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A room-temperature, copper-catalyzed amination of pri-
mary benzylic C—H bonds with primary and secondary
sulfonamides is described. The reaction is applicable to
the coupling of a range of primary and secondary benzylic
hydrocarbons with a diverse set of sulfonamides and is
tolerant of substitution on both coupling partners. Fac-
tors which influence the selectivity of C—H functionaliza-
tion between primary and secondary sites are examined.

The direct transformation of C—H bonds into C—N
bonds represents an efficient and attractive strategy for
the synthesis of valuable nitrogen-containing molecules.'
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Transition-metal-catalyzed nitrene insertions into C—H
bonds remain the most widely developed and impactful direct
amination procedure,” * although mechanistically distinct
C—H amination strategies continue to be investigated.”®
Despite significant progress within the C—H amination
field, challenges remain. For example, methodologies for the
amination of primary benzylic C—H bonds are relatively
scarce.*® Primary benzylic hydrocarbons such as toluene
typically afford unacceptably low yields under previously
developed amination conditions, including our own
(eq 1).°'° Notable exceptions include recently described
copper- and rhodium-catalyzed nitrene-based amina-
tions, **<%8® in particular procedures utilizing only a single
equivalent of hydrocarbon substrate.*™ While clearly pro-
mising, these aminations procedures described few primary
benzylic hydrocarbon substrates (typically only toluene) and
utilize an optimized primary sulfonamide-based nucleophile.
In addition, these methodologies, as a consequence of the
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metal-nitrenoid intermediate, remain restricted to amination
with primary amide species. Development of general method-
ologies for the amination of primary benzylic C—H bonds
with demonstrated scope for a variety of hydrocarbon and
sulfonamide substrates remains desirable.

B Q.0 2 x 5 mol% Cu(OTf),
©)<H Me\N,S\©\ 5 mol% 1,10-phenanthroline
+ H
Me tBuOOAc, 4 A MS
DCE, 60 °C
O
Qo 0

N
saael
Me Me

itions: 3 equivtoluene 9% yield
conditions: 25 equiv toluene 20% yield

Given the paucity of methodologies available for the direct
amination of primary benzylic C—H bonds, we focused our
attention toward this goal. Conscious of the ascendant utility
of C—H aminations in total synthesis,'' we sought a
methodology that would demonstrate sufficient scope under
mild reaction conditions.

Commencing from our previous work,’® an investigation
of various reaction parameters was conducted for the model
reaction between toluene and N-methyl toluenesulfonamide
(Table 1). After substantial efforts, reaction conditions were
discovered that allowed amination to proceed under mild
conditions and at room temperature (entry 8).

Copper catalyst (entry 1) and oxidant'? are essential
components of the reaction. The 1,3-indanedione additive
also plays a role enhancing the overall yield of the reaction
(entry 6 vs entry 3). Although 1,3-diketones capable of
bidentate coordination (entry 5) are known ligands for
copper-catalyzed C—N bond formation,' the role of 1,3-
indanedione in this reaction remains unclear; a working
hypothesis is that it may be serving as a monocoordinate
ligand for copper. Despite further efforts, improvements in
the yield of amination product (~50—55%) could not be
attained using commercially available oxidants such as
t-BuOOACc or t-BuOOBz (A, entry 6). On the basis of work
by Andrus,'* we explored a variety of rert-butyl peroxy-
benzoate based oxidants containing electron-withdrawing
substituents (B—D, entries 7—9).!° Overall, an electron-with-
drawing 3-trifluoromethyl substituted peroxybenzoate oxi-
dant C afforded higher yields and was used for subsequent

(11) (a) Kang, S.; Lee, H.-K. J. Org. Chem. 2010, 75, 237-240. (b) Mulcahy,
J. V.; Du Bois, J. J. Am. Chem. Soc. 2008, 130, 12630-12631. (c) Wang, S.;
Romo, D. Angew. Chem., Int. Ed. 2008, 47, 1284-1286. (d) Liu, Y.; Xiao, W.;
Wong, M.-K.; Che, C.-M. Org. Lett. 2007, 9,4107-4110. (e) Fleming, J. J.; Du
Bois, J. J. Am. Chem. Soc. 2006, 128, 3926-3927. (f) Hinman, A.; Du Bois, J.
J. Am. Chem. Soc.2003, 125,11510-11511. (g) Wehn, P. M; Du Bois, J. J. Am.
Chem. Soc. 2002, 124, 12950-12951. (h) Trost, B. M.; Gunzner, J. L.; Dirat, O.;
Rhee, Y. H. J. Am. Chem. Soc. 2002, 124, 10396-10415. (i) Overman, L. E.;
Tomasi, A. L. J. Am. Chem. Soc. 1998, 120, 4039-4040.

