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The physicochemical and biological properties of an organic
compound are profoundly modified by the presence of
fluorine functional groups, which alter the steric, electronic,
lipophilic, and metabolic characteristics of the compound.
The incorporation of fluorinated moieties into organic
molecules has captured the attention of synthetic chemists
over the past decades."! As a reactive intermediate, 2,2,2-
trifluorodiazoethane is an attractive C2 synthon for the
construction of fluorine-containing building blocks. The ear-
lier studies involving this reagent primarily focused on
noncatalytic reactions.’! These methods usually suffer from
relatively harsh reaction conditions and limited substrate
scope. To overcome these problems, recent research has paid
more attention to metal-catalyzed transformations of 2,2,2-
trifluorodiazoethane. For instance, the Simonneaux and
Komarov groups reported metal-catalyzed cyclopropanation
reactions of gaseous F;CCHN, with various olefins.””! Carreira
and co-workers demonstrated the catalytic generation of
2,2 2-trifluorodiazoethane insitu from CF,CH,NH,-HCL.™
Several metal catalysts have been found to be compatible
with the diazotization reaction, allowing a tandem trans-
formation to take place in aqueous media. However, the
generation of C,,—CH,CF; or C,,—CH,CF; bonds has been
the focus of nearly all such studies.”! In sharp contrast, the
formation of C,,—CH,CF; bonds through simple trifluoroe-
thylation of terminal alkynes has not been reported to date,
and still remains an interesting challenge.

A survey of the literature reveals that the use and
preparation of trifluoroethyl-substituted alkynes is extremely
rare, which likely correlates with the absence of practical
general methods for their synthesis. Only one recent report by
Shibata and co-workers has addressed the trifluoromethyla-
tion of 3-(4-nitrophenyl)propargyl bromide with [CuCF;]
species, which were generated in situ from an electrophilic
trifluoromethylating reagent and a stoichiometric amount of
copper, but the desired product was obtained in only 36 %
yield (Scheme 1a).1”! Herein, we report our efforts in devel-
oping a direct catalytic trifluoroethylation of terminal alkynes
by using 2,2,2-trifluorodiazoethane (Scheme 1b). This cross-
coupling reaction can be conducted under mild conditions
without the need for additional base or ligands. Furthermore,
the ease of preparation and workup allows for the quick and
efficient parallel synthesis of a broad variety of trifluoroethy-
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Scheme 1. Synthesis of trifluoroethyl-substituted alkynes. NMP=
N-methyl-2-pyrrolidone, OTf=trifluoromethanesulfonate.

lated alkynes. These products, which bear a CH,CF; group in
the propargyl position, are versatile precursors for the
synthesis of other types of fluorinated molecules. Addition-
ally, both experimental and theoretical analyses indicate that
this trifluoroethylation could proceed by a concerted C,,—H
insertion process.

In general, reactions of terminal alkynes with diazo
compounds lead to cyclopropenation or Cg,—H insertion.”
The reaction course strongly depends on the nature of the
metal and the catalyst structure. For example, the groups of
Pérez™® and Doyle®™ described cyclopropenation reactions of
alkynes with diazoesters catalyzed by Cu' or Rh" complexes,
whereas the groups of Fu,®™ Fox,®! and Wang®* reported
the cross-coupling of alkynes with diazo compounds catalyzed
by Cu' or Pd" to afford the corresponding products. Very
recently, Morandi and Carreira disclosed a rhodium-catalyzed
cyclopropenation of alkynes by CF;CHN, generated in situ
from CF;CH,NH,-HCl in aqueous media.l*"! Based on these
important precedents, we examined the ability of various Cu'
and Cu" salts to catalyze the trifluoroethylation of phenyl-
acetylene 1a using gaseous CF;CHN,. A preliminary result
was obtained using Cul as a catalyst under mild conditions to
provide the corresponding trifluoroethylated product 2a in
63 % yield without the use of extra base or ligands. However,
a disadvantage of this method is that it requires the use of
a large excess of CF;CH,NH,-HCI (5-8 equiv). In order to use
gaseous CF;CHN, more efficiently, we needed to set up
a recycling system. After the reactor, a storage balloon was
placed to trap and reuse the escaping gaseous CF;CHN,.
Gratifyingly, examination of the same test reaction with the
recycling system in place revealed that the yield can be
significantly improved to 85% and that the amount of
CF;CH,NH,-HCl can be lowered to three equivalents.
Furthermore, a multireactor setup has been designed to
provide an integrated system for simultaneously running
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Figure 1. Setup for the catalytic cross-coupling trifluoroethylation of
terminal alkynes.

