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Optimization of the reaction conditionsa
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Entry [M1] (mol %) [M2] (mol %) T (�C) Yieldb (%)

1 Cu(OTf)2 (5) InCl3 (5) 75 75
2 Cu(OTf)2 (5) FeCl2 (5) 105 84
3 Sc(OTf)3 (5) FeCl2 (5) 105 73
4 CuCl (5) FeCl2 (5) 105 94

5c CuCl (5) FeCl2 (5) 105 42
6 — FeCl2 (5) 105 68

7d CuCl (5) FeCl2 (5) 105 82
8e CuCl (5) FeCl2 (5) 105 78
9 CuCl (10) FeCl2 (5) 105 85

10f CuCl (5) FeCl2 (5) 105 18
11 CuCl (5) — 105 17

12g CuCl (5) FeCl2 (5) 105 72

a Reaction conditions: 2a (0.2 mmol, 35 lL), 1a (5 equiv, 0.17 mL), and 20 mol %
NHPI under oxygen at 105 �C overnight unless otherwise noted.

b H NMR yields obtained using mesitylene as the internal standard.
c Reaction carried out in air.
d

The recent emphasis on green and sustainable chemistry has
fed a growing interest towards direct C–C bond formation through
functionalization of C–H bonds.1 One particular class of reactions
in this respect is the transition metal-catalyzed functionalization
of sp3 C–H bonds.2 Due to their usefulness, there is a wide interest
in the benzylation of 1,3-dicarbonyl compounds and much of the
research in this area centers on the metal-catalyzed3 or Bron-
sted-acid catalyzed4 alkylation of the benzylic alcohol. However,
all these reactions use functionalized alcohols as substrates. In
our effort to seek novel reactions of C–H bonds, we envisioned
the alkylation through the direct oxidative reactions of both the
1,3-dicarbonyl and benzylic C–H bonds.

Previous reports by us and Powell have described the metal-cat-
alyzed oxidative alkylation of benzylic C–H bonds in the presence
of excess peroxide.5 As part of our interest in finding more environ-
mentally friendly and economical alternatives we turned our
attention to utilizing oxygen as the terminal oxidant. Previous
work reported by us and others have described the use of molecu-
lar oxygen for reactions with the C–H bond adjacent to nitrogen.6

More recently we have shown that, with the use of N-hydroxyph-
thalimide (NHPI) and metal catalysts, cyclic benzylic ethers could
be oxidatively alkylated.7 In the presence of oxygen, NHPI is capa-
ble of oxidizing benzylic C–H bonds through a radical mecha-
nism.8,9 To the best of our knowledge, oxidative C–C formation
involving benzylic C–H bonds using oxygen as terminal oxidant
has not yet been reported.

Herein, we describe an efficient oxidative alkylation of benzylic
C–H bonds with 1,3-dicarbonyls in the presence of catalytic
amounts of NHPI, FeCl2, and CuCl, utilizing oxygen as the terminal
oxidant.

We first started our investigation using the reaction conditions
reported in our previous publication for the oxidative alkylation of
benzylic ethers and ketones.7 We were happy to note that these
ll rights reserved.

: +1 514 398 3797.
conditions provided the expected product (3a) in 75% NMR yield
(Table 1, entry 1). From our previous work we are aware that FeCl2

mediates the alkylation in the presence of peroxide,5a we therefore
replaced the indium catalyst with FeCl2 and increased the temper-
ature and were pleased to obtain the product in 84% yield (entry 2).
Rare earth metals10 are known to act as Lewis acids and are able to
generate benzylic cations from benzylic alcohols, therefore we
speculated that if benzhydrol was produced in situ, Sc(OTf)3 would
be able to aid in the alkylation; however its addition affected the
10 mol % NHPI.
e 30 mol % NHPI.
f No NHPI added.
g 2.5 equiv 1a used.
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yield negatively (entry 3). We were able to increase the yield even
further by replacing Cu(OTf)2 with CuCl (entry 4). A dramatic de-
crease in yield was observed when either NHPI or FeCl2 was re-
moved which is indicative of their importance in the reaction
(entries 10 and 11). The removal of CuCl or running the reaction
in air also caused a decrease in yield although not as dramatic com-
pared to NHPI and FeCl2. Neither increasing the amount of CuCl
(entry 9) nor changing the amount of NHPI (entries 7 and 8) in
the system was favorable. An excess of diarylmethane is needed
in this reaction due to the oxidation of 1a to benzophenone and
5 equiv of the diarylmethane was found to be optimal.

With our optimized conditions in hand (Table 1, entry 4) we
then turned to the scope of the alkylation reaction (Table 2). Both
aromatic b-ketoesters and 1,3-diketones were good substrates
affording moderate to high yields. 1,3-Dicarbonyl substrates with
aliphatic groups such as benzoyl acetone (entry 9) and methyl ace-
toacetate (entry 7) are more difficult to enolize and thus gave low
to moderate yields. Diethyl malonate also reacted with diphenyl
methane to afford the product albeit in low yield which was diffi-
cult to isolate. Electron donation on the phenyl ring of the 4-meth-
oxybenzylanisole better activated the C–H bond and afforded the
product in high yield (entry 12). Although 2-methoxybenzylanisole
(entry 11) is more activated than diphenylmethane, the lower yield
can be attributed to the steric bulk of the ortho-methoxy group.
Table 2
Scope for the oxidative alkylation reactiona
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a Reaction conditions: 1a (1.0 mmol), 2a (0.2 mmol), 5 mol % CuCl, 5 mol % FeCl2, and
b Isolated yields.
The reaction also proceeded smoothly for the less activated cyclic
benzylic substrate (entry 10) although in low yield.

We propose two possible pathways that the reaction may be
occurring through (Scheme 1). In oxygen, NHPI generates the
phthalimide N-oxyl (PINO) radical which can then abstract a hydro-
gen radical from diphenylmethane producing a benzyl radical (4).
The benzyl radical can either directly add to the iron-enolate inter-
mediate (7) via path a, or it can be oxidized to benzhydrol (5). A third
possibility exists where the benzyl radical can be trapped by dioxy-
gen to form the peroxide radical. This peroxide radical can abstract
hydrogen from diphenylmethane effectively in a chain propagation
step which produces more benzyl radical (4). The diphenylmethyl
peroxide radical in the presence of iron can then disproportionate
into alcohol (5) and ketone (6) similar to the mechanism we
proposed for isochroman.7,11 Benzhydrol[3d,e] also has the ability to
add to the iron-enolate (path b). We do not know the exact role of
the copper in the reaction but it may aid in the formation of the
diphenylmethane radical. Recently Chang reported a CuCl facilitated
C–O formation between NHPI and benzylic compounds where they
proposed copper was involved in the formation of the PINO radical.12

The presence of benzophenone (6) in the crude reaction mixture is
due to the oxidation of benzhydrol or disproportionation of the
diphenylmethyl peroxide. We further investigated the mechanism
(Scheme 2) by subjecting benzhydrol to the optimized reaction con-
l substrate Product Yieldb (%)

Et 3a 79

3b 79
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20 mol % NHPI under O2 at 105 �C overnight.
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Scheme 1. Proposed reaction pathways.
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Scheme 2. Reaction of benzhydrol with ethyl benzoyl acetate.
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ditions and found that the reaction gave the C–C coupling product in
90% (NMR yield). Furthermore, this reaction also gives the product in
83% NMR yield when run in the absence of NHPI and under nitrogen,
both of which supports path b.13

In summary, we have developed an efficient method for the
construction of new C–C bonds through the alkylation of benzylic
C–H bonds with 1,3-dicarbonyl compounds. Furthermore, with
the addition of catalytic amounts of FeCl2, CuCl, and NHPI we were
able to utilize oxygen as the terminal oxidant. Further investiga-
tion into the mechanism, scope, and application of this chemistry
is in progress.

Procedural information: 2-benzyl anisole 1c and 4-benzyl ani-
sole 1d were synthesized according to earlier methods.5a Com-
pounds 3a–3c, 3g, and 3i–3l are known compounds and their 1H
NMR and 13C NMR spectra corresponded to the literature.5a,3d 1a
(1.0 mmol, 0.17 mL) and 2a (0.2 mmol, 35 lL) were placed in a
sealable tube with a magnetic stir bar, to this CuCl (5 mol %,
1.0 mg), FeCl2 (5 mol %, 1.3 mg) and NHPI (20 mol %, 6.5 mg) were
added. The tube was flushed with oxygen and a balloon of oxygen
was attached, after which it was placed in an oil bath at 105 �C
overnight. The mixture was allowed to cool then flushed through
a short column of silica gel in a pasture pipette with ethyl acetate
and, after rotary evaporation, the compound was isolated by flash
column chromatography on silica gel (hexane/ethyl acetate 5:1,
Rf = 0.4). Off-white solid 3a was obtained (56.3 mg, 79%).14
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