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A pressing demand of modern organic chemistry is to find
a step-economic approach to build complex molecular
structures through selective functionalization of a rather
unreactive C�H bond.[1] The most fundamental difficulty in
such endeavors lies with the selective C�H activation in
a molecule which contains a diversity of C�H groups. Intense
research activities by several research groups in this area have
resulted in the development of some very useful protocols for
regioselective Csp2�H activation through transition-metal
catalysis,[2] however, the corresponding Csp3�H activation is
still in its infancy.[3] The benzyl group is an important motif in
organic syntheses and has relatively active Csp3�H bonds,
because of the proximal aromatic ring, and have therefore
been functionalized using either heteroatom-chelated tran-
sition-metal catalysts[4] or nondirected oxidative activa-
tions.[5, 6] Nondirected oxidative activations have either
required tert-butyl hydrogen peroxide (TBHP) in the pres-
ence of a metal catalyst,[5] or a chemical oxidant such as 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in the cases
where the benzyl group is flanked by an a-nitrogen/oxygen
atom.[6] More recently, benzylic C�H activation of xanthenes
as well as acridanes using molecular oxygen in the presence of
a Brønsted acid was also reported.[7] In spite of impressive
progress made in this area, the reported protocols are far from
being environmentally benign as they either require moisture-
sensitive and expensive metal catalysts or special structural
requirements along with excessive use of chemical oxidants.
Therefore, further research in this area is still warranted.

While exploring the new reactions of photoinduced
electron-transfer (PET)-generated radical cations, our group
had effected regioselective Csp2�H activation for C�C as well
as C�Y (Y= O, N) bond-formation reactions.[8] The regiose-
lectivity in such activations was explained on the basis of
varying electron densities of the carbon atom in the arene

radical cation.[9] In another related study, we had also
reported a sequential electron-proton-electron (E-P-E) loss
to generate an iminium ion from the PEToxidation of tertiary
amines.[10] These two critical observations led us to envisage
an unprecedented benzylic C�H bond-activation protocol by
a photoredox cycle as shown in Scheme 1. We report herein

the success of our concept for direct benzylic C�H activation
for C�O bond formation and it requires neither a metal
catalyst nor a chemical oxidant.

Initially, to test the feasibility of the proposed concept,
a mixture of the alkylarene 6 (1 mmol) and 1,4-dicyanonaph-
thalene (DCN, 0.05 mmol) in acetonitrile was photolyzed
using a 450-W Hanovia medium pressure lamp housed in
a Pyrex glass immersion well (> 300 nm) for 4 hours (55%
conversion, monitored by GC, all light absorbed by 6 only;
Scheme 2). The usual work-up and purification of the reaction
mixture produced 6-methoxy-1-methylisochroman (11) in
51% yield (calculated based on consumption of starting
material). DCN and the unreacted 6 were recovered in 98 and
45%, respectively. A longer irradiation (> 5h) produced
a complex mixture of products. Control experiments involv-
ing the irradiation of 6 alone or a mixture of 6 and DCN,
where all light was absorbed by DCN, did not yield any
product.[11] Therefore, mechanistically, the present reaction is
considered to be initiated by a single-electron transfer (SET)
from the exicited state of 6 to the ground state of DCN, thus
generating 7, which produces 11 by the sequence as shown in
Scheme 2.

The regioselective formation of 10 by Hb
+ loss from 7 is

explained by natural bond orbital (NBO) analysis of the

Scheme 1. Concept of benzylic C�H activation by photoredox catalysis.
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natural charge density on each carbon atom of 7 using DFT
calculations in the Gaussian 09 suite of programs[12] where the
B3LYP functional and 6-31g* basis sets were used. The more
positive charge residing on C2 (+ 0.2598) in comparison to C1
(+ 0.0593) plausibly makes Hb more acidic for accelerated
deprotonation. Furthermore, the free energies of two opti-
mized geometries of the radical intermediates 8 and 9 were
calculated at the same level of theory and have shown that 8 is
more stable than 9 by at least 1.07 kcalmol�1 (DG). Encour-
aged by this result, the alkylarenes 12 and 13 were activated in
a manner identical to the one described for 6, and produced
the corresponding cyclic ethers 18 (62%) and 19 (51 %). To
broaden the substrate scope, we also studied the PET
activation of 14–17 and the results of the formation of the
corresponding cyclic ethers (20–23) are shown in Table 1.

Having successfully activated benzylic C�H bonds for
cycloetherification reactions, we turned our attention to
trapping the benzylic radical, which is the first intermediate
formed in this reaction, by studying the PET activation of 24
with the hope that the stabilized radical 25 would be able to
add to a tethered olefin to produce the corresponding indane
derivative 26 (Scheme 3). However, it produced 29 (52%)
possibly by the reaction of trace amounts of moisture, present
in the solvent, with the intermediate 27. This interesting and
unprecedented reaction where a nucleophile has been added a to an ester moiety is explained by implicating the

intermediacy of the distonic carbocation 28. The only parallel
to this finding, to the best of our knowledge, may be made by
the method of Ishihara and co-workers[13] for intramolecular
oxylactonization of ketocarboxylic acid using hypervalent
iodine as a catalyst in the presence of peroxides. However,
this protocol suffers from the low chemoselectivity because of
the competing Baeyer–Villiger oxidations.[13b] To trap the
distonic cation of type 28 intramoleculary, we studied the
activation of 30 and observed the formation of the unexpected
cyclic hemiacetal 33 (65 % yield, crystalline solid, m.p. =

255 8C–265 8C) along with the expected 31 (15 % yield;
Scheme 4). The structure of 33 was deduced on the basis of
detailed 1H and 13C NMR spectroscopy, and mass spectrom-
etry, and was further confirmed unambiguously by trans-
formation of 33 into 34 (90% yield) by a BF3.OEt2-mediated
allylation reaction. The formation of 33 obviously involved

Scheme 2. Regioselective benzylic C�H activation for C�O bond
formation.

Table 1: Generality of the intramolecular cycloetherification reaction.[a]

Entry Substrate Product t [h] Yield [%][b]

1 12 18 5 62

2 13 19 3 51

3 14 20 3 72

4 15 21 4 64

5 16 22 4 61[c]

6 17 23 4 58

[a] Reaction conditions: DCN (5 mol%), acetonitrile, RT. [b] Yield of
isolated product calculated based on consumption of starting material.
[c] d.r. = 2:1. TBS = tert-butyldimethylsilyl.

Scheme 3. Investigation of the benzyl radical cyclization reaction.
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facile formation of 32 by another E-P-E sequence from 31,
a result of enhanced kinetic acidity of the benzylic C�H bond.
In an effort to generalize this reaction, we studied several
substrates (35–43) and results are shown in Table 2. It was
observed that 35 produced corresponding hemiacetals (43,
55% yield) as expected, whereas 37 gave 45 (44 % yield) as
the sole product, possibly because of an unfavorable cyclic
seven-membered oxocarbenium ion geometry. Unfortunately,
38 and 39 produced an unidentified mixture of products
possibly from the competing benzylic C�H activations.
Furthermore, to broaden the scope of this reaction, we
studied the activation of 40 and 41 and isolated, interestingly,
same cyclic lactone 48 in each case, possibly from the
decomposition of the unstable cyclic cyanohemiacetal 46 or
the methoxy hemiacetal 47 intermediates, respectively. The
involvement of 46 and 47 as intermediates for of 48 was
suggested by the isolation of 49 from the activation of 42.

After successful realization of benzylic C�H activation for
intramolecular C�O bond formation, we enthusiastically
turned our attention towards utilizing this protocol for
direct transformation of arylalkyls into the corresponding
aryl ketones as these are important compounds used in
pharmaceuticals.[14] Although, arylalkyl ketones are synthe-
sized by Friedel–Crafts acylation of arenes and by direct
oxidation of arlyalkyls in the presence of hypervalent
iodine,[15] metal catalysts[16] or organocatalysts,[17] regioselec-
tivity, air and moisture sensitivity of the reagent, use of excess
co-oxidants, limited substrate scope, and sometimes the
formation of mixture of products puts severe limitations on
the use of these protocols. Thus, we hypothesized that freely
available water could be used as a source of oxygen for
benzylic oxidation.

Initially, to substantiate our hypothesis, we activated 50 in
an acetonitrile/water (4:1) mixture for 5 hours and isolated 52
in high yield (80%), and it presumably involved the benzylic
alcohol 51 as an intermediate (for structures see Scheme 5).
To prove the intermediacy of 51 in this reaction, an authentic
sample of 51 was irradiated in an identical manner and 52 was
obtained in quantitative yield. Furthermore, a control experi-
ment in which 50 was irradiated only for 1 hour, afforded
a mixture of 50 (42 %) and 51 (20 %), thus supporting the

mechanism of the direct transformation of 50 into 52. To
generalize the current protocol of arylalkyl oxidation, several
arylalkyls were studied and the results (53-64) are shown in
Scheme 5. Besides having established high regioselectivity
(54–56) a unique chemoselectivity was also established by the
PET activation of 62.

In conclusion, we have successfully developed a new
concept for benzylic C�H activation in intramolecular cyclo-

Scheme 4. Possible mechanism for cyclic hemiacetal formation.

Table 2: Study of the substrate scope for cyclic hemiacetal formation.[a]

Entry Substrate Product t [h] Yield [%][b]

1 35 43 4 55

2[c] 36 44 5 52

3 37 45 4 44

complex
mixture

4 38

complex
mixture

5 39

73

6
7

40 (R = CN)
41 (R = OMe)

46 (R = CN) 48
47 (R = OMe)

1 85

8 42 49 3 74

[a] Reaction conditions: DCN (5 mol%), acetonitrile (except entry 2), RT.
[b] Yield of the isolated product is based on the consumption of starting
material. [c] Acetonitrile/water (4:1) was used as the medium.
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etherification reactions as well direct oxidation to aryl
ketones. Further studies on C�C as well as C�N bond-
forming reactions are in progress and will be reported in due
course.
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