(12) Other oxidants, including -BuOO?-Bu, m-CPBA, and PhI(OAc),
yielded < 5% of the amination product.

(13) For some representative examples, see: (a) Xia, N.; Taillefer, M.
Angew. Chem., Int. Ed. 2009, 48, 337-339. (b) Xi, Z.; Liu, F.; Zhou, Y.;
Chen, W. Tetrahedron 2008, 64, 4254-4259. (c) Shafir, A.; Lichtor, P. A;
Buchwald, S. L. J. Am. Chem. Soc. 2007, 129, 3490-3491. (d) de Lange, B.;
Lambers-Verstappen, M. H.; Schmieder-van de Vondervoort, L.; Sereinig,
N.;de Rijk, R.; de Vries, A. H M.;de Vries, J. G. Synlett 2006, 3105 3109. (e)
Shdﬁr A Buchwald S.L.J. Am Chem. Soc. 2006, 128, 8742-8743.

(14) Andrus M. B.; Chen, X. Tetrahedron 1997, 53, 16229-16240.

(15) These oxidants could readily be synthesized in gram quantities in a
single step, commencing from commercially available reagents. See Support-
ing Information for further details.
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TABLE 1.  Exploration of Reaction Parameters on the Amination of

Toluene with N-Methyl Toluenesulfonamide

o0

/, 10 mol% catalyst
©X Me\ 15 mol% ligand
M 2.0 equiv oxidant

© 23°C

25 equiv
R? i O._Me ,‘1""‘;‘?’;’2 H
\©)ko \hl,EMe B: R'=Cl,R?2=H
C: R'=CF;,R2=H
R? D: R',R?=CF3
entry catalyst ligand oxidant yield, %
1 none no ligand A <2
2 Cu(OTf), no ligand A 23
3 [MeCN],Cu(I)PFs  no ligand A 33
4 [MeCN],Cu(l)PFs  batho-phenan- A 33°
throline
5 [MeCN],Cu(I)PF, 1,3-diphenyl- A 52
propanedione
6 MeCN],Cu(I)PF, 1,3-indanedione A 55
7 [MeCN],Cu(I)PFq4 1,3-indanedione B 65
8 [MeCN]4Cu(I)PF4 1,3-indanedione C 70
9 [MeCN],Cu(I)PFg 1,3-indanedione D 49
10 CuCl,, Cu(OAc), 1,3-indanedione C <15
Cul or Cu(ClOy),

11 Cu(OTf), 1,3-indanedione C 63
12 FeBr; or FeCl, 1,3-indanedione C <2
13 [MeCN],Cu(l)PFs  1,3-indanedione C 28¢
14 [MeCN],Cu(I)PF, 1,3-indanedione C 474

“Determined by "H NMR analysis versus an internal standard. 5 mol %
ligand was used. °5 equiv of toluene was used. “10 equiv of toluene was used.

aminations (entry 8). It has been proposed that the electron-
withdrawing substituent may serve to weaken the perester
bond, thereby reducing the energy barrier required for the
formation of the zers-butoxy radical.'* Other copper cata-
lysts (entries 10 and 11) were significantly less effective as
compared to [MeCN],Cu(I)PF4, with the exception of
Cu(OT¥),, and previously disclosed iron catalysts®® are not
capable of effecting the transformation (entry 12). Unfortu-
nately, reducing the amount of the toluene hydrocarbon
resulted in diminished yields (entries 13 and 14).

Having established suitable reaction conditions for the
amination of a representative primary benzylic hydrocarbon
(toluene), the range of capable sulfonamide coupling part-
ners was next examined (Table 2). Distinct from metal-
nitrene based amination procedures,” * this copper-based
amination methology proceeds with both primary and sec-
ondary sulfonamides. Compared to secondary sulfonamides
or electron-rich sulfonamides, lower yields were obtained
with primary sulfonamides (entry 3) or with aryl sulfona-
mides substituted with electron-withdrawing groups (entries
7—9). In addition to sulfonamide nucleophilicity, steric
factors influence the reaction, with the corresponding
N-ethyl (entry 10) and N-cyclopropyl (entry 11) 4-toluene-
sulfonamides affording lower yields in comparison to the
N-methyl analogue (entry 1). Unfortunately amides and
carbamates, such as tert-butyl carbamate or N-methyl benz-
amide, were found to be unacceptable coupling partners in
this reaction (yield < 10%).'® The remaining mass balance in

(16) Attempted reaction of N-(p-toluenesulfonyl)-p-toluenesulfonimid-
amide or 2,2,2-trichloroethoxysulfonamide under the reactlon conditions
afforded < 10% of the desired product as determined by 'H NMR analysis of
the unpurified reaction mixture.
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TABLE 2.  Copper-Catalyzed Amination of Toluene with Various
Primary and Secondary Sulfonamides

H H o 10 mol% [MeCN],Cu(l)PFg
15 mol% 1,3-indanedione

O\\ ’/ ~O~
: R2 N’ \R3 ' ©/\N Ra
.
H 2.0 equiv 3-CF3CgH,CO4t-Bu R?
23°C

25 equiv
entry sulfonamide yield %*  entry sulfonamide  vyield %2
o 0 o]
1 Me< ,\\SI/ Me\N,\\S,/
Me F
M O\"/O O\\S,/O
e~ AN
2 N \@\ 72 10 Me N \©\ 35
OMe Me
O 0O O

e
3
\ O
S

S
3 HN \O\ 32 11 N 48
OMe Me
o]
N Y72
e Me. .S.
4 Me H S\@\ 71 12 H Me 41
tBu
o 0 O,
N2 N\
NI S
5 Me H \© 52 13 HN 7 54
s 3%
6 \Hz 56 14 HU 75
o\\/,o Me Me
7 Me\H,S\©\ 56 15 62
Br
HN_
QP P
8 Me\N, \©\ 46 [o2Ne}
H

[e}

“Isolated yield.

this reaction primarily consisted of the sulfonamide and
hydrocarbon starting materials. Applying heat (50 °C) to
reactions that afforded lower yield (e.g., entry 3) did not
result in further improvements in yields.

Within the few described procedures for amination of
primary benzylic hydrocarbons,**¢*m85 Jittle exploration
as to the scope of viable hydrocarbon components have been
disclosed. Additional primary benzylic substrates beyond
toluene were explored in order to delineate the hydrocarbon
scope (Table 3). In general, comparable yields were obtained
with a variety of primary benzylic hydrocarbon coupling
partners, including those containing electron-donating
(entries 1, 2, 7, 8) or modestly electron-withdrawing substi-
tuents (entries 3—5). Notable is the selectivity observed in the
amination of 3-isopropyltoluene, where amination is obser-
ved exclusively at the primary benzylic position over the
tertiary benzylic position. Ethylbenzene, a secondary
benzylic hydrocarbon, can be aminated under these condi-
tions; however, an excess of hydrocarbon is still required
(entry 9).

Intrigued by the selectivity observed with 3-isopropylto-
luene, the following two experiments were conducted with
4-ethyltoluene and 4-n-propyltoluene (Scheme 1). Copper-
catalyzed amination was explored under the developed
reaction conditions, and selectivity for amination at the
primary and secondary benzylic positions was determined
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TABLE 3.  Copper-Catalyzed Amination of Various Primary Benzylic
Hydrocarbons with N -Methyl 4-Toluenesulfonamide

10 mol% [MeCN],Cu(l)PFq
_I

\\ //
15 mol% 1,3-indanedione
25 equiv

2.0 equiv 3- CFacSH,,COgt Bu O/\ \©\

entry hydrocarbon product yield %?

\\ //

J@f O ;
| 56
Me
\
oy 0 "
\\’l
.S
)@ﬂ O .
cl Me Me
ora,
TR,
\V/
oo, ¢
Me Me
\\S//O
Me)\©AITI’ \©\ 39b
Me Me

=
@

=
@

=
®
=
®

'n
=
o

e}
=
o

T
=
=
@

™
o
c

QQ@QQ@Q

=
®

=
@
=
®
o}

o
=
@,
=
o

“Isolated yield. ®Only regioisomeric amination product as observed
by '"H NMR analysis of the unpurified reaction mixture. “10 equiv of
ethylbenzene was utilized. 93 equiv of ethylbenzene was utilized.

SCHEME 1. Exploration of C—H Amination Selectivity
between Primary and Secondary Benzylic Sites”

O, oo,

1° amination product

Cu-catalyzed
amination
—_—

2° amination product

R=Me 84% combined yield
R=Et 68% combined yield

2°/1° ratio = 4:1
2°/1° ratio = 2:1

“Isolated yield of combined products. Secondary/primary ratio deter-
mined by "H NMR analysis of the unpurified reaction mixture.

by '"H NMR analysis of the unpurified reaction mixture.
Reaction of N-methyl 4-toluenesulfonamide with 4-ethylto-
luene gave a 4:1 mixture of products in favor of amination at
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SCHEME 2. Reaction of Benzyl 3-(Trifluoromethyl)benzoate
Q QL 10 mol% [MeCN],Cu(l)PFg
©/\OJ\©/CF3 Me\N,S\©\ 15 mol% 1,3-indanedione
+ H
Me 2.0 M in toluene

1.5 equiv 23°C

Q.0

N7
©/\I:I,S©\
Me Me

as above <5% yield

conditions: | 0" mol% oxidant C <5% yield

the secondary benzylic position.'” Increasing the steric hind-
rance of the secondary benzylic site resulted in a diminished
selectivity of 2:1 for the secondary position. As with previous
C—H aminations, this copper-catalyzed procedure remains
sensitive to steric effects, with selectivity favoring reaction at
a secondary benzylic C—H > primary benzylic C—H >
tertiary benzylic C—H."%!?

We have previously demonstrated that a benzylic acetate
intermediate, the product of a Kharasch—Sosnovsky reac-
tion,”® can be converted to a sulfonamide product under
copper-catalyzed conditions.’®?! Interestingly, when benzyl
3-(trifluoromethyl)benzoate was subjected to the copper-
catalyzed reaction conditions, none of the amination pro-
duct was obtained (Scheme 2). This disparate result suggests
that benzoate esters, formed via a competing Kharasch—
Sosnovsky reaction, do not serve as viable intermediates in
the current amination methodology.?? Further studies are
required to support a mechanistic hypothesis; however, on
the basis of the established Kharasch-Sosnovsky reaction,?
we favor a mechanism that involves initial formation of a
benzylic radical. Formation of a C—N bond may then
proceed via a transient carbocation.”® The benzylic carbo-
cation intermediate is likely generated directly from the
benzylic radical,®* as the described reaction conditions are

(17) Varying levels of selectivity have been observed in previous amina-
tions with 4-ethyltoluene. For example, a secondary:primary selectivity of 3:1
was observed in the Cu(I)-catalyzed reaction of 4-ethyltoluene with
PhI=NTs, while ZnBr, afforded only the secondary product; see ref 4d. A
secondary:primary:tertiary selectivity of 6:1:2 was observed with a Tp®*Cu-
(NCMe) catalyst with PhI=NTs; see ref 4k. In contrast, a Rh-catalyst/
sulfonimidamide system observed amination exclusively at the secondary
carbon; see ref 4e.

(18) For a discussion of C—H bond reactivity and steric effects in Rh-
nitrene aminations, see ref 4j. With Cu-nitrene aminations, see refs 4e, 4h, 4k.

(19) Interestingly, a %old catalyst has recently been described that favors
nitrene insertion into sp> C—H bonds over benzylic sp* C-H bonds; see: Li,
Z.; Capretto, D. A.; Rahaman, R. O.; He, C. J. Am. Chem. Soc. 2007, 129,
12058-12059.

(20) For leading reviews and references on the Kharasch—Sosnovsky
reaction, see: (a) Andrus, M. B.; Lashley, J. C. Tetrahedron 2002, 58, 845—
866. (b) Eames, J.; Watkinson, M. Angew. Chem., Int. Ed. 2001, 40, 3567—
3571. (c) Kharasch, M. S.; Sosnovsky, G. J. Am. Chem. Soc. 1958, 80, 756.

(21) (a) Powell, D. A.; Pelletier, G. Tetrahedron Lett. 2008, 49,2495-2498.
(b) Borduas, N.; Powell, D. A. J. Org. Chem. 2008, 73, 7822-7825.

(22) Under the current amination conditions, <20% of benzyl 3-
(trifluoromethyl)benzoate was detected in the "H NMR spectrum of the
unpurified reaction mixture.

(23) Alternatively, carbon—nitrogen bond formation may proceed from
an Cu(III) species. Aminations that proceed via aryl-Cu(III)-N species have
recently been described, and Cu(III) intermediates have been proposed in
other Cu-catalyzed allylic aminations; see refs Sa, 5c, and Huffman, L. M.;
Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 9196-9197.

(24) For recent examples of aminations which proceed via postulated
carbocations, see: (a) Qin, H.; Yamagiwa, N.; Matsunaga, S.; Shibasaki, M.
Angew. Chem., Int. Ed. 2007, 46, 409-413. (b) Sreedhar, B.; Reddy, P. S.; Reddy,
M. A.; Neelima, B.; Arundhathi, R. Tetrahedron Lett. 2007, 48, 8174-8177.
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not sufficient to induce carbocation formation from the
benzyl benzoate (Scheme 2).

In conclusion, we have developed a room-tempera-
ture, copper-catalyzed procedure for the amination of
primary benzylic hydrocarbons with sulfonamide substrates.
Furthermore, the reaction proceeds with both primary and
secondary sulfonamides and is suitable for the coupling of an
assortment of benzylic hydrocarbon species under mild
conditions. A significant limitation of the current procedure
remains the need for an excess (25 equiv) of the hydrocarbon
component. However, given the shortage of established
methodologies for amination at a primary benzylic position,
this work demonstrates proof-of-principle that such amina-
tions can proceed under mild conditions and through
mechanisms distinct from metal-nitrene based processes.
Further investigations aimed at reducing the amount of
hydrocarbon species required to effect the transformation
remain ongoing.

Experimental Section

General Procedure for the Copper-Catalyzed Amination of
Primary Benzylic C—H Bonds with Sulfonamides. Preparation
of N-Benzyl-4-methoxy-/V-methyl-benzenesulfonamide (Table 2,
entry 2). Into a 20 mL vial equipped with a magnetic stir bar
were weighed [MeCN]4,Cu(I) PF¢ (74 mg, 0.2 mmol, 10 mol
%), 1,3-indanedione (44 mg, 0.3 mmol, 15 mol %), and N-
methyl 4-methoxybenzenesulfonamide (402 mg, 2.0 mmol, 1.0
equiv). The mixture was diluted with toluene (5.3 mL, 50
mmol, 25 equiv) and stirred at room temperature for 15 min.
After this time, the 3-CF;C4H4CO3¢-Bu oxidant (1.05 g, 4.0
mmol, 2.0 equiv) was added in a single addition via syringe.
The vial was placed under an atmosphere of nitrogen and
fitted with a septum or Teflon-coated cap. After 3 days of
stirring at room temperature, the resulting mixture was
poured into a 125 mL separatory funnel containing aqueous
sodium carbonate (75 mL), and the mixture was extracted with
ethyl acetate (3 x 30 mL). The combined organic layers were
washed with brine (30 mL), dried over MgSOy, filtered, and
concentrated under reduced vacuum. The desired product was
purified by column chromatography through silica gel, eluting
with a gradient of 100% hexanes to 20% ethyl acetate in
hexanes to afford the title compound as an off-white solid (417
mg, 72% yield). Mp 117—118 °C; 'H NMR (400 MHz, CDCl;)
07.81 (2H,d,J =9.0Hz),7.38—7.31 (5H, m), 7.05(2H,d, J =
9.0 Hz), 4.14 (2H, s), 3.92 (3H, 5), 2.60 (3H, s); ">*C NMR (100
MHz, CDCl;) 4 162.9, 135.7,129.6, 129.0, 128.6, 128.4, 127.9,
114.3, 55.6, 54.1, 34.3; IR (KBr) v 3002, 2846, 1595, 1455,
1339, 1305, 1261, 1153, 736, 560 cm '; HRMS (ESIM)
m/z caled for C;sH;7NO3;SNa [M + Na]" 314.0821, found
314.0824.
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