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A highly efficient secondary benzylation procedure has been
demonstrated using a high-valent heterobimetallic complex
[Ir 2(COD)2(SnCl3)2(Cl)2(µ-Cl)2] 1 as the catalyst in 1,2-
dichloroethane to afford the corresponding benzylated prod-
ucts in moderate to excellent yields. The reaction was
performed not only with carbon nucleophiles (arenes and
heteroarenes) but also with oxygen (alcohol), nitrogen (amide
and sulfonamide), and sulfur (thiol) nucleophiles. Mecha-
nistic investigation showed the intermediacy of the ether in
this reaction. An electrophilic mechanism is proposed from
Hammett correlation.

Even after 125 years since its discovery, Friedel-Crafts
alkylation (FCA) remains a fundamental tool toward the
construction of various organic architectures of pharmaceutical
and industrial relevance.1 Within the FCA domain, there has
been multi-prong development in the area of alkylation of arenes
and heteroarenes. Tuning a FCA catalyst to deliver high turnover
frequency (TOF), substrate and alkylating agent selectivity, and
environment friendliness has truly become a never-ending
(hence, ever-young) exercise. Toward this pursuit, the resurgence/
evolution of d- and f-block metal catalysts (either simple salts
or designer complexes) is quite breathtaking.2 Our continuing
success in dual-reagent catalysis involving transition metal and
tin as the partners3 led us to propose a new bimetallic catalysis
concept for the alkylation of arenes.4 According to this proposal,
a high-valent bimetallic scaffoldIII could be generated by the
oxidative addition of a main group (possibly Si, Sn, In) halide
or surrogate II across a low-valent late transition metal
organometallic partnerI (Scheme 1). Indeed the oxidative
addition reaction of Si-X and Sn-X across low-valent late
transition metal complexes to generate the corresponding silyl
metal or stanna metal motifs is well-known.5

One may note that scaffoldIII bears interesting features for
potential application within a cooperative catalysis regime. These

features include (i) a high-valent and soft electrophilic transition
metal center (Tm) for the activation of soft nucleophiles such
as aπ-system, (ii) a hard Lewis acidic main group metal center
(Mgm) for the activation of substrates having hard donor atoms,
and (iii) close proximity of Tm and Mgm centers for proximal
binding and subsequent coupling between different organic
substrates.

We present here a successful demonstration of the above
concept for the secondary benzylation of a variety of carbon
(arenes and heteroarenes), oxygen (alcohol), nitrogen (amide
and sulfonamide), and sulfur (thiol) nucleophiles with secondary
benzyl alcohol derivatives employing a novel high-valent
iridium-tin heterobimetallic catalyst, namely, [Ir2(COD)2-
(SnCl3)2(Cl)2(µ-Cl)2] 1. In this regard, one may note that there
are only a few successful reports of secondary alkylation directly
from corresponding alcohols (havingâ-H atom) as the alkylating
agents.6

Complex1 was easily obtained by the reaction of [Ir(COD)-
(µ-Cl)]2 in dichloromethane with SnCl4 (2 equiv) in benzene at
room temperature followed by slow crystallization (Scheme 2).
The structure of1 has been unambiguously established by X-ray
crystal structure analysis (Figure 1).

Control studies on secondary benzylation were performed
using 1-phenylethanol2 as the representative alcohol and
o-xylene as the arene in the presence of 1 mol % of catalyst1
and in 1,2-dichloroethane as the solvent (Scheme 3). Each
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SCHEME 1. Generating High-Valent Heterobimetallic
Motif

SCHEME 2. Preparation of Catalyst 1
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reaction was monitored for a 12 h period. When the reaction
was conducted at room temperature, much of the alcohol
remained unreacted. Also the targeted benzylation product did
not form; instead, dibenzylether3 was obtained in ca. 19% GC
yield. Reaction at 50°C led to the formation of benzylation
product4 along with dibenzylether3 in ca. 25 and 36% yields,
respectively. Gratifyingly, a 100% conversion of alcohol to4
was observed at 80°C, and the isolated yield of4 was 89%. A
similar reaction, but with alcohol/arene ratio as 1:1.2, afforded
product 4 in 85% yield after 16 h. We also noted that this
reaction does not require inert atmosphere and can be performed
in an air atmosphere as well without comprising product yield.

Next we examined the benzylation of other arenes as the
C-nucleophiles with various secondary benzyl alcohol deriva-
tives in DCE at 80°C. For convenience, the alcohol/arene ratio
was kept at 1:5, and the corresponding benzylated products were
isolated in moderate to good yields (Table 1). The reactions of
toluene and 1-methylnaphthalene with alcohol2 gave the
corresponding benzylated products12 and13 in 77 and 54%
yields, respectively, as a mixture of two isomers. In both cases,
theo:p ratio was 15:85 (vide1H NMR). Other secondary benzyl
alcohol derivatives such as alcohol5 and 6 produced the
corresponding benzylated products14 and 15 in good yields.
The reaction of alcohol7 with 1-methoxynaphthalene afforded
16 in 93% yield. Similar reaction of7 with p-cresol and anisole
yielded 17 and 18 in 55 and 52% yields, respectively, along
with 1,2-dihydronaphthalene (unestimated).

The present alkylation reaction could also be applied to
heteroarenes (Table 2). The reactions with heteroarenes were
performed at 30-80 °C, and the benzylated products were
obtained in moderate to excellent yields. The reaction of2, 5,
and 9 with thiophene and 2-methylthiophene afforded the
benzylated thiophenes20, 21, and22 in 65-78% yields as a
mixture of regioisomers at the 2- and 3-positions. With benzo-
[b]thiophene, 1-phenylethanol2 gave the corresponding ben-
zylated product23 as a single isomer in 81% isolated yield.
Due to its low boiling point, furan was used in excess (20 equiv
with respect to alcohol), and the reaction was conducted at room
temperature. The reaction resulted in both 2-alkylated and 2,5-
bisalkylated furans24 and 25 in 78 and 10% isolated yields.

The reaction of 2,5-dimethylfuran with alcohol11was complete
in 10 min and afforded the alkylated product26 in 87% yield.
The reaction of alcohol9 with benzo[b]furan gave the desired
product27 in good yield and as a single isomer.

To explore the generality of the reaction further, we briefly
examined the reactions of alcohols2 and8 with representative
nitrogen, oxygen, and sulfur nucleophiles (Table 3). The reaction
of alcohol 2 with aniline andN,N-dimethylaniline led to the
formation of complex mixtures. However, less nucleophilic
substrates such as sulfonamide or amide were amenable for the
transformation. Thus, reaction of2 with benzene sulfonamide
afforded the corresponding benzylated product28 in 84% yield
after 1 h. The reaction of benzamide was comparatively slower
and after 3 h provided the benzylated product29 in 50% yield
along with unreacted amide. Facile reaction of2 with 1-pro-
panethiol as the S-nucleophile resulted in the formation of the
desired product30 in 95% isolated yield. Similar reaction of2
with ethanol as the O-nucleophile was examined, and the desired
ether31 was obtained in 89% isolated yield.

To obtain an insight into the reaction pathway, we monitored
the reaction of 1-phenylethanol2 with o-xylene in presence of
catalyst1 (0.75 mol %) in 1,2-dichloroethane at 80°C for 14

FIGURE 1. ORTEP of catalyst1 with 50% thermal ellipsoids (H atoms
are excluded for clarity).

SCHEME 3. Secondary Benzylation: Control Studies with
Alcohol 2 and o-Xylene

TABLE 1. Reaction of Benzylic Alcohols with Arenes Catalyzed
by 1a

a Unless otherwise mentioned, reaction conditions: alcohol (0.25 mmol),
arene (1.25 mmol), cat1 (0.0025 mmol), solvent DCE (1 mL), 80°C. b Ratio
of o:p ) 15:85.c Arene (0.3 mmol).d Ratio ofo:p ) 15:85.e Ratio ofo:p
) 15:85. f Ratio of o:p ) 16:84.g Ratio of o:p ) 8:92. h Along with 1,2-
dihydronaphthalene.i Ratio of o:p ) 18:82.
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h by gas chromatography analysis and plotted the time evolution
of the reactant and products. As indicated in Figure 2, in the
first part of the reaction, ether3 was formed more rapidly than
benzylated product4. The formation of ether was maximal at 3
h. Subsequently, the yield of3 decreased, and the yield of the
benzylated product4 increased. The above observation suggests
possible intermediacy of ether in the present alkylation reaction.
Indeed, in a separate experiment, by using ether3 as the
alkylating agent ando-xylene as the arene partner, we could
obtain the benzylated product4 in 92% isolated yield. Similar
observation was also noticed in the metal triflate catalyzed
benzylation reaction.6d

One may note that, under Brønsted or Lewis acid catalyzed
conditions, secondary benzyl alcohols having aâ-H atom tend
to form corresponding olefins. Formation of styrene from
1-phenylethanol under such conditions is particularly notewor-
thy.7 Since metal-catalyzed hydroarylation of olefins is well-
known,8 we sought to clarify whether styrene is a plausible
intermediate in our case. To test this hypothesis, the reaction
of styrene witho-xylene was conducted in DCE at 80°C in the
presence of catalyst1 (1 mol %) and was monitored for 12 h.
We observed that a majority of the styrene remained unreacted,
and alkylated product4 was formed in<10% GC yield. A
hydroarylation pathway is therefore ruled out.

Finally, to test the likelihood of an electrophilic secondary
benzylation mechanism, we wished to subject the reaction to
Hammett analysis to determine the reaction constant, that is,
theF value.9 This was attempted by the kinetic analysis (details
in the Supporting Information) using gas chromatography for
the reaction of thiophene with five differentpara-substituted
secondary benzyl alcohols,p-R-C6H4-CH(Me)OH, 8 (R )
Me), 2 (R ) H), 32 (R ) F), 33 (R ) Br), and9 (R ) Cl), at
45 °C. The data for the first 20% conversion fit nicely into
pseudo-first-order rate plots, from which rate constants (k) are
evaluated (Table 4). As shown in Figure 3, the relative rate con-
stant log(kR/kH) values linearly correlated with Hammett sub-
stituent constants (σp). From the plot, Hammett reaction constant
F was found to be moderately negative (-2.21). The moderate
negative Hammett reaction constantF (lying between-2 and
-4) supports an electrophilic pathway in the present secondary
benzylation reaction. It also indicates the possibility of genera-
tion of weak positive charge (δ+) at the benzylic center of the
alcohol due to the coordination with the alcoholic OH group to
the Sn center of the complex. In other words, the absence of a
large negative Hammett reaction constantF is indicative of the
absence of a “distinct” free benzylic cation in our system.9

In summary, we have shown a facile secondary benzylation
of arenes and heteroarenes with secondary benzyl alcohol
derivatives catalyzed by a high-valent IrIII -SnIV complex. The
benzylation reaction, which likely involves an electrophilic
mechanism, was also extended to nitrogen (amide and sulfon-
amide), sulfur (thiol), and oxygen (alcohol) nucleophiles. The
reaction mechanism includes the formation of ether as an
intermediate. The new catalytic reactions presented in this note
could be a meaningful addition to the existing methods using
secondary benzyl alcohol derivatives havingâ-H for the
synthesis of arylalkane derivatives.

Experimental Section

Synthesis of Substrates.All of the reactions were carried out
under argon atmosphere. Solvents were dried by the usual methods
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TABLE 2. Reaction of Benzylic Alcohols with Heteroarenes
Catalyzed by 1a

a Unless otherwise mentioned, reaction conditions: alcohol (0.25 mmol),
heteroarene (1.25 mmol), cat1 (0.0025 mmol), solvent DCE (1 mL), 50
°C. b 2:3 ) 80:20.c 2:3 ) 85:15.d Heteroarene (0.5 mmol).e 2:3 ) 85:
15. f 2:3 ) 80:20.g Room temperature.h Heteroarene (5 mmol).i At 80 °C.

FIGURE 2. Time evolution of ether3 and product4 in the reaction
of alcohol2 with o-xylene catalyzed by1 at 80°C.
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and distilled before use. Secondary benzyl alcohol derivatives were
prepared according to the literature procedure.10

Synthesis of Catalyst 1.To a solution of [Ir(COD)(µ-Cl)]2 (34
mg, 0.05 mmol) in dichloromethane (3 mL) was added very slowly
a solution of SnCl4 (11.7µL, 0.1 mmol) in benzene (200µL) under
an argon atmosphere. The mixture was left undisturbed for 24 h.
Deep red crystals were isolated from the reaction mixture, which
were filtered, washed with benzene, and vacuum-dried. Yield: 97%
(58 mg). Mp 241-244 °C (dec). Solubility: soluble in DMSO,

MeCN, hot methanol, benzyl alcohol; moderately soluble in ace-
tone; insoluble in DCM, CHCl3, benzene, toluene, and other
hydrocarbons.

1H NMR (200 MHz, DMSO-d6): δ ppm 1.71-1.79 (br m, 8H,
-CH2), 2.21-2.26 (br m, 8H,-CH2), 4.16 (br s, 8H,dCH). 13C
NMR (54.6 MHz, DMSO-d6): δ ppm 30.7 (-CH2), 54.8 (dCH),
73.6 (dCH). IR (KBr, cm-1): 1329(s), 1433(s), 1469(m), 1617-
(s), 2850(w), 2907(m), 2954(m), 3010(w). Far-IR (polyethylene
film, cm-1): [360, 336] (Sn-Clsym), 291 (m, Ir-Cl), 246 (w, Sn-
Clasym). Raman (cm-1): 210 (Ir-Sn), 345 (Sn-Cl). UV-vis
(MeCN): (λmax, nm; (logε)): 360 (3.33), 413 (3.34), 425 (3.35),
466 (2.71), 481 (2.75). Anal. Calcd for C16H24Cl10Sn2Ir2: C, 16.09;
H, 2.01. Found: C, 15.89; H, 2.03.

General Procedure.The following typical procedure has been
adopted for the synthesis of all the benzylated products.

Typical Procedure for the Benzylation of o-Xylene with
1-Phenylethanol 2 Catalyzed by [Ir2(COD)2(SnCl3)2(Cl)2(µ-Cl)2]
1. A 10 mL Schlenk flask equipped with a magnetic bar was
charged with high-valent heterobimetallic complex, [Ir2(COD)2-
(SnCl3)2(Cl)2(µ-Cl)2] 1 (3 mg, 0.0025 mmol),o-xylene (153µL,
1.25 mmol), and 1,2-dichloroethane (1 mL). The flask was degassed
with argon and placed into a constant temperature bath at 80°C.
After the mixture was stirred vigorously for 5 min, 1-phenylethanol
2 (30µL, 0.25 mmol) was added to it, and the reaction was allowed
to continue at 80°C for 12 h. After completion of the reaction,
solvent was removed under reduced pressure and the mixture was
subjected to column chromatography over silica gel (60-120 mesh,
eluent: 60-80 °C petroleum ether) to afford the corresponding
benzylated product4 as colorless oil in 89% (47 mg) isolated yield.
1H NMR (200 MHz, CDCl3): δ ppm 1.62 (d,3J(H,H) ) 7.2 Hz,
3H), 2.22 (s, 6H), 4.09 (q,3J(H,H) ) 7.2 Hz, 1H), 6.95-7.08 (m,
3H), 7.17-7.29 (m, 5H).13C NMR (54.6 MHz, CDCl3): δ ppm
19.3, 19.8, 21.9, 44.4, 124.9, 125.9, 127.5, 128.3, 129.0, 129.6,
134.1, 136.4, 143.9, 146.7. Anal. Calcd for C16H18: C, 91.37; H,
8.63. Found: C, 91.15; H, 8.87.
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TABLE 3. Reaction of Benzylic Alcohols with N-, O-, and S-Nucleophiles Catalyzed by 1a

a Unless otherwise mentioned, reaction conditions: alcohol (0.25 mmol), nucleophile (0.25 mmol), cat1 (0.0025 mmol), solvent DCE (1 mL), 80°C.
b Nucleophile (2.5 mmol).

TABLE 4. Kinetic Data for the Secondary Benzylation of
Thiophene with Benzylic Alcohols

entry R kR × 104 (s-1) kR/kH log(kR/kH) σp
+

1 Me 4.0751 2.2022 0.3428 -0.17
2 H 1.8505 1 0 0
3 F 1.1883 0.6421 -0.1924 0.05
4 Br 0.6050 0.3269 -0.4856 0.22
5 Cl 0.5037 0.2722 -0.5651 0.23

FIGURE 3. Hammett plot of log(kR/kH) versusσp
+ for secondary

benzylation of thiophene with benzylic alcoholsp-R-C6H4-CH(Me)-
OH.
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