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ABSTRACT: A novel copper-catalyzed one-pot trifluor-
omethylation/aryl migration/desulfonylation and C(sp*)—
N bond formation with conjugated tosyl amides as starting
materials is presented here. The reaction affords a-aryl-f-
trifluoromethyl amides bearing a quaternary stereocenter
or trifluoromethylated oxindoles in a regioselective
manner.

he increasing presence of trifluoromethyl groups in

agrochemicals, pharmaceuticals, and molecular materials
stems from its unique ability to dramatically change the physical
properties of these molecules due to both the high electro-
negativity as well as the metabolic stability of the C—fluorine
bonds."” Transition-metal-mediated trifluoromethylation reac-
tions have received increasing attention due to the mild reaction
conditions they can offer in comparison to the analogous metal-
free processes. Copper- and palladium-catalyzed C—CF; bond
formation from C(sp*)—H bonds,’ aryl halides,* boronic acids,’
and alkynes® have been recently developed. In addition, copper-
catalyzed trifluoromethylations of nonactivated olefins,” allyl
halides,® allylsilanes,” and a,f-unsaturated carboxylic acids'®
have also been described. In this context, the copper-mediated
oxidative difunctionalization of alkenes involving the simulta-
neous formation of C—CF; and C—O bonds has aroused as a
highly attractive strategy to create structural complexity, enabling
an streamlined access to building blocks such as CF;-containing
lactones, cyclic ethers, epoxides, and benzylic alcohols among
others."! Combining C—C and C—CF; bond formation in a
single operation has also been recently explored (Scheme 1a). In
2012, Liu’s group reported an efficient intramolecular Pd/Yb-
catalyzed aryltrifluoromethylation of activated alkenes in which a
Pd"V—CF; intermediate generated in the presence of PhI(OAc),
and TMSCF; delivers a new C(sp*)—CF; bond via reductive
elimination."”” A complementary copper-catalyzed aryltrifluor-
omethylation of unactivated alkenes has also been recently
reported by Sodeoka and co-workers."* Most copper-catalyzed
olefin trifluoromethylations are proposed to proceed through
either cationic or radical pathways, although an in-depth
mechanistic understanding of these transformations is still
missing.7_ll’13 Due to our ongoing interest in the develoli)ment
of selective oxidative difunctionalization of alkenes,'* we
hypothesized that the presence of a sulfonyl group in the
arene-ene substrates could trigger alternative reaction pathways
(Scheme 1b). If an a-CF;-alkyl radical A were to be formed upon
alkene trifluoromethylation in tosyl amide 1, an intramolecular
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Scheme 1. Transition-Metal-Catalyzed
Aryltrifluoromethylation of Alkenes
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1,4-aryl migration'® via S-ipso cyclization/desulfonylation could
yield amidyl radical B. a-Aryl-f-trifluoromethyl amides 2 would
then be obtained upon H abstraction or alternatively,
trifluoromethylated oxindoles 3 could be produced upon
cyclization, with both processes occurring in a regioselective
manner. Herein we report the successful implementation of this
concept with a novel copper-catalyzed one-pot trifluoromethy-
lation/aryl migration/desulfonylation/C(sp?)—N bond forma-
tion from conjugated tosyl amides.

Our study commenced'® with the reaction between tosyl
amide (1a) and Togni’s reagent (4)" in the presence of catalytic
amounts of different copper complexes (Table 1). Cu-
(MeCN),PF, (20 mol %) gave no reaction (Table 1, entry 1),
whereas the addition of 2,2’-bipyridine afforded 50% conversion
of the starting material so that 2a could be isolated in 40% yield
(Table 1, entry 2). Interestingly, a more coordinating solvent
such as DMF helped to improve the conversion of the starting
material (Table 1, entry 3), whereas the addition of N-
methylacetamide increased substrate conversion, producing 2a
in 45% yield (Table 1, entry 4). Less expensive copper sources
were also evaluated (Table 1, entry S). To our delight, the use of
40 mol % Cu,O gave a clean reaction mixture, providing the
desired product 2a in 68% yield. Although the addition of N-
methylacetamide under these conditions produced almost
complete conversion of the starting material, the crude mixture
showed formation of side products so that amide 2a was isolated
in 71% yield (Table 1, entry 6). The structure of 2a could be
unequivocally assigned by X-ray diffraction analysis."®
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Table 1. Optimization of the Reaction Conditions