multiple reactions. Using such a system, trifluoroethylated
alkyne 2a was obtained in 83-92 % yield (Figure 1).

Based on the studies described above, we explored the
scope of the cross-coupling reaction of gaseous CF;CHN,
with terminal alkynes 1a-x. Thus, constructing a flow setup
(as shown in Figure 1, four reactors in parallel) for the
continuous gaseous CF;CHN, generation/trifluoroethylation
sequence, we could prepare a series of trifluoroethylated
alkynes 2a—x (Scheme 2). Although a standard reaction time
of 10 h was chosen, most of the reactions were complete
within 4 h. Alkynes with aryl, alkyl, phenylthio, or silyl
substituents are all suitable substrates, providing the isolated
trifluoroethylated products 2a-1 in 80-96 % yield. Further-
more, we found that various terminal 1,3-diynes react
smoothly with gaseous CF;CHN, under the same reaction
conditions to furnish the corresponding products 2m-v in
excellent yields. Two enynes also worked well in the cross-
coupling reactions to afford the desired adducts 2w and 2x. It

is noteworthy that the reactions are very clean; in all cases,
side products, such as cyclopropenes from alkynes and
CF;CHN,, self-coupling products of alkynes, and allene
isomers of the trifluoroethylated adducts, were not observed.

Trifluoroethylated alkynes are also versatile synthetic
intermediates and can be readily transformed into highly
functionalized organofluorine compounds that are otherwise
difficult to access (Scheme 3). For example, direct hydro-
genation of 2f and 20 using a Pd/C catalyst and H, at
atmospheric pressure gave rise to the corresponding fluori-
nated alkanes 3 and 4 in high yields. Reaction of 2k with ethyl
phenyldiazoacetate in the presence of AgOTf delivered the

Br—{ CH,CFy — G s
— EtOH, RT, 12h
2f 3, 94% yield
Pd/C, Ho CH,CF3
Meo— H—=F-CH,CF 3
© @ =12 S Eion RT, 121
M
20 0" 4 96% yield
Ph Et
PhC(N,)CO,Et 0.
— CH,CF;4
PhS AgOTf, CHoClo, RT, 3h PhSH,C CHoCFs
2k 5, 68% yield
o)
06(804)2/HQSO4 CHLCF.
2 3
Me 7N — CH,CF, benzene/H,0
— 70°C, 10 h
Me
2b 8, 57% yield

Scheme 3. Further synthetic transformation of products.
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Scheme 2. Scope of the Cu-catalyzed trifluoroethylation of terminal alkynes with CF;CHN,. Reactions conducted in four parallel stirred reactors. Yields
shown are of isolated products from an average of two runs. TIPS =triisopropylsilyl.
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highly substituted cyclopropene 5 in 68 % yield. Also, treat-
ment of trifluoroethylated alkyne 2b with Ce(SO,), and
concentrated H,SO, at 70°C afforded the corresponding
ketone 6 in moderate yield. These promising results indicate
that the present protocol provides a reliable and rapid
approach for the synthesis of diverse CH,CF;-containing
compounds.

The reaction mechanism of the trifluoroethylation could
involve the insertion of a carbene into a Cy,—H bond, a key
process in this type of cross-coupling that has been reasonably
implicated, but remains largely unproven.[”! To obtain more
information about our reaction, we conducted the Cul-
catalyzed cross-coupling of deuterium-labeled terminal
alkynes with gaseous CF;CHN, under the standard reaction
conditions (Scheme 4, top). It was found that the ratio of

CF3CHN
Meo— H—=—p ) Sdlh Meo—< >—<
— Cul (5 mol%)
(D/H=80:20) CH5CN 83% (D/H=80:20)
7N\ [ CF3CHN,» 4@_‘_'_<
MEOQ =1 pH) Cul (5 mol%) 2 D (H)
(D/H=66:34) CHsCN 91% (D/H=66:34)

co—{ Mi=1fm
2

98% recovered

eo@—‘gl—D
2

not observed

Control experiments:
Cul (5 mol%)
CH3CN

MeO@—]E‘»H
2 D-O or CD30D

10 (1 equiv)
Scheme 4. |sotopic labeling and control experiments.

deuterium to hydrogen at the propargyl positions in the
corresponding products is identical to that in the alkyne
substrates. Subsequently, we performed several control
experiments. While a mixture of substrate 1o and Cul was
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shown to be homogeneous by '"H NMR analysis in CD;CN,
copper acetylide was not detected on the timescale of the
NMR experiment. Moreover, we did not observe any
incorporation of deuterium at the propargyl position when
D,0 or CD;OD were used as additives (Scheme 4, bottom).
These experimental results provide supportive evidence that
the trifluoroethylation could proceed by a Cy,—H insertion
process.

To shed some light on the mechanism, we carried out
a frontier molecular orbital analysis®! for the model reactants
of propyne (pp) and copper carbenoid (cc; Figure 2a). The
energy gap of HOMO,,,-LUMO,, is much smaller than that of
HOMO,-LUMO,,, (11.9 vs. 17.2eV), which indicates that
the most favored orbital interaction is between the ethyne
moiety of the propyne and the p* orbital of the Cu=C
coordinate bond in the copper carbenoid. DFT calculations
using the B3LYP/6-31G(d) method™” were also performed
with a view to delineating the details of the putative insertion
of carbenes into the Cy,—H bond. The computed path of the
model reaction is shown in Figure 2b. The barrierless [242]
cycloaddition between copper carbenoid and propyne was
found to be strongly exothermic, indicating that the gener-
ation of metallacyclobutene intermediate (IN-1) is more
favorable than that of TS in the cyclopropenation. This
prediction is consistent with our experimental results. From
IN-1, the critical four-membered-ring transition state (TS-1)
is identified with an energy barrier of 26.8 kcalmol™'.
Although significant, this energy requirement is more than
compensated for by the energy released in the preceding
steps. Through TS-1, the intermediate IN-2 is generated.
Finally, the formation of the cross-coupling product from the
intermediate IN-2 proceeds through a concerted 1,2-hydride
shift (TS-2) with an energy barrier of 15.0 kcalmol™'. There-
fore, the overall process for the cross-coupling is exothermic
and thermodynamically favorable.

In summary, we have disclosed a direct and efficient
copper(I)-catalyzed trifluoroethylation of terminal alkynes
employing gaseous CF;CHN, under mild conditions without
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Figure 2. Calculations for the model reaction of a copper carbenoid with propyne. a) Frontier molecular orbital diagram. Orbital coefficients are given in
italics. b) DFT-computed energy surfaces. Reaction coordinate calculated using the B3P86/CPCM basis set: SDD for Cu, Lanl2DZ for |, and 6-311+ G(2d,p)
for other atoms.
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the need for additional base or ligands. Most significant of all
is the ease of execution, which enables the rapid synthesis of
a wide number of trifluoroethylated alkynes in parallel. The
presence of an ethyne moiety in the products also allows for
subsequent conversion to more functionalized trifluoroethy-
lated compounds. Moreover, we present the first piece of
evidence for the mechanism of the insertion of a carbene into
a C,—H bond in a copper-catalyzed cross-coupling of terminal
alkynes with diazo compounds.

Received: March 26, 2012
Published online: May 8, 2012

Keywords: alkynes - cross-coupling - diazo compounds -
homogeneous catalysis - trifluoroethylation

[1] For selected reviews, see: a) Organofluorine Compounds:
Chemistry and Applications (Ed.: T. Hiyama), Springer, New
York, 2000; b) P. Kirsch, Modern Fluoroorganic Chemistry:
Synthesis Reactivity, Applications, Wiley-VCH, Weinheim, 2004;
¢) M. Shimizu, T. Hiyama, Angew. Chem. 2005, 117,218; Angew.
Chem. Int. Ed. 2005, 44, 214; d) K. Uneyama, T. Katagiri, H.
Amii, Acc. Chem. Res. 2008, 41, 817; ¢) S. Purser, P. R. Moore, S.
Swallow, V. Gouverneur, Chem. Soc. Rev. 2008, 37, 320; f) J.-A.
Ma, D. Cahard, Chem. Rev. 2008, 108, PR1; g) N. Shibata, S.
Mizuta, H. Kawai, Tetrahedron: Asymmetry 2008, 19, 2633;
h) K. L. Kirk, Org. Process Res. Dev. 2008, 12, 305; i) Fluorine in
Medicinal Chemistry and Chemical Biology (Ed.: 1. Ojima),
Wiley-Blackwell, Chichester, 2009; j) J. Hu, W. Zhang, F. Wang,
Chem. Commun. 2009, 7465; k) S. Lectard, Y. Hamashima, M.
Sodeoka, Adv. Synth. Catal. 2010, 352, 2708;1) J. Nie, H.-C. Guo,

D. Cahard, J.-A. Ma, Chem. Rev. 2011, 111, 455; m) O. A.

Tomashenko, V. V. Grushin, Chem. Rev. 2011, 111, 4475.

a) H. Gilman, R. G. Jones, J. Am. Chem. Soc. 1943, 65, 1458;

b) R. N. Haszeldine, J. Chem. Soc. 1964, 1881; c) J. H. Atherton,

R. Fields, J. Chem. Soc. C 1968, 1507; d)J. H. Atherton, R.

Fields, J. Chem. Soc. C 1968, 2276; e) W.L. Mock, M.E.

Hartman, J. Org. Chem. 1977, 42, 459; f) W. L. Mock, M. E.

Hartman, J. Org. Chem. 1977, 42, 466; g) R. Fields, J. P.

Tomlinson, J. Fluorine Chem. 1979, 14, 19; h) M. Tordeux, C.

Wakselman, J. Fluorine Chem. 1981, 17, 299; i) M. Tordeux, C.

Wakselman, J. Fluorine Chem. 1982, 21, 99.

[3] a) P. Le Maux, S. Juillard, G. Simmoneaux, Synthesis 2006, 1701;
b) P. K. Mykhailiuk, S. Afonin, G. V. Palamarchuk, O. V. Shish-
kin, A.S. Ulrich, 1. V. Komarov, Synthesis 2008, 1757; c) P. K.
Mykhailiuk, S. Afonin, G. V. Palamarchuk, O. V. Shishkin, A. S.
Ulrich, 1. V. Komarov, Angew. Chem. 2008, 120, 5849; Angew.
Chem. Int. Ed. 2008, 47, 5765; d) O.O. Grygorenko, O.S.
Artamonov, 1. V. Komarov, P. K. Mykhailiuk, 7etrahedron 2011,
67, 803.

[4] a) B. Morandi, E. M. Carreira, Angew. Chem. 2010, 122, 950;
Angew. Chem. Int. Ed. 2010, 49, 938; b) B. Morandi, E. M.

[2

—

(5]

[6

—_

[7

—

(8]

[9

—

(10]

Carreira, Angew. Chem. 2010, 122, 4390; Angew. Chem. Int. Ed.
2010, 49, 4294; c) B. Morandi, B. Mariampillai, E. M. Carreira,
Angew. Chem. 2011, 123, 1133; Angew. Chem. Int. Ed. 2011, 50,
1101; d) B. Morandi, E. M. Carreira, Angew. Chem. 2011, 123,
9251; Angew. Chem. Int. Ed. 2011, 50, 9085; e¢) B. Morandi, J.
Cheang, E. M. Carreira, Org. Lett. 2011, 13, 3080.

For some examples of the use of trifluoroethyl iodide (CF,CHS,I)
to form C,,—CH,CF; or C,,,—CH,CF; bonds, see: a) A. Solladié-
Cavallo, J. Suffert, Tetrahedron Lett. 1984, 25, 1897; b) A.
Solladié-Cavallo, D. Farkhani, S. Fritz, T. Lazrak, J. Suffert,
Tetrahedron Lett. 1984, 25, 4117; c) A. Solladié-Cavallo, J.
Suffert, Synthesis 1985, 659; d) A. Solladié-Cavallo, D. Farkhani,
A. C. Dreyfuss, F. Sanch, Bull. Soc. Chim. Fr. 1986, 6, 906; ¢) Z.-
Y. Long, Q.-Y. Chen, Tetrahedron Lett. 1998, 39, 8487; f) G. B.
Hammond, R. G. Plevey, P. Sampson, J. C. Tatlow, J. Fluorine
Chem. 1988, 40, 81; g) M. R. Schneider, J. Med. Chem. 1986, 29,
1494; h) S. Matsubara, M. Mitani, K. Utimoto, Tetrahedron Lett.
1987, 28, 5857; i) D. A. Culkin, J. F. Hartwig, Organometallics
2004, 23, 3398; j)J. Balsells, M. Waters, K. Hansen, G.R.
Kieczykowski, Z.J. Song, Synthesis 2007, 2779k) K. Takai, T.
Takagi, T. Baba, T. Kanamori, J. Fluorine Chem. 2007, 128, 120;
1) Y. Zhao, J. Hu, Angew. Chem. 2012, 124, 1057; Angew. Chem.
Int. Ed. 2012, 51, 1033.

H. Kawai, T. Furukawa, Y. Nomura, E. Tokunaga, N. Shibata,
Org. Lett. 2011, 13, 3596.

a) Carbene (Carbenoide), Vol. EI19b (Ed.: M. Regitz) of Meth-
oden der Organischen Chemie (Houben-Weyl), Thieme, Stutt-
gart, 1989; b) M. N. Protopopova, E. A. Shapiro, Russ. Chem.
Rev. 1989, 58, 667; c) M. P. Doyle, M. A. McKervey, T. Ye,
Modern Catalytic Methods for Organic Synthesis with Diazo
Compounds: From Cyclopropanes to Ylides, Wiley, New York,
1998.

a) M. M. Diaz-Requejo, M. A. Mairena, T. R. Belderrain, M. C.
Nicasio, S. Trofimenko, P. J. Pérez, Chem. Commun. 2001, 1804;
b) A. Sudrez, G. C. Fu, Angew. Chem. 2004, 116, 3664; Angew.
Chem. Int. Ed. 2004, 43, 3580; c) M. P. Doyle, T. M. Weath-
ers,Jr., Y. Wang, Adv. Synth. Catal. 2006, 348, 2403; d) M.
Hassink, X. Liu, J. M. Fox, Org. Lett. 2011, 13, 2388; ¢) L. Zhou,
J. Ma, Y. Zhang, J. Wang, Tetrahedron Lett. 2011, 52, 5484; f) L.
Zhou, F. Ye, Y. Zhang, J. Wang, J. Am. Chem. Soc. 2010, 132,
13590; g) Q. Xiao, Y. Xia, H. Li, Y. Zhang, J. Wang, Angew.
Chem. 2011, 123, 1146; Angew. Chem. Int. Ed. 2011, 50, 1114;
h) L. Zhou, F. Ye, J. Ma, Y. Zhang, J. Wang, Angew. Chem. 2011,
123,3572; Angew. Chem. Int. Ed. 2011, 50, 3510; i) F. Ye, X. Ma,
Q. Xiao, H. Li, Y. Zhang, J. Wang, J. Am. Chem. Soc. 2012, 134,
5742.

a) H. E. Zimmerman, Acc. Chem. Res. 1971, 4, 272; b) K. N.
Houk, Acc. Chem. Res. 1975, 8, 361; c) I. Fleming, Frontier
Orbitals and Organic Chemical Reactions, Wiley, New York,
1976.

The molecular orbital energies were computed at the HF/6-
31G(d) level of theory and the molecular orbital coefficients
were computed at the HF/STO-3G level, which were all based
on the hybrid B3P86 gas-phase geometries.

www.angewandte.de

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2012, 124, 6331-6334



