes, we were able to generate two grams (10 mmol)
of product.

Figure 1. Flow setup for the aromatic trifluoromethylation. See the
Supporting Information for details. NMP =N-methylpyrrolidone.

Table 1: Substrate scope of the trifluoromethylation of aromatic com-
pounds under flow conditions.[a]

[a] Yields of isolated products (average of two runs) based on 1 mmol
scale are shown. See the Supporting Information for details.
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To probe the mechanism of this reaction, we performed
a Hammett study. Because of the small size of microflow
reactors, an advantage of their use is their efficient mass and
heat transfer with short reaction times which are difficult to
control in a batch reactor.[16] Accordingly, a flow system with
the same setup as shown in Figure 1 was used to conduct the
kinetic study. All experiments were performed under reaction
conditions under a 1 minute residence time at 200 8C. In
competition experiments, an excess of the equimolar mixture
of 3- or 4-substituted aryl iodides and iodobenzene relative to
CF3CO2K was used. The relative rates of different reactions
were extracted from the product distributions after reaching
a steady state. As shown in Figure 2, a linear correlation (R2 =

0.98) with a slope of 0.52 was observed using this flow method.
The positive 1 value is consistent with the presence of

a nucleophilic [CuCF3] species which undergoes oxidative
addition with aryl iodides, and slightly favors substrates with
electron-withdrawing groups. The 1 value observed here was
similar to that obtained from other copper-catalyzed or
copper-mediated processes in our group.[22]

In conclusion, we have developed a simple, scalable, and
efficient technique to introduce a trifluoromethyl group into
aromatic and heteroaromatic compounds by copper-mediated
cross-coupling reactions. This method represents the first
example of aromatic trifluoromethylation conducted in flow,
using stable, cost-effective, and easy-to-handle CF3CO2K as
the CF3 source. Of importance, very short reaction times
(minutes) are required to achieve full conversion of (hetero)-
aryl starting materials in this process. To increase the
practicality of the protocol, all components used to assemble
our reactors are available from commercial sources. More-
over, we have also successfully performed a Hammett study
using a 1 minute residence time at 200 8C by employing flow
techniques, thus providing a reliable method of studying the
reaction under “hot and fast”, and synthetically relevant
reaction conditions.

Experimental Section
General procedure: A solution of aryl iodide (0.6m) in NMP was
loaded into a stainless steel syringe and a solution of CuI (0.8m),
CF3CO2K (0.8m) and pyridine (0.96m) in NMP was loaded into
a second stainless steel syringe. The flow rates of two solutions were
40 mL/min and 60 mL/min separately delivering with two Harvard
Apparatus syringe pumps. After mixing with a T-mixer, the resulting
mixture was delivered into the stainless steel reactor (1/16 inch OD,
0.046 inch ID, 1.6 mL volume) at 200–2108C (Caution: Hot! A
suitable bath oil should be used[23]). Upon exiting the reactor, the
reaction was quenched with EtOAc (100 mL/min). Next, after
reaching steady state, the sample was collected in order to obtain
exactly 1 mmol of product. Further safety information as well as
details of the flow setup and workup procedures can be found in the
Supporting Information.

Sample analysis: NMR and IR spectroscopies were used to
identify the products.
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Table 2: Substrate scope of the trifluoromethylation of heteroaromatic
compounds under flow conditions.[a]

[a] Yields of isolated products (average of two runs) based on 1 mmol
scale are shown. See the Supporting Information for details.

Figure 2. Hammett plots of competition experiments. See the Support-
ing Information for details.

Scheme 2. Trifluoromethylation of ethyl 4-iodobenzoate on 10 mmol
scale. See the Supporting Information for details.
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