Me CF3 |
gﬁ;o |
MeO HNoy, |

(o]

L -.N)J\WMe
0=8=0 [Cu), solvent, 80 'C
S ST R

F;C\I_D S0,
1a @AO 2a
OMe 4 (2 equiv)
la:2a (2a
entry reaction conditions® yield, %)%<
1 Cu(MeCN),PF; (20 mol %), CH;CN
2 Cu(MeCN),PF, (20 mol %), CH;CN, 2,2'-bipyridine 1:1 (40)
(40 mol %)
3 Cu(MeCN),PF, (20 mol %), DMF, 2,2-bipyridine (40 1:2.5
mol %)
4 Cu(MeCN),PF, (20 mol %), DME/N- 1:8 (45)
methylacetamide (10:1) 2,2-bipyridine (40 mol %),
S Cu,O (40 mol %), DMF, 2,2'-bipyridine (40 mol %) 1:5 (68)
6  Cu,O (40 mol %), DMF/N-methylacetamide (10:1), 1:8 (71)

2,2 -bipyridine (40 mol %)

“Reaction condltlons 1a (0.1 mmol), 4 (2 equiv) in 1.0 mL of solvent
at 80 °C for 14 h. Compound ratio determined by '"H NMR. “The
value in parentheses reports the isolated yield after column
chromatography in silica gel.

We set out to explore the scope of this transformation (Table
2). First, we studied the substitution pattern on the aromatic ring

Table 2. Cu—Catalzzed Trifluoromethylation/Aryl Migration/
Desulfonylation®
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“The conditions are the same as in Table 1, entry 5. “Isolated yield
after column chromatography in silica gel. Except for 1la, full
conversion of the starting material was observed in all cases.

of the sulfonamide group (R? head of Table 2). p- and m-methyl,
p-chloro-, and phenyl sulfonamide substrates were efliciently
transformed into the corresponding p-trifluoromethyl amides
2b—e, respectively. Remarkably, the reaction is completely
regioselective, as the 1,4-migration of the aryl group takes place
exclusively through the carbon atom bound to the SO, group in
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the starting material. Substrates bearing indane, dibenzofuran,
and 1,4-dioxolane sulfonyl moieties (1f—h) were transformed
into the corresponding trifluoromethylated amides 2f—h in
excellent yields. We also studied the influence of the substituents
in the aryl group directly bound to the N atom (R', head of Table
2). The introduction of electron-donating groups at the para
position was well tolerated, as 2i could be isolated in 64% yield.
In contrast, the presence of a nitro group seemed to decrease the
reaction’s efficiency (2j, 50%), although a substrate bearing a CF,
group at the meta position could be transformed into the
corresponding aryltrifluoromethylation product 2k in 73% yield.
Products 2l-p containing halogen atoms ortho and para to the
amide group could be obtained in good yields. Finally, we also
investigated different substituents on the alkene. Substrates 1qr,
bearing n-hexyl and methyl methoxy groups at C, of the propene
moiety, were efficiently transformed into the corresponding
amides 2q,r in 67 and 65% yields, respectively. Nitrogen-
containing substituents such as methylphthalimide were also well
tolerated (2s) at this position. Aromatic groups could also be
incorporated at C,, although the reaction proved to be more
complex and amide 2t could only be isolated in 40% yield.
Trisubstituted olefins were also amenable to this transformation,
since amide 2u was isolated in 63% yield as a 7:1 mixture of
diastereoisomers. We decided to further evaluate the influence of
the N-substitution pattern in the reaction and thus submitted N-
methyl-N-tosyl amide Sa to the standard reaction conditions.'®
To our surprise, the expected arytrifluoromethylation product
was not detected. Instead, a clean transformation of the starting
material into oxindole 3a was observed. This product could be
isolated in 70% yield when 20 mol % of Cu(MeCN),PF, and
2,2-bipyridine were used (eq 1). The formation of 3a is truly

g FiC
‘-.NJY Cu{CH3CN)PFg (20 molds)
0=8=0 4(1.5 equiv) -
0
H 2,2"-bipyridine (20 mol%) bl‘
| 5 MeCN, 80 °C
-850, 3a
. (70%) single regioisomer!!

Cu{CH3CN)4PF5 (10 mol%h)

4 (1 5 equiv) CFs - CFs
+ (@
2,2 -bipyridine {ZD mol%) N0 N
MeCN, 80 °C | |
(75%) 3a 3

1:1 mixture of regicisomers

remarkable, as upon trifluoromethylation of the alkene, not only has
the aryl group undergone a 1,4-migration/desulfonylation but also a
new C(sp’)—N bond in an ortho relative position to the original
sufonyl group is formed in a formal 1,3-N migration process, which to
the best of our knowledge represents the first example of such a
cascade reaction. It is important to note that this methodology
allows us to obtain oxindole 3a in a regioselective fashion. If one
wishes to obtain 3a from amide 6, through either the previously
reported Cu- or Pd-catalyzed aryltrifluoromethylation methods
summarized in Scheme 1a,'>'® only an inseparable mixture of
regioisomers (3a and 3a’) is generated as a result of two possible
sites for arylation of the double bond in the corresponding
starting materials (eq 2)."*'® The scope of our study has been
summarized in Table 3. First we focused on N-tosyl substrates
(R*=Me, head of Table 3) bearing different substituents at the N
atom (R'). Butyl and more sterically demanding isopropyl
groups were tolerated, affording the corresponding oxindoles
3b,c in moderate yields. The methyl ester derivative of L-alanine
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Table 3. Cu-Catalyzed Trifluoromethylation/
Desulfonylation/Aryl Migration/ Cyclization®?

[+]

_“’E)\ﬁ/ CU[CHCNLPFG (0moite) s R
O==0 4(2.0 equiv) CFs
R H "
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3f (60%) 3g (48%) 3h (56%) 3 (69%, 1:12)
O SO O
o N0 o
Y | z HN
n Bn
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(60%, 2: 1)

“Reaction conditions: 5 (0.1 mmol), 4 (2 equiv), Cu(MeCN),PF, (20
mol %), 2,2'-bipyridine (40 mol %), CH;CN (1.0 mL) at 80 °C, 17 h.
YIsolated yield after column chromatography in silica gel.

was also efficiently cyclized giving oxindole 3d, which was
obtained as a 1:1 mixture of diastereoisomers. We then turned
our attention to the nature of the sulfonyl group. Benzenesulfo-
namide substrate 1e (R* = R* = R* = H) was transformed into the
corresponding trifluoromethylated oxindole 3e in 71% yield. p-
Methoxybenzene sulfonylamide (R* = OMe) was efficiently
converted into 3f, whereas less electron rich aromatic rings (R* =
Cl) proved to be more reluctant to undergo the desired reaction,
so that 3g could only be isolated in 48% yield. Substitution in the
ortho position of the benzenesulfonyl group could also be
accommodated (R* = Me), thus confirming the reaction’s
selectivity, as 3h was produced as a single regioisomer. Only
when the substituent is placed at the meta position relative to the
sulfonyl group does the reaction affords a ca. 1:1 mixture of
regioisomers (3i, R> = Me). Substrates bearing a phenyl and a
tert-butyl substituent at the para position of the benzenesulfonyl
group could also be elaborated into the corresponding oxindoles
3jk in good yields. Interestingly, the presence of a N-benzyl
group produced a mixture of the expected oxindole 31 together
with the corresponding fS-trifluoromethylated amide 2v in a 1:1
ratio.

To gain a deeper insight into the mechanism of these
transformations, the followin§ control experiments were
designed.'® The reaction of Sa”” in the presence of BHT or
TEMPO produced the desired products only in marginal yields
(eq 3), thus pointing toward a radical mechanism. The reaction
in the presence of TEMPO was followed by '’F NMR, but the
corresponding TEMPO—CF; adduct could not be detected,
which suggests that other species rather than [CF;]™ might be at
the outset of these transformations.” '"'® In addition, the
reaction of amide 7 did not proceed, which suggests that amides
2 are not intermediates in the formation of oxindoles 3 (eq 4).

