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Abstract

Presented herein is a detailed account of the [Ir(COD)(u-Cl)],/SnCly dual reagent catalyzed alkylation of arene/heteroarene with benzyl
alcohols [J. Choudhury, S. Podder, S. Roy, J. Am. Chem. Soc. 127 (2005) 6162]. A high-valent heterobimetallic complex namely [Ir"'(COD)(j.-
CD(SnCl;)Cl];, (isolated from [Ir(COD)(-Cl)], and SnCly) could also promote the alkylation. A working model on substrate binding, activation
and coupling across Ir/Sn catalyst is proposed considering the hard—soft nature of the two metals (Ir and Sn) and the organic substrates (arene and
alcohol). The “tin—alcohol” hard-hard interaction is indicated by the alkylation rate for PhCH,-Y which varied with the HSAB donor strength of
Y in the order OH > OAc > OMe > OC(O)H > Cl. Hammett studies with respect to arene and alcohol indicate an electrophilic mechanism. A small
secondary kinetic isotope effect ruled out a C—H activation pathway. Competitive and non-competitive rate studies (isomer distribution and kr/kg
ratio) showed a similarity with Friedel-Crafts like kinetics. Temperature dependent kinetics showed that the reaction is characterized by a positive
enthalpy of activation, and small negative entropy of activation. The stereoelectronic influence of the two metal centers on the catalyst efficiency
is also studied. It is shown that the coordinated ligand at the iridium center and the Lewis acidity at the tin center control the efficiency of the Ir/Sn

catalysts towards aromatic alkylation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Heterobimetallic catalysis constitutes an important sub-area
within the broader domain of multimetallic catalysis. The suc-
cessful design of homogeneous heterobimetallic catalysts is a
topic of ongoing interest [1-5]. This is due mainly to the fact
that the incorporation of two metals in a single scaffold offers
selective substrate binding, dual and synergistic activation, as
well as enhanced reactivity [6,7]. The success of such type of
catalysts depends on the properties of the two metals, and their
ability to communicate electronically during substrate binding
and activation. In practice, two design features exemplify such
a heterobimetallic regime. The first type is an intramolecular
version involving a single catalyst in which two different metals
are built on a single scaffold (M-L-M’ or L-M-M'-L"). The

* Corresponding author. Tel.: +91 3222 283338; fax: +91 3222 282252.
E-mail address: sroy @chem.iitkgp.ernet.in (S. Roy).

1381-1169/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2007.09.012

second type is an intermolecular version involving dual partners
(M-L +M’-L/), both of which participate in the transition state
[6] (Fig. 1).

In the course of our continuing effort to exploit the organic
reactivity of bimetallic/dual reagent systems having transition
metal (Tm) and tin (Sn) as partners [8—21], we recently commu-
nicated the first example of a heterobimetallic catalyst design
within “Ir-Sn” regime for the alkylation of aromatics with
benzylic alcohols [8]. It may be noted that alkylative cou-
pling of an arene and alcohol is a classical and industrially
important reaction, which has been studied with traditional
Lewis acid catalysts, rare-earth triflates, H,PtClg-6H>O, modi-
fied clays, and Nafion-H at 10-120% loading in the temperature
range of 80-120°C [22-26]. According to our proposal the
oxidative addition of tin(IV) halides across a low-valent late
transition metal organometallic partner would generate a high-
valent Tm—Sn bimetallic scaffold. This scaffold bears interesting
features for potential application within cooperative cataly-
sis regime. These features include (i) a high-valent and soft
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Fig. 1. Intramolecular and intermolecular heterobimetallic catalysts.

; low-valent ¢
 transition metal core . » high-valent |
X i soft
C_' Oxidative I )
m addition
S+ x-sn' Tm sn'V
® ) P . )
D -] . Lewis acidic
,,,,,,,,,,,, e hard
suitably tuned: T TTomTTEEeoes
. ligand
ArH, RY
high-valent [Tm )\ H QSOﬂ'SOﬂ
soft -ArH/ +'|I'm
gy
Lewis acidic (gpV HY R_Qf ()hard-hard

hard donor

hard W
Y=
R
el

Fig. 2. Proposed model on the generation and reactivity of high-valent Tm-Sn
heterobimetallic motif.

electrophilic late transition metal center (Tm) for the activa-
tion of soft nucleophiles such as a m-system, (ii) a hard Lewis
acidic tin center (Sn'V) for the activation of substrates having
hard donor atoms and (iii) close proximity of Tm and Sn centers
for proximal binding and subsequent coupling between different
organic substrates (Fig. 2).

Herein we present a detailed account of our results on aro-
matic alkylation with benzyl alcohols via Ir/Sn catalysis. We
mainly focus on kinetic evidences that entailed us to glimpse
on the substrate activation modes, initial bond-breaking/bond-
making steps, and the interplay of stereoelectronic influence
across the two metal centers, which controls the catalyst effi-
ciency.

2. Experimental
2.1. General method

All preparations and manipulations were performed under a
dry, oxygen-free argon atmosphere using standard vacuum lines
and Schlenk techniques. All solvents, used for the synthesis,
were dried and distilled by standard methods and previously
deoxygenated in the vacuum line. Pre-coated silica gel 60F254

(Merck) was used for thin layer chromatography and silica
gel 100-200 mesh (SRL) was used for column chromatog-
raphy. IrCl3-xH,O (Arora Mathey Ltd.), 1,5-cyclooctadiene
(Aldrich), 2,5-norbornadiene (Lancaster), and tin tetrachlo-
ride (Fluka) were commercially available. SnBry [27], Snly
[27], [Ir(COD)(-CD], [28], [Ir(NBD)3Cl],, [29], Ir(CHD),Cl
[30] and [Ir(COD)>(SnCl3) [31] were prepared by litera-
ture procedure. Synthetic procedure and X-ray structure of
[Ir(COD)(-CI)(SnCl3)(Cl)], were reported in our previous
communication [8].

'H (200MHz) and '3C NMR (54.6 MHz) spectra were
recorded on Bruker-AC 200 MHz spectrometer at 300 K. IR
spectra were obtained using a Thermo Nicolet FTIR Spec-
trometer (NEXUS-870). Elemental analyses were performed on
Perkin Elmer Instruments 2400 Series Il CHNS/O Analyzer.

2.2. General note on GC analysis

GC analyses were on a Chemito-8610 instrument equipped
with a FID using 6ft x 1/8in. x 2mm SS 10% Silicone OV-
1 packed column (from Chrompack), and 30m x 0.25 mm
i.d. x 0.25 pm TR-1 capillary column (from Thermo Electron,
UK).

For the kinetics study, the relevant parameters were as given:

Column 6ft x 1/8in. x 2mm SS 10%
Silicone OV-1 packed column

Injection temperature 130°C

Detector temperature 240°C

80 °C-1 min—5 °C/min-100 °C-
20 °C/min-160 °C-20 min

Oven temperature program

Carrier gas (N2) flow 1.9 bar
Retention time (min)
Diphenylmethane 11.5
Benzyltoluenes 14.4
Ditolylmethanes 18.5
4-Chlorodiphenylmethane 18.9
4-(Chlorophenyl)tolylmethanes 259

For the analysis of the other coupling products a common
isothermal oven temperature could not be used due to the differ-
ence in volatility and nature of the compounds. Therefore, these
were subjected to different temperature programming for the
oven temperature whichever was found appropriate and matched
with standard samples.

For example, to determine the ortho:para isomer ratio
of benzyltoluenes, ditolylmethanes, and (4-chlorophenyl)
tolylmethanes the following procedure was adopted:

6ft x 1/8in. x 2mm SS 10%
Silicone OV-1 packed column
130°C

240°C

50 °C-10 min-5 °C/min—

100 °C-2 °C/min—

120°C-1 °C/min—140 °C-15 min

Column

Injection temperature
Detector temperature
Oven temperature program

Carrier gas flow 1.8 bar
Retention time (min)
2-Benzyltoluene 45.77
4-Benzyltoluene 46.60
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2,4'-Ditolylmethane 55.19
4.4’ -Ditolylmethane 56.52
(4-Chlorophenyl)-2-tolylmethane 50.38
(4-Chlorophenyl)-4-tolylmethane 54.73

2.3. Isolation of [Ir(COD)(u-ClL)Cl(SnCl3)]>

To a solution of [Ir(COD)(n-CD]> (34 mg, 0.05 mmol)
in dichloromethane (3mL) was added very slowly a solu-
tion of SnCly (14.7 uL, 0.125 mmol) in benzene (200 wL)
under an argon atmosphere. The mixture was left undisturbed
for 24h. Deep red crystals were isolated from the reaction
mixture, which were filtered, washed with benzene and vacuum-
dried. Yield: 58 mg (97%). 'H NMR (200 MHz, DMSO-d6)
8 (ppm)=1.71-1.79 (br, m, 8H, —CH,), 2.21-2.26 (br, m,
8H, —CH>), 4.16 (br, s, 8H, =CH). '3C NMR (DMSO-d6) §
(ppm) =30.7 (~CH»), 73.6 (=CH). 'Sn NMR (149.2 MHz,
DMSO-d6) 8 (ppm) —624. IR (KBr, cm™!) 1329(s), 1433(s),
1469(m), 1617(s), 2850(w), 2907(m), 2954(m), 3010(w). Anal.
Calc. for C1gH4Cl19Sn;Ir,-CH,Cly: C, 15.98; H, 2.05. Found:
C, 15.88; H, 2.03.

2.4. General procedure for screening of the catalytic
efficiency of various catalysts toward alkylation of aromatic
(vide Section 3.1)

A 25-mL Schlenk flask equipped with a magnetic bar, was
charged with catalyst (0.01 mmol), toluene (2 mL, 18.8 mmol),
and n-nonane (as internal standard for GC). The flask was
degassed with argon and placed into a constant temperature
bath at 90°C. After the mixture was stirred vigorously for
5 min, 4-methylbenzyl alcohol (1 mmol) was added to it, and
the reaction was allowed to continue at 90 °C. Known vol-
ume of aliquots was withdrawn periodically, filtered through
a short pad of celite, diluted with toluene and the organic
layer was analyzed with GC against n-nonane as internal
standard.

2.5. General procedure for the alkylation of arene with
various benzylic alcohols using Ir/Sn catalyst (vide Section

3.1)

A 25mL Schlenk flask equipped with a magnetic bar, was
charged with [Ir(COD)(n-CD)]> (14 mg, 0.02mmol), SnCly
(9.4 L), arene (37.6 mmol) and n-nonane (as internal standard
for GC). The flask was degassed with argon and placed into a
constant temperature bath at 90 °C. After the mixture was stirred
vigorously for 5 min, the corresponding alcohol (2 mmol) was
added to it, and the reaction was allowed to continue at 90 °C.
The mixture was analyzed by GC (as described previously) to
determine the yield and conversion. For isolation of the prod-
ucts, the mixture was quenched with aqueous NH4 F solution and
extracted with diethyl ether (4 x 25 mL). The combined extract
was washed with water (2 x 10mL), brine (2 x 10 mL), dried
over anhydrous magnesium sulfate, and the solvent was removed
under reduced pressure. The product was purified by column

chromatography (Silica gel 100/200 mesh, eluent:pet ether, or
EtOAc/pet ether 1:9 (v/v).

2.6. General procedure for competitive benzylation kinetics
(vide Sections 3.5 and 3.6)

A 25-mL Schlenk flask equipped with a magnetic bar,
was charged with [Ir(COD)(pu-Cl)], (7 mg, 0.01 mmol), SnCly
(5.8 pL, 0.04 mmol), benzene (10 mmol), toluene (10 mmol),
and n-nonane (as internal standard for GC). The flask was
degassed with argon and placed into a constant temperature bath
at 90 °C. After the mixture was stirred vigorously for 5 min, the
corresponding benzyl alcohol (1 mmol) was added to it, and
the reaction was allowed to continue at 90 °C for additional
20 min. Known volume of aliquots were withdrawn periodically,
filtered through a short pad of celite, diluted with toluene and the
organic layer was analyzed with GC against n-nonane as inter-
nal standard. Average kt/kp value was determined from 5-sets
of data collected within a span of 20 min. The o:m:p ratio was
determined at the end of the reaction.

2.7. General procedure non-competitive benzylation
kinetics (vide Sections 3.3-3.8)

The procedure as in competitive benzylation (Section 2.6)
was followed but with benzene or toluene (20 mmol) as the
arene.

2.8. General procedure for Hammett studies (vide Section
3.4)

The procedure as in non-competitive benzylation kinetics
studies (Section 2.7) was followed using the respective arenes
and alcohols for each run. For Hammett study with respect to
alcohol, the corresponding alcohol was varied in the reaction
with toluene, and similarly for Hammett study with respect to
arene, the respective aromatic partner was varied in the reaction
with benzyl alcohol. Each kinetic experiment was performed
three times for the determination of the rate constant values.

2.9. General procedure for kinetic isotope effect studies
(vide Section 3.5)

Both competitive (Section 2.6) and non-competitive (Section
2.7) methods were followed for kinetic isotope effect studies
using C¢Hg and CgDg as aromatic partners with benzyl alco-
hol (for non-competitive runs) or 4-methylbenzyl alcohol (for
competitive runs) as the alkylating agent. Each kinetic experi-
ment was performed three times for the determination of the rate
constant values.

2.10. General procedure for the determination of activation
parameters (vide Section 3.7)

The procedure as in non-competitive benzylation kinet-
ics studies (Section 2.7) was followed for the reaction of
4-chlorobenzyl alcohol with toluene. The rate constant was
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Scheme 1. Isolation of heterobimetallic complex [Ir'l(COD)(j-ClI)(SnCl3)Cl], having Ir'"-Sn!V core.

determined at the constant temperatures of 358, 368, 378 and
383 K. The temperature was maintained constant with a variation
of £0.1°C using a Beckmann Mercury Contact Thermome-
ter. Each kinetic experiment was performed three times for
the determination of the rate constant values. Then from the
Arhenious—Eyring plot, the activation parameters were deter-
mined.

2.11. Procedure for the study of the relative activity of the
various Ir/Sn catalytic systems (A, B, C, D, E, F) (vide
Section 3.8)

The yield of the reaction of toluene (20 mmol) with benzyl
alcohol (1 mmol) at 90 °C was determined at different times
following a similar method as described in non-competitive
benzylation kinetics studies (Section 2.7). Each catalyst system
(A-F) (0.01 mmol) was generated in situ by the reaction of the
corresponding Ir(I) precursor complex and SnX,. Each kinetic
experiment was performed three times.

2.12. Procedure for IR studies with PhCN as probe (vide
Section 3.8)

Stock solutions (~10~2 M) of SnXy (I), Ir(I) precursor com-
plexes (II), and the IR probe PhCN (III) were prepared in
dichloromethane at 300K. Samples for IR study were prepared
by mixing I, I, and IIT in a molar ratio of 2:1:1 and then spread-
ing a liquid film of the mixtures on KBr disc. To study the
interaction of only SnX,4 with PhCN, samples were prepared by
mixing I and IIlin 2:1 molar ratio. The reference blank spectrum
for only PhCN was also obtained to compare the results.

3. Results and discussion

3.1. Reaction of arenes and heteroarenes with benzyl
alcohols: Model study and scope

For model studies, we had chosen the benzylation of toluene
with 4-methylbenzyl alcohol. A catalyst combination of 1 mol%
[Ir(COD)(p.-Cl)]2 and 4 mol% SnCly (hereafter Ir/Sn catalyst)
showed markedly superior activity at 90 °C affording 95%
of ditolylmethane (o/p 17/83) just after 15 min and without
any byproduct (Table 1, entry 1). The catalytic activity was
undeterred even after six repetitive cycles without any loss of
activity. Attempts were made to carry out the model reaction at
lower temperatures than 90 °C, but the yields were drastically
reduced (entries 3-5). It is noteworthy that the parent partners

Table 1
Model reaction of toluene with 4-methylbenzyl alcohol:catalyst screening®
HO Me
Catalyst
Me
Me
Entry Catalyst Temperature (°C) Time (min) Yield® (%)
1 [Ir(COD)Cl]»/4 SnClsy 90 15 95 (87)
2 90 30 96 (89)
3 85 60 75
4 75 120 10
5 55 120 5
6 [Ir(COD)Cl], 90 360 0
7 SnCly 90 360 <1
8 IrCl3 90 360 <l
9 IrCl3 +4 SnCly 90 360 2

2 Rxn condition: toluene (18.8 mmol), 4-methylbenzyl alcohol (1 mmol), cat-
alyst (0.01 mmol).
b Determined by GC, isolated yield in parentheses.

([Ir(COD)(-Cl)]2 or SnCly) as well as a mere combination of
IrCl; and SnCly were ineffective (entries 6-9).

We have been also successful in isolating the heterobimetal-
lic complex [Ir'(COD)(-C1)(SnCl3)Cl], from the reaction of
[Ir(COD)(-CD]> and SnCly (Scheme 1). The X-ray structure
of the complex clearly established the presence of high-valent
“IM_sn!V> core.

Gratifyingly, as little as 1mol% of the isolated high-
valent complex [Ir'/(COD)(w-Cl)(SnCl3)Cl], could promote
the model alkylation reaction, affording 45% of ditolylmethane
(o/p 19/81) after 6 h (Scheme 2). In contrast a low-valent Ir—Sn
complex, namely [Ir'(COD)SnCl3] was inefficient. The above
results augment our initial proposal, and suggest the superiority
of the high-valent “Ir''-Sn!V* core in the present alkylation.

In our hand, the Ir/Sn reagent proved to be a very efficient
catalyst for the alkylative coupling of arenes/heteroarenes with
benzyl alcohols (Table 2). In all cases studied there has been
100% conversion of the starting benzyl alcohol, and the cor-
responding benzyl arenes were isolated with high selectivity

lr S @
N.R
90 °C 6h

Scheme 2. Efficiency of high-valent Ir''-Sn'V vs. low-valent Ir'-Sn'" in the
benzylation of toluene (N.R.=no reaction).

IlI Snl\

90 DC 6h

- 0,

45%
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Table 2
Ir/Sn catalyzed alkylation of arenes and heteroarenes with benzyl alcohols?

[I(COD)(u-Cll (1%)
+

Hﬂ . Ho/m'—\l SnCl, (4%) m
ROH \

,

(Het)Ar-H

(Het)Ar-R

ArH= arenes; HetH= heteroarenes; R= 1° benzyl

# ArH/HetH ROH Time (min) Yield (%)° Major product Regioisomer
OH
1 Benzene 30 70 (76) -
o
2 Toluene e 15 87 (95) Me Ve 17:83 (o/p)
o
3 Toluene al 30 86 (93) Me ol 38:62 (o/p)
/@/\OH Me
4 0-Xylene 15 88 (96 -
Y Me ©6) Me Me
Me
OH
5 p-Xylene 15 95 (99) -
Me
cl Me Cl
6 Mesitylene @A OH 15 86 _
Me Me
o
7 Ethylbenzene Me 20 88 (93) Et Ve 30:5:65 (o/mip)
o Q)ne
8 Naphthalene Me 20 80 OQ 89:11 (o/p)
OH
9 Bromobenzene 60 61 (65) 58:42 (olp)
Cl Br Cl
OH
10 Anisole 5 87 (90) 66:34 (o/p)
MeO
OH S
11 Thiophene 15 95 \_s 67:33 (o/p)

2 Rxn condition: ROH (1 mmol), ArH/HetH (20 mmol), [Ir(COD)(-C1)]2 (0.01 mmol), SnCly (0.04 mmol), 90 °C.

b Isolated yield (GC yield in parentheses).

and in good to excellent yields. Presence of electron-donating
groups in the arene/alcohol moiety enhanced the reaction
rate, while electron-withdrawing groups caused longer reac-
tion time. The reactions provided predominantly ortho/para
substitution.

3.2. A working model on substrate activation and coupling
across Ir/Sn catalyst

Inspired by the efficacy of the Ir/Sn catalyst, as well as the
positive reactivity of the isolated Ir''-Sn'Y complex we aimed
at looking into the substrate activation and coupling in the alky-
lation reaction. Scheme 3 shows a working model, which is

based on our original catalyst design concept (vide Fig. 2). Here,
the high-valent d®-Ir'!! center is regarded as electrophilic and a
soft (or borderline) acid according to HSAB theory. Hence it
is expected to have a strong affinity to electron-rich substrates
such as arenes, which are also soft base [32—35]. Such a binding
interaction is expected to be enhanced by the presence of strong
m-acceptor SnCl3 ™ unit [36]. Simultaneously, the Lewis acid-
ity of hard Sn'V center is expected to activate the hard oxygen
atom of benzyl alcohol [32-34]. The above synergistic activa-
tion might trigger the subsequent coupling reaction.To verify the
above model we examined various parameters with the help of
kinetic and spectroscopic studies. The key mechanistic questions
that we aimed to answer are:
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Scheme 3. A working model on substrate activation and coupling across Ir/Sn
catalyst.

1. How does the alcohol get activated and whether the mecha-
nism is electrophilic?

2. How does the aromatic ring participate in the reaction and
whether the mechanism involves aromatic C—H activation?

3. Does the reaction resemble Friedel-Crafts like behavior?

4. How do the stereoelectronic properties across the two metals
influence the catalytic efficiency and selectivity?

The results pertaining to the above inquiries are discussed in
the following sections.

3.3. Catalyst—substrate interaction

To gain evidence on the proposed hard—hard activation of
the electrophile at the tin center of the Ir/Sn catalyst, alkyla-
tion of toluene was performed with various benzylating agents
such as acetate, ether, formate, and chloride. From the non-
competitive rate constant measurement, the relative activity of
the electrophiles has been evaluated. The results (Fig. 3) clearly
show that the reactivity of the electrophiles decreases in the order
OH>OAc>OMe>OC(O)H>Cl. This order can be roughly

Y
Ir/Sn Me
vt )]
PhMe (10 equiv)
Me
OH o+
2 Ar—
Y
¥
£ 1] [
<
2 10
= OAc
& OMe
5 OC(O)H
| -
0- ||
Y

Fig. 3. Variation of alkylation rate for benzylic substrates PhCH>-Y against
HSAB donor strength of Y indicating Sn- - -Y hard-hard interaction.

correlated to the donor strength of the hard bases, and hence
the strength of the “tin—electrophile” hard-hard interaction.

3.4. Hammett study with respect to alcohol and arene

To probe the nature of the transition state, the rate of the
reaction of toluene with several para-substituted benzyl alco-
hols was measured leading to a linear free energy relationship
between the relative rate constant (kr/kyy) and the substituent
constant (0p) (Fig. 4). The resulted negative Hammett reaction
constant p value indicates an electrophilic mechanism for the
present reaction. The moderate negative value indicates that the
catalyst—substrate interaction leads to the generation of weak
positive charge (§+) at the benzylic (-CH3) carbon center of the
alcohol (Fig. 4). Absence of a large negative reaction constant p
value also indicates that in our system no “distinct free benzyl
cation” is being formed [37].

Hammett study was also carried out by varying the sub-
stituents at the aromatic ring. The rate constants (kx) at 90°C
were determined for the reaction of benzyl alcohol with various
aromatic substrates with varying X group, and the correspond-
ing Hammett plot was obtained (Fig. 5). In the present study, two
types of linear plots with different p value were obtained. For
the electron-donating substituents (EDG) the observed p value
was more negative (—4.34), as compared to the p value (—1.15)
obtained for the electron-withdrawing substituents (EWG). The
data indeed indicates an electrophilic mechanism but offers a

OH

Ir/Sn
PhMe (10 equiv) R

R (R=H, Me, CI,NOy)

1.0
1 \(—Me

0.5 .

0.0

log(k /k )

-1.54

-2.0

-2.5

Fig. 4. Hammett plot with respect to alcohols in Ir/Sn catalyzed alkylation,
suggesting the absence of free benzyl cation in T.S.
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OH Ir/Sn =
O Grat=ax
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Fig. 5. Hammett Plot with respect to arene in Ir/Sn catalyzed alkylation, sug-
gesting T.S. variation with respect to substitutent (EDG, and EWG).

difference in behavior from typical electrophilic aromatic sub-
stitution reaction where the values are usually in the range —5 to
—9[37-39]. The observed difference in p values might be due to
difference in transition state structures, and a mere speculation
is shown in Fig. 5.

3.5. Kinetic isotope effect

To elucidate whether aromatic C—H activation is involved in
the Ir/Sn catalyzed alkylation reaction, the kinetic isotope effect
was studied. If C—H activation path is involved a substantial
primary kinetic isotope effect would be expected.

The competitive benzylation of toluene/benzene and
toluene/benzene-d6 mixture with 4-methylbenzyl alcohol was
carried out in presence of catalytic Ir/Sn at 90 °C. The non-
competitive benzylation of benzene and benzene-d6 with benzyl
alcohol was also performed and the non-competitive rate con-
stant values were determined. Results from both the studies are
summarized in Table 3 and Fig. 6. The observed very small
secondary kinetic isotope effect rules out an arene C—H bond
activation, and suggests that the activated state is closer in nature
to an oriented m-complex [37-41].

3.6. Competitive and non-competitive rate studies:
substrate and positional selectivities

We also felt appropriate to carry out some competitive and
non-competitive benzylation kinetics to evaluate whether the
present reaction follows typical Friedel-Crafts like pattern [42].
The experimental results of the comparative studies on compet-

Table 3
Non-competitive and competitive rate constants for the alkylation of benzene
and benzene-dg
Competitive Method —> (ky/kp = k/kt © kp/kt)
Ir/Sn
4-MeCgH4CH,OH ———— = Coupling Products
PhMe (10 equiv) + CgHg or CgDg (10 equiv)

Non-competitive Method —> (kn/kp)
Ir/Sn

CgH5CH,OH Coupling Products
CgHg (20 equiv) or CgDg (20 equiv)
Non-competitive Competitive
ArH kx10* (s7h ku/kp kr/kp kr/ku ku/kp
Ce¢He 32 1.14 18.3 16.8 1.09
Ce¢Dg 2.8

itive and non-competitive benzylation kinetics are presented in
Tables 4 and 5. The noteworthy points are:

(1) that the reactions give predominantly ortho—para substitu-

tion,

(i1) that kr/kp ratios are similar in competitive and non-
competitive runs,

(iii) that competitive kt/kp ratio and isomer distribution are
independent of time within a span of 1-20 min,

(iv) that electron-donating Me substituent in the benzyl alcohol
increases the kt/kg ratio but lowers the ortho/para ratio.

The above results point towards a Friedel-Crafts like behavior
of the present reaction.

3.7. Determination of activation parameters

We have briefly examined the activation parameters in the
Ir/Sn catalyzed alkylation reaction. The rate of the Ir/Sn cat-
alyzed reaction of toluene with 4-chlorobenzyl alcohol was
measured at different temperatures from 358 K to 383 K. From
the corresponding Arrhenius—Eyring plot, the activation param-
eters were determined (Table 6, Fig. 7). The reaction is

0.16+

0.12

0.08-

0.04-

-log|(C-C )(C,-C,)]

0.00-

200 400 600 800 1000 1200
Time, t(s)

Fig. 6. Rate plots in the Ir/Sn catalyzed alkylation of C¢Hg and CgDg with
benzyl alcohol.
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Table 4

Substrate (k/kg) and positional selectivity (o:m:p) for Ir/Sn catalyzed reaction of benzene/toluene with 4-substituted benzyl alcohols

R Non-competitive
PhH (20 equiv)

R
W :

Competitive
OH PhH (10 equiv)
+

PhMe (20 equiv) PhMe (10 equiv)

R

OR - - +
Ir/Sn cat. / 90 °C Ir/Sn cat. / 90 °C
\ |/ R \ |/
Me Me
Non-competitive Competitive
R kr x 10* (s71) kg x 10* (s71) krlkg o:m:p kr/kg o:m:p
H 21.1 3.2 6.6 37:5:58 6.0 44:4:52
p-CH3 86.1 4.2 20.5 33:0:67 16.8 38:0:62
p-Cl 74 1.6 4.6 51:0:49 5.6 52:0:48

Table 5
Effect of reaction time on substrate (k1/kg) and positional selectivity (o:m:p) for
Ir/Sn catalyzed reaction of benzene/toluene with 4-substituted benzyl alcohols

Time (min) R

H Me Cl

kt/kg o:m:p kr/kg o:m:p kt/kg o:m:p
02 5.95 36:5:59 16.89 35:0:65 5.96 50:2:48
05 5.90 37:5:58 16.76 34:0:66 5.13 50:2:48
10 591 37:6:57 16.86 34:0:66 5.54 51:2:47
15 5.95 38:5:57 16.84 34:0:66 5.62 51:<1:49
20 6.04 37:5:58 16.82 33:0:67 5.80 51:0:49

characterized by a positive enthalpy of activation, and small
negative entropy of activation [37—41].

3.8. Effect of electronic tuning around Ir/Sn on the catalyst
reactivity

According to our original proposal (vide Fig. 2), one can tune
the stereoelectronic parameters at both the metal centers in Ir'l-
Sn'V core by changing the ligand appendage. To see whether
such change can modulate the catalytic activity, we undertook
the following study.

Table 6
Activation parameters in Ir/Sn catalyzed reaction of toluene with 4-chlorobenzyl
alcohol

Me [Ir(u-Cl1)(COD)], (1 mol%)
SnCly (4 mol%)

T = 358-383K Cl
10 equiv Cl
Temperature (K)  kx 10* (s~")  AH* (kImol™!)  AS* JK~!mol™!)
358 2.242 105.1 —21.7
368 8.268
378 16.459
383 25.552

3.8.1. Tuning around iridium

The diene ligand in the precursor iridium complex was
changed from 1,5-cyclooctadiene (COD), to 2,5-norbornadiene
(NBD) and 1,3-cyclohexadiene (CHD), and the alkylation reac-
tion was carried out with the corresponding Ir/Sn complexes.
The resulting relative catalytic efficiency was found to be in the
order “Ir-COD” (A) > “Ir-NBD” (B) > “Ir-CHD” (C) (Fig. 8).

The effect of the change of the attached diene ligand was
again evaluated via a parallel experiment with the help of IR
spectroscopy. Thus the order of complexing ability of the cor-
responding complexes with the IR probe molecule PACN was
measured by monitoring the change in the CN stretching fre-
quency, Aven [Aven = v(complex + PhCN) — v(free PhCN)]. It
was observed in the same order as the catalytic activity of the
complexes (Fig. 8).

Therefore, from this particular experiment we can conclude
that the variation of the attached diene ligand changes the stereo-
electronic parameter at the central iridium atom and thus changes
the electrophilic strength of the complexes as reflected by the
change of catalytic activity and the strength of Lewis acidity
(AveN).

-11.54
-12.0
-12.54
-13.0 [ ]

-13.5

In(k/T) s'K")

-14.0

-14.5 T T T
2.70 2.75 2.80

10° /T (K)

=
n

2.60 2,64

Fig. 7. Arrhenius-Eyring plot in Ir/Sn catalyzed reaction of toluene with 4-
chlorobenzyl alcohol.
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Yield of product PhCH,OH L\ Ph-C=N ven Shift
determined by C Ir=Cl + SnCly .
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towards the alkylative coupling of arene/heteroarene with benzyl
alcohols. We have been also successful in isolating a hetero-
bimetallic complex namely [Ir''(COD)(j.-C1)(SnCl3)Cl], from
the reaction of [Ir(COD)(-CD]> and SnCly. This isolated cat-
alyst bears a high-valent Ir'"-Sn'V' core, and is effective in
promoting the alkylation reaction at only 1 mol% catalyst load-
ing. We have further tested the validity of a working model that
invokes (a) activation of alcohol (a hard donor) at the hard Sn'V -
center, and (b) activation of arene at the soft I'l-center. The
following evidences have been presented in support of the above
model.

(a) The alkylation rate for benzylic substrates PhCH,-Y varied
according to the HSAB donor strength of Y in the order
OH > OAc > OMe > OC(O)H > CI suggesting the role of the

Fig. 8. Electronic tuning at Ir-center vs. catalytic efficiency: (left) rate-profile;
(right) IR-shift of PhCN probe.

(b)

“tin—electrophile” hard—hard interaction.
A negative Hammett reaction constant p value (—3.05) was

Yield of product PhCH,OH Ph-C=N ven Shift
determined by : [['F(COD)(H-CU]Z + SnX4I detecrerned .
RGN [X = CI (D), Br (E), | (F)] IR monitoring
100 (D)v/' o (E) . {(free PhCN)

Y a———— Y T 5
80 [foT @ Golo
= I‘?’/ i (SnBