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The Friedel–Crafts alkylation of aromatic compounds is a
versatile method for C�C bond formation from unactivated
C�H bonds.[1] Despite the power and historical importance of
Friedel–Crafts reactions, the poor reactivity of deactivated
aromatic compounds, the difficultly of employing even
modestly deactivated alkyl halides, and complications from
the aluminum by-products have encouraged the development
of new aromatic transformations. In the current era, new
reactions for regio- and chemoselective direct functionaliza-
tion of arenes through C�H bond activation, largely based on
transition metal catalysis, have revolutionized the preparation
of aromatic derivatives.[2, 3] Despite these advances, there
remains an unmet synthetic need for refinements to the more
economical Friedel–Crafts reaction to improve its substrate
scope, operational simplicity, and sustainability, particularly
for substitutions of electron-deficient substrates.[4] Herein we
document a new approach to Friedel–Crafts benzylations that
operates with both electron-deficient electrophiles and nucle-
ophiles, proceeds under mild, simple conditions, and does not
require the use of aluminum or other metal reagents or
catalysts (Scheme 1). Importantly, this method allows for the
selective mono-meta-functionalization of electron-deficient
nucleophiles with electron-poor electrophiles.[5]

A recent advance in Friedel–Crafts alkylations[6] of
aromatic substrates is the discovery that metal salts including
TeCl4,

[7] Sc(OTf)3,
[8] FeCl3,

[9] Bi(OTf)3,
[10] and HAuCl4

[11]

promote the coupling of activated benzyl alcohols and halides
with arenes. Other researchers have employed heterogeneous
catalysts, such as zeolites, to Friedel–Crafts reactions.[12] These

improvements both reduce the reliance on toxic organo-
halides and decrease the environmental impact of Friedel–
Crafts reactions. In most cases, however, these advances are
limited to highly activated primary or secondary benzylic
substrates, the use of electron-rich nucleophiles, such as
anisoles, or intramolecular reactions. The textbook Friedel–
Crafts benzylation of even simple arenes, such as chloroben-
zene or benzoic esters, has seen little improvement in its 135
year history.

The key to our improvement of the Friedel–Crafts
alkylation is the selective activation of a N-methyl hydroxa-
mic acid[13] leaving group with BF3·OEt2, an inexpensive and
easily handled Lewis acid. Friedel–Crafts reactions using this
approach are cleaner, more selective, and more easily
executed than traditional methods. This research stemmed
from our recent finding that mixed hydroxamate acetals are
superior substrates for BF3·OEt2-promoted cross-coupling
reactions with organotrifluoroborates to give dialkyl ethers
with outstanding regioselectivity.[14] Our mechanistic studies
suggested that the improved reactivity and conditions were
achieved by the ability of the boron-chelated hydroxamate to
serve as a reversible leaving group—a process that allows
controlled generation of the reactive oxonium cation. We
anticipated that this strategy would be applicable to other
reactions proceeding via carbocation intermediates and
selected the Friedel–Crafts alkylation for initial investiga-
tions.

Our studies began with a survey of reactions and
conditions for the alkylation of toluene with para-chloroben-
zyl hydroxamate 1.[15] As desired, the use of BF3·OEt2

(4 equiv) at room temperature gave the benzylation product
3 as a mixture of regioisomers in excellent yield (Table 1,
entry 1). Similar results were obtained using only 2 equiv-
alents of BF3·OEt2 (Table 1, entry 2). The reaction workup
was operational friendly; aqueous extraction removed the
BF3·OEt2 and hydroxamic acid without difficulty to obtain the
pure product after evaporation of the organic solvent. As
expected, catalytic reactions were not effective, likely due to
chelation of the BF3·OEt2 by released hydroxamate, an effect
that sequesters the BF3·OEt2 after the reaction. This is
beneficial under non-catalytic conditions, as it prevents the
formation of side products. In contrast, a number of other
Lewis or protic acids including HBF4 (Table 1, entry 5),
B(OH)3 (Table 1, entry 6), ZnCl2 (Table 1, entry 7), Mg-
(acac)2 (Table 1, entry 8), and Cu(OAc)2 (Table 1, entry 10)
proved ineffective. FeCl3 and AlCl3 were viable reagents but
led to more complicated workup and the formation of side
products (Table 1, entries 11 and 12).[16] Experiments in the
absence of additive (Table 1, entry 14) and with 0.1 equiv-
alents of FeCl3 (Table 1, entry 13) did not afford product and
confirmed that the reactions were not promoted by trace
metal impurities. The reactions could also be performed with

Scheme 1. BF3·OEt2-promoted Friedel–Crafts benzylation.
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only 4 equivalents of toluene in CH2Cl2 by raising the
temperature to 40 8C (Table 1, entry 4).

We confirmed the unique ability of the hydroxamate
leaving group to be activated by BF3·OEt2 and give clean
Friedel–Craft reactions by examining the other benzylating
agents (Table 2). Only trace amounts of product could be
observed with benzyl alcohol (Table 2, entry 2) or acetate
(Table 2, entry 3), and no reaction occurred with benzyl
methyl ether or para-chlorobenzyl chloride at room temper-
ature (Table 2, entries 4 and 5). It should be noted that most
other recent reports on improved Friedel–Crafts reactions
require the more activated secondary benzylic chlorides.[6]

The optimized conditions were applied to three classes of
aromatic nucleophiles: Arenes bearing an activating ortho/
para directing group (Tables 3 and 4), arenes bearing a

deactivating ortho/para directing group (Table 5), and arenes
bearing a deactivating meta directing group (Table 6).[17] Two
conditions were screened for each substrate combination: The
use of a) the nucleophile as the solvent and b) 4 equivalents of
nucleophile relative to the benzylic hydroxamate in dichloro-
methane or 1,2-dichloroethane. As expected, benzylations
with electron-rich arenes all proceeded smoothly to give the
monobenzylated products in excellent yield and with regio-
selectivities typical for a Friedel–Crafts process (Table 3,
entries 1–5). Remarkably, para-anisaldehyde, containing an
unprotected aldehyde, gave the desired product as a single
regioisomer in acceptable yield (Table 3, entry 6), despite the
use of excess BF3·OEt2. Trifluoromethoxybenzene and an
activated pyridine derivative were also compatible as
reagents (Table 3, entries 7 and 8). We also studied the
scope and limitation of the benzylating agent. Electron-rich
and halogenated electrophiles reacted at room temperature
with toluene to provide the corresponding products in
quantitative yields (Table 4, entries 1–4). These electrophiles
were also compatible with the reaction using 4 equivalents of
arene. Of note, even highly deactivated benzyl hydroxamates
containing CF3, CN, CO2Me, and NO2 groups were viable

Table 3: Benzylation of activated, ortho/para-directing nucleophiles with
para-chlorobenzyl hydroxamate 1.[a]

Entry Arene Major product T [8C] Yield [%][b]

(ratio)[c]

1a[d]

1b
25
35

99 (65:35)
90 (53:47)

2a[d]

2b
25
40

99 (�)
77 (�)

3 40 87 (70:30)

4 40 89 (65:35)

5 50 52 (99:1)

6 45 50 (99:1)

7 40 63 (93:7)

8 45 83 (97:3)

9 35 89 (�)

[a] Reaction conditions: benzylic hydroxamate (0.4 mmol), BF3·OEt2

(1.6 mmol), arene (1.6 mmol), CH2Cl2 (4 mL), 24 h. [b] Yields of isolated
products. [c] Ratio of regioisomers determined by GC/MS. [d] Arene
(4 mL), no solvent. [e] 1,2-Dichloroethane (4 mL) was used as solvent.
R = [N(CH3)(Ac)].

Table 1: Additive screening of Friedel–Crafts benzylation.[a]

Entry Additive Equiv T [8C]
(t [h])

Yield [%][b]

(ratio)[c]

1 BF3·OEt2 4 25 (13) 99 (55:43:2)
2 BF3·OEt2 2 25 (22) 99 (55:43:2)
3 BF3·OEt2 0.1 25 (24) n.r.
4[d] BF3·OEt2 4 40 (18) 80 (54:43:3)
5 HBF4·OEt2 4 25 (24) traces (n.d.)
6 B(OH)3 4 50 (24) n.r.
7 ZnCl2 4 50 (24) n.r.
8 Mg(acac)2 4 50 (24) n.r.
9 TMSCl 4 25 (24) n.r.
10 Cu(OAc)2 4 50 (24) n.r.
11 AlCl3 1 25 (5) 83 (48:45:7)
12 FeCl3 4 25 (12) 75 (50:45:5)
13 FeCl3 0.1 80 (24) n.r.
14 no additive – 50 (24) n.r.

[a] Conditions: para-chlorobenzyl hydroxamate 1 (0.4 mmol), toluene (2 ;
4 mL) and additive. [b] Yields of isolated products. [c] Ratio of
regioisomers determined by GC/MS. [d] Toluene (2 ; 1.6 mmol), CH2Cl2
(4 mL).

Table 2: Comparison of different leaving groups.[a]

Entry R T [8C] Conversion [%] (ratio)[b]

1 25 100 (55:43:2)

2 OH (4) 25 5% (n.d.)
3 OAc (5) 25 <5% (n.d.)
4 OCH3 (6) 25 n.r. (�)
5 Cl (7) 25 n.r. (�)

[a] Conditions: benzylic substrate (0.4 mmol), BF3·OEt2 (1.6 mmol),
toluene (2 ; 4 mL), RT, 24 h. [b] Conversion and ratio of regioisomers
determined by GC/MS with n-dodecane as internal standard.
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substrates, although higher temperatures were required
(Table 4, entries 5–9).

Aryl halides, which are considered as prototypical deac-
tivated arenes in classical Friedel–Crafts reactions,[17, 18] are
also excellent substrates (Table 5). The use of the arene as
solvent is not necessary, and good yields can be obtained with
4 equivalents of arene at 40 8C (Table 5, entries 1–3). The
dihalogenated nucleophiles 1,3-dichlorobenzene and 1,3-
difluorobenzene (entries 5 and 6) delivered the correspond-
ing products with excellent regioselectivity and yield.

Benzylation of the electron-deficient arenes methyl
benzoate and trifluoromethylbenzene can also be achieved
with these reagents. With somewhat activated electrophiles,
acceptable yields are obtained at 45–50 8C (Table 6, entries 1–
4). The coupling of two electron-deficient substrates is also
possible at higher temperatures, including the meta-selective
trifluoromethylarylation of para-trifluoromethyl- and para-
nitro hydroxamates. This is, to the best of our knowledge, one
of the few reported examples of the formation of these
products by a Friedel–Crafts-type process.[19]

The advantage of the hydroxamate leaving group is that it
is chemically stable to a range of reagents and conditions, but
can be selectively activated by BF3·OEt2. To demonstrate this,

we examined the functionalization of para-chloromethylben-
zyl hydroxamate 8 (Scheme 2). A Friedel–Crafts reaction of
this electrophile with benzene and BF3·OEt2 gave only
product from displacement of the hydroxamate. In contrast,

Table 4: Benzylation of toluene (2) with various benzyl hydroxamates.[a]

Entry Benzylating agent Major product T [8C] Yield [%][b]

(ratio)[c]

1a[d]

1b
25
25

99 (93:7)
90 (93:7)

2a[d]

2b
25
25

99 (70:30)
89 (77:23)

3a[d]

3b
25
50

99 (64:32:4)
75 (64:33:3)

4a[d]

4b
25
50

99 (50:43:7)
74 (50:43:7)

5a[d]

5b[e]
70
85

99 (60:35:5)
70 (60:34:6)

6[d] 85 90 (50:41:9)

7a[d]

7b[e]
45
65

99 (49:38:13)
73 (50:37:12)

8a[d]

8b[e]
65
85

99 (53:37:10)
65 (53:38:9)

9[d] 80 93 (55:40:5)

[a] Reaction conditions: benzylic hydroxamate (0.4 mmol), BF3·OEt2

(1.6 mmol), toluene (2 ; 1.6 mmol), CH2Cl2 (4 mL), 24 h. [b] Yields of
isolated products. [c] Ratio of regioisomers determined by GC/MS.
[d] Toluene (2 ; 4 mL), no solvent. [e] 1,2-dichloroethane (4 mL) was used
as solvent. R = [N(CH3)(Ac)].

Table 5: Benzylation of deactivated, ortho/para-directing nucleophiles
with para-chlorobenzyl hydroxamate 1.[a]

Entry Arene Major product T [8C] Yield [%][b]

(ratio)[c]

1a[d]

1b
25
40

99 (77:23)
76 (70:30)

2a[d]

2b
25
40

99 (78:22)
75 (70:30)

3a[d]

3b
25
40

99 (88:12)
77 (87:13)

4 45 53 (79:21)

5 45 63 (98:2)

6 45 62 (99:1)

[a] Reaction conditions: para-chlorobenzyl hydroxamate 1 (0.4 mmol),
BF3·OEt2 (1.6 mmol), arene (1.6 mmol), CH2Cl2 (4 mL), 24 h. [b] Yields
of isolated products. [c] Ratio of regioisomers determined by GC/MS.
[d] Arene (4 mL), no solvent.

Table 6: Benzylations of deactivated, meta-directing methyl benzoate
and trifluoromethylbenzene with various benzyl hydroxamates.[a]

Entry Benzylating agent Major product T [8C] Yield [%][b]

(ratio)[c]

1 45 53 (91:9)

2[d] 45 53 (99:1)

3[e] 50 65 (99:1)

4[e] 50 73 (98:2)

5[e] 85 90 (97:3)

6[e] 65 73 (97:3)

7[e] 95 55 (95:5)

[a] Reaction conditions: benzylic hydroxamate (0.4 mmol), BF3·OEt2

(1.6 mmol), arene (1.6 mmol), CH2Cl2 (4 mL), 24 h. [b] Yields of isolated
products. [c] Ratio of regioisomers determined by GC/MS. [d] Arene
(8 mL), no solvent, 24 h. [e] Arene (4 mL), no solvent, 24 h.
R = [N(CH3)(Ac)].
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the benzylic halide can be selectively arylated by a Suzuki–
Miyaura cross-coupling with phenyl boronic acid.[20] In the
latter case, the benzylic halide is exclusively functionalized
while the hydroxamate remains unchanged.

To confirm our hypothesis that the selective activation of
the hydroxamate by BF3·OEt2 and reversible formation of the
benzylic cation is responsible for the success of this reaction
we performed a cross-over experiment in which two different
benzylic hydroxamates were exposed to trifluomethylben-
zene at 45 8C for 30 min (see Supporting Information for
details). Quenching the reaction prior to completion revealed
the formation of benzyl hydroxamates arising from cross-over
of the starting materials, clearly indicating that disassociation
to the hydroxamic acid and the benzyl cation is reversible.

Hydroxamate leaving groups offer a new entry to opera-
tionally simple and selective Friedel–Crafts benzylations. The
unique propensity of these otherwise inert substrates towards
activation by BF3·OEt2, most likely in a reversible manner
that avoids build-up of highly reactive carbocations, offers a
convenient approach to aromatic functionalization. We
anticipate that variation in the structure of the hydroxamate,
which offers two sites for elaboration, or the Lewis acid will
allow further improvements in reactivity, yield, and regiose-
lectivity. The low reaction temperatures, simple workup, and
clean reactions make this process an attractive and comple-
mentary approach to other emerging methods for aromatic
CH functionalization.

Received: July 30, 2011
Published online: September 22, 2011

.Keywords: arenes · benzylation · boron · CH activation · Friedel–
Crafts reaction

[1] a) C. Friedel, J. M. Crafts, C. R. Hebd. Seances Acad. Sci. 1877,
84, 1450; b) R. M. Roberts, A. A. Khalaf, Friedel – Crafts Alky-
lation Chemistry, Marcel Dekker, New York, 1984 ; c) G. A.
Olah, R. Krishnamurti, G. K. S. Prakash in Comprehensive
Organic Synthesis, Vol. 3 (Eds.: B. M. Trost, I. Fleming),
Pergamon, Oxford, 1991, pp. 293 – 339.

[2] For recent reviews on transition-metal catalyzed C�H function-
alization, see: a) X. Chen, K. M. Engle, D.-H. Wang, J.-Q. Yu,
Angew. Chem. 2009, 121, 5196 – 5217; Angew. Chem. Int. Ed.

2009, 48, 5094 – 5115; b) T. W. Lyons, M. S. Sanford, Chem. Rev.
2010, 110, 1147 – 1169; for recent reviews on transition-metal
catalyzed direct benzylation, see: c) B. Li�gault, J.-L. Renaud, C.
Bruneau, Chem. Soc. Rev. 2008, 37, 290 – 299; d) L. Ackermann,
Chem. Commun. 2010, 46, 4866 – 4877.

[3] For other benzylation approaches, see: a) Y.-H. Chen, M. Sun, P.
Knochel, Angew. Chem. 2009, 121, 2270 – 2273; Angew. Chem.
Int. Ed. 2009, 48, 2236 – 2239; b) H. Duan, L. Meng, D. Bao, H.
Zhang, Y. Li, A. Lei, Angew. Chem. 2010, 122, 6531 – 6534;
Angew. Chem. Int. Ed. 2010, 49, 6387 – 6390; c) J. Barluenga, M.
Tom�s-Gamasa, F. Aznar, C. Vald�s, Nat. Chem. 2009, 1, 494 –
499.

[4] D. J. C. Constable, P. J. Dunn, J. D. Hayler, G. R. Humphrey, J. L.
Leazer, J. Russell, R. J. Linderman, K. Lorenz, J. Manley, B. A.
Pearlman, A. Wells, A. Zaksh, T. Zhang, Green Chem. 2007, 9,
411 – 420.

[5] For examples of direct meta-selective reactions, see: a) H. A.
Duong, R. E. Gilligan, M. L. Cooke, R. J. Phipps, M. J. Gaunt,
Angew. Chem. 2011, 123, 483 – 486; Angew. Chem. Int. Ed. 2011,
50, 463 – 466; b) Y. H. Zhang, B. F. Shi, J.-Q. Yu, J. Am. Chem.
Soc. 2009, 131, 5072 – 5074; c) J. M. Murphy, X. Liao, J. F.
Hartwig, J. Am. Chem. Soc. 2007, 129, 15434 – 15435; for a recent
highlight article, see: d) Y. Zhou, J. Zhao, L. Liu, Angew. Chem.
2009, 121, 7262 – 7264; Angew. Chem. Int. Ed. 2009, 48, 7126 –
7128.

[6] For a recent review on new developments in Friedel – Crafts
alkylation, see: M. Rueping, B. J. Nachtsheim, Beilstein J. Org.
Chem. 2010, 6, 6.

[7] T. Yamauchi, K. Hattori, S. Mizutaki, K. Tamaki, S. Uemura,
Bull. Chem. Soc. Jpn. 1986, 59, 3617 – 3620.

[8] T. Tsuchimoto, K. Tobita, T. Hiyama, S.-I. Fukuzawa, J. Org.
Chem. 1997, 62, 6997 – 7005.

[9] I. Iovel, K. Mertins, J. Kischel, A. Zapf, M. Beller, Angew. Chem.
2005, 117, 3981 – 3985; Angew. Chem. Int. Ed. 2005, 44, 3913 –
3917.

[10] M. Rueping, B. J. Nachtsheim, W. Ieawsuwan, Adv. Synth. Catal.
2006, 348, 1033 – 1037.

[11] K. Mertins, I. Iovel, J. Kischel, A. Zapf, M. Beller, Adv. Synth.
Catal. 2006, 348, 691 – 695.

[12] S. Dasgupta, B. Tçrçk, Curr. Org. Synth. 2008, 5, 321 – 342.
[13] For nomenclature and chemistry of hydroxamic acids, see: L.

Bauer, O. Exner, Angew. Chem. 1974, 86, 419 – 428; Angew.
Chem. Int. Ed. Engl. 1974, 13, 376 – 384.

[14] a) C.-V. Vo, T. A. Mitchell, J. W. Bode, J. Am. Chem. Soc. 2011,
133, 14082 – 14089; b) T. A. Mitchell, J. W. Bode, J. Am. Chem.
Soc. 2009, 131, 18057 – 18059.

[15] The starting hydroxamates are easily prepared from the
corresponding benzylic chlorides and N-methyl hydroxamic
acid. They are stable, easily handled materials. See the Support-
ing Information for their preparation and full characterization.

[16] FeCl3 proved completely ineffective for the arylation of deac-
tivated hydroxamate substrates and for the benzylation of
electron-poor arenes, even at elevated temperatures.

[17] The terms “activated” and “deactivated” refer to the relative
nucleophilicity of the arenes compared to that of benzene. For a
detailed review about p-nucleophilicity in carbon – carbon bond-
forming, see: H. Mayr, B. Kempf, A. R. Ofial, Acc. Chem. Res.
2003, 36, 66 – 77.

[18] M. C. Wilkinson, Org. Lett. 2011, 13, 2232 – 2235.
[19] B. N. Campbell, E. C. Spaeth, J. Am. Chem. Soc. 1959, 81, 5933 –

5936.
[20] S. M. Nobre, A. L. Monteiro, Tetrahedron Lett. 2004, 45, 8225 –

8228.

Scheme 2. Chemoselective functionalization by Friedel–Crafts or
Suzuki–Miyaura reactions.

Zuschriften

11108 www.angewandte.de � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2011, 123, 11105 –11108

http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1039/c0cc00778a
http://dx.doi.org/10.1002/ange.200805588
http://dx.doi.org/10.1002/anie.200805588
http://dx.doi.org/10.1002/anie.200805588
http://dx.doi.org/10.1002/ange.201002116
http://dx.doi.org/10.1002/anie.201002116
http://dx.doi.org/10.1038/nchem.328
http://dx.doi.org/10.1038/nchem.328
http://dx.doi.org/10.1039/b703488c
http://dx.doi.org/10.1039/b703488c
http://dx.doi.org/10.1002/ange.201004704
http://dx.doi.org/10.1002/anie.201004704
http://dx.doi.org/10.1002/anie.201004704
http://dx.doi.org/10.1021/ja900327e
http://dx.doi.org/10.1021/ja900327e
http://dx.doi.org/10.1021/ja076498n
http://dx.doi.org/10.1002/ange.200902762
http://dx.doi.org/10.1002/ange.200902762
http://dx.doi.org/10.1002/anie.200902762
http://dx.doi.org/10.1002/anie.200902762
http://dx.doi.org/10.1246/bcsj.59.3617
http://dx.doi.org/10.1021/jo970599u
http://dx.doi.org/10.1021/jo970599u
http://dx.doi.org/10.1002/ange.200462522
http://dx.doi.org/10.1002/ange.200462522
http://dx.doi.org/10.1002/anie.200462522
http://dx.doi.org/10.1002/anie.200462522
http://dx.doi.org/10.1002/adsc.200606068
http://dx.doi.org/10.1002/adsc.200606068
http://dx.doi.org/10.1002/adsc.200505433
http://dx.doi.org/10.1002/adsc.200505433
http://dx.doi.org/10.1002/ange.19740861202
http://dx.doi.org/10.1002/anie.197403761
http://dx.doi.org/10.1002/anie.197403761
http://dx.doi.org/10.1021/ja205174c
http://dx.doi.org/10.1021/ja205174c
http://dx.doi.org/10.1021/ja906514s
http://dx.doi.org/10.1021/ja906514s
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1021/ol200482s
http://dx.doi.org/10.1021/ja01531a023
http://dx.doi.org/10.1021/ja01531a023
http://dx.doi.org/10.1016/j.tetlet.2004.09.020
http://dx.doi.org/10.1016/j.tetlet.2004.09.020
http://www.angewandte.de