Finally, to determine whether the aryl migration is an intra- or
an intermolecular process, a crossover experiment was designed
(eq S). A 1:1 mixture of 1a and 5c was submitted to the standard
conditions, producing a 1:1 ratio of both amide 2a and oxindole

Standard conditions
Table 3

TEMPO (2 equiv)

Vg 70\‘ .

N

N i
or BHT (2 equiv) | CFa
5
a 3a -55 (1% NMR)
conversion<15% not detected
[s] 9
1o Standard conditions CEKZ
N
Table 3 o]
| — > 4
& N 1
: nat observed
o Me O

Conditions

Table 2

3c. Crossover products were not detected in the reaction
mixture, thus suggesting an intramolecular mechanism for these
transformations. On the basis of this experimental evidence, the
following mechanism is proposed (Scheme 2). In the first step,

Scheme 2. Proposed Mechanism for the Copper-Catalyzed
Aryltrifluoromethylation of Conjugated Tosyl Amides

4+ [CuY
.;-CFs o
o oy
0=5=0
}-.
| . o 1L
R
1
o
(o] I
. C
CFs o ':I-Jc?{ e
; S') CFa
H
=

v m n
hydrogen
abstraction
CFy - Alkene Trifluoromethylation: new Csp’-CFg bond
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= 0 i = Aryl: H abstraction (2)
2 R = Alkyl: new Csp®-N bond (3)

the copper catalyst seems to activate Togni’s reagent 4,
generating a highly reactive CF;—Cu" containing radical I
which interacts with the activated alkene to give a new C(sp>)—
CF; bond and a-alkyl radical intermediate IL*' A S5-ipso
cyclization then takes place on the sulfonyl aromatic ring,
generating aryl radical III, which will undergo rapid desulfony-
lation to form the key amidyl radical IV, delivering a new
C(sp*)—C(sp®) bond.

Amidyl radical IV can undergo hydrogen abstraction from the
medium to give trifluoromethylated amides 2, a process that
seems to be favored when the substituent R on the N atom is an
aryl group.”” The presence of ortho substituents in the
benzenesulfonyl moiety (2n—p in Table 2) favors the reaction,
in line with previously reported radical-mediated aryl migrations
proceeding via ipso-cyclization/desulfonylation pathways.”® In
contrast, the presence of a more electron donating alkyl moiety
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triggers the oxidation of the radical to give the copper enolate
V,”" which is then trapped by the aromatic ring, thus forming
oxindoles 3.

In summary, the first example of a one-pot trifluoromethyla-
tion/1,4-aryl migration/desulfonylation/ C(spz)—N bond for-
mation of conjugated N-tosyl amides is presented here. A copper
catalyst in the presence of Togni’s reagent is able to
trifluoromethylate the alkene, producing an amidyl radical
intermediate which upon H abstraction delivers previously
unknown a-aryl-S-trifluoromethyl amides bearing an a-quater-
nary stereocenter in a completely regioselective manner.
Alternatively, if the amidyl radical can be engaged in a subsequent
cyclization to give a new C(sp?)—N bond, trifluoromethylated
oxindoles are obtained in a regioselective fashion.

B ASSOCIATED CONTENT

© Supporting Information

Text, figures, and tables giving experimental procedures,
additional experiments, and spectroscopic characterization
data. This material is available free of charge via the Internet at

http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
nevado@oci.uzh.ch

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The European Research Council (ERC Starting grant agreement
no. 307948), the Forschungskredit of UZH, and the Novartis
Foundation are kindly acknowledged for financial support. Prof.
A. Linden is acknowledged for performing the X-ray crystal
structure determination of 2a.

B REFERENCES

(1) (a) Kirsch, P. Modern Fluoroorganic Chemistry: Synthesis Reactivity
Applications; Wiley-VCH: Weinheim, Germany, 2004. (b) Ojima, L
Fluorine in Medicinal Chemistry and Chemical Biology; Wiley-Blackwell:
Chichester, UK., 2009. (c) Purser, S.; Moore, P. R.; Swallow, S.;
Governeur, V. Chem. Soc. Rev. 2008, 37, 320.

(2) (a) Prakash, G. K. S;; Yudin, A. K. Chem. Rev. 1997, 97, 757.
(b) Umemoto, T. Chem. Rev. 1996, 96, 1757. (c) Furuya, T.; Kamlet, A.
S.; Ritter, T. Nature 2011, 473. (d) Tomashenko, O.; Grushin, V. V.
Chem. Rev. 2011, 111, 4475. (e) Wu, X. F.; Neumann, H.; Beller, M.
Chem. Asian J. 2012, 7, 1744. (f) Ye, Y.; Sanford, M. S. Synlett 2012,
2008S. (g) Studer, A. Angew. Chem., Int. Ed. 2012, 51, 8950.

(3) (a) Wang, X; Truesdale, L.; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132,
3648. (b) Zhang, X.-G.; Dai, H.-X.; Wasa, M.; Yu, J.-Q. J. Am. Chem. Soc.
2012, 134, 11948.

(4) (a) Oishi, M; Kondo, H.; Amii, H. Chem. Commun. 2009, 1909.
(b) Morimoto, H.; Tsubogo, T.; Litvinas, N. D.; Hartwig, J. F. Angew.
Chem,, Int. Ed. 2011, 50, 3793. (c) Cho, E.J.; Senecal, T. D.; Zhang, T.
Y.; Watson, D. A,; Buchwald, S. L. Science 2010, 328, 1679. (d) My, X,;
Chen, S.; Zhen, X,; Liu, G. Chem. Eur. J. 2011, 17, 6039.

(S) (a) Senecal, T. D.; Parson, A. T.; Buchwald, S. . Org. Chem. 2011,
76, 1174. (b) Chu, L.; Qing, F.-L. Org. Lett. 2010, 12, 5060. (c) Ye, Y.;
Sanford, M. J. Am. Chem. Soc. 2012, 134, 9034.

(6) (a) Chu, L; Qing, F.-L. J. Am. Chem. Soc. 2010, 132, 7262.
(b) Weng, Z.; Li, H; He, W,; Yao, L.-F.; Tan, J.; Chen, J,; Yuan, Y,;
Huang, K.-W. Tetrahedron 2012, 68, 2527. (c) Jiang, X.; Chy, L.; Qing,
F.-L.]. Org. Chem. 2012, 77,1251. (d) Luo, D.-F.; Xu, J.; Fu, Y.; Guo, Q.-
X. Tetrahedron Lett. 2012, 53, 2769.

(7) (a) Parsons, A. T.; Buchwald, S. L. Angew. Chem.,, Int. Ed. 2011, 50,
9120. (b) Xu,J.; Fu, Y.; Luo, D.-F,; Jiang, Y.-Y,; Xiao, B.; Liu, Z.-J.; Gong,

14483

T.-J.; Liu, L. . Am. Chem. Soc. 2011, 133, 15300. (c) Wang, X; Ye, Y.;
Zhang, S.; Feng, J.; Xu, Y.; Zhang, Y.; Wang, J. J. Am .Chem. Soc. 2011,
133, 16410. (d) Chu, L;; Qing, F.-L. Org. Lett. 2012, 14, 2106.

(8) Miyake, Y.; Ota, S.-1; Nishibayashi, Y. Chem. Eur. J. 2012, 18,
13258.

(9) (a) Shimizu, R.; Egami, H.; Hamashima, Y.; Sodeoka, M. Angew.
Chem.,, Int. Ed. 2012, §1, 4577. (b) Mizuta, S.; Galicia-Lépez, O.; Engle,
K. M,; Verhoog, S.; Wheelhouse, K.; Rassias, G.; Gouverneur, V. Chem.
Eur. J. 2012, 18, 8583.

(10) (a) He, Z; Luo, T.; Hu, M,; Cao, Y.; Hu, J. Angew. Chem., Int. Ed.
2012, 124,4010. (b) He, Z.; Hu, M,; Luo, T.; Li, L.; Huy, J. Angew. Chem.,
Int. Ed. 2012, 124, 11545.

(11) (a) Zhy, R;; Buchwald, S. L. J. Am. Chem. Soc. 2012, 134, 12462.
(b) Janson, P. G.; Ghoneim, L; Iichenko, N. O.; Szabé, K. J. Org. Lett.
2012, 14, 2882. (c) Feng, C.; Loh, T.-P. Chem. Sci. 2012, 3, 34S8.
(d) Zhang, C.-P.; Wang, Z.-L.; Chen, Q.-Y; Zhang, C.-T.; Gu, Y.-C;
Xiao, J.-C. Chem. Commun. 2011, 47, 6632. (e) For a metal free radical
trifluoromethyloxyamination of alkenes see: Li, Y.; Studer, A. Angew.
Chem., Int. Ed. 2012, 51, 8221.

(12) My, X; Wang, H.-Y.; Guo, Y.-L; Liu, G. J. Am. Chem. Soc. 2012,
134, 878—881.

(13) Egami, H.; Shimizu, R.; Kawamura, S.; Sodeoka, M. Angew. Chem.,
Int. Ed. 2013, 52, 4000.

(14) (a) de Haro, T.; Nevado, C. Angew. Chem., Int. Ed. 2011, 123, 936.
(b) Kong, W.; Feige, P.; de Haro, T.; Nevado, C. Angew. Chem., Int. Ed.
2013, 52, 2469.

(15) (a) Gheorghe, A.; Quiclet-Sire, B.; Vila, X.; Zard, S. Z. Org. Lett.
2008, 7, 1653. (b) Clark, A. J.; Coles, S. R; Collis, A.; Fullaway, D. R;;
Murphy, N. P.; Wilson, P. Tetrahedron Lett. 2009, 50, 6311. (c) Knowles,
H. S,; Parsons, A. F.; Pettifer, R. M.; Rickling, S. Tetrahedron 2000, S6,
979—988. (d) For a review on radical aryl migration reactions, see:
Studer, , A.; Bossart, , M. Tetrahedron 2001, S7, 9649.

(16) For detailed experimental procedures and characterization of
starting materials and products, see the Supporting Information.

(17) (a) Esenberger, P.; Gischig, S.; Togni, A. Chem. Eur. ]. 2006, 12,
2579. (b) Umemoto, T.; Adachi, K; Ishihara, S. J. Org. Chem. 2007, 72,
690S.

(18) CCDC 933951 (2a) contains supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccde.cam.ac.uk/
data_request/cif.

(19) (a) Jaegli, S.; Dufour, J.; Wei, H.; Piou, T.; Duan, X.; Vors, ].-P.;
Neuville, L.; Zhu, J. Org. Lett. 2010, 12, 4498. (b) Wei, H; Piou, T;
Dufour, J.; Neuville, L.; Zhu, J. Org. Lett. 2011, 13, 2244. (c) Wang, J.;
Yuan, Y,; Xiong, R; Zhang-Negrerie, D.; Dy, Y.; Zhao, K. Org. Lett.
2012, 14, 2210.

(20) A similar outcome was obtained for the reaction of la in the
presence of TEMPO."

(21) (a) Low, H. C;; Tedder, J. M; Walton, J. C. Int. J. Chem. Kinet.
1978, 10, 324. (b) Walling, C.; Huyser, E. S. Org. React. 1963, 13, 91.
(c) Yoshioka, E.; Kohtani, S.; Sawai, K.; Tanaka, E.; Miyabe, H. J. Org.
Chem. 2012, 77, 8588.

(22) Rey, V.; Pierini, A. B,; Penenory, A. B. . Org. Chem. 2009, 74,
1223.

(23) (a) Motherwell, W. B.; Pennell, A. M. K. J. Chem. Soc, Chem.
Commun. 1991, 877. (b) Bonfand, E.; Forslund, L.; Motherwell, W. B,;
Vazquez, S. Synlett 2000, 4, 475.

(24) (a) Knowles, H. S.; Parsons, A. F.; Pettifer, R. M.; Rickling, S.
Tetrahedron 2000, 56, 979. (b) Glover, S. A.; Goosen, A. . Chem. Soc,,
Perkin Trans. 1 1977, 1348.

dx.doi.org/10.1021/ja403954g | J. Am. Chem. Soc. 2013, 135, 14480—14483


http://pubs.acs.org
mailto:nevado@oci.uzh.ch
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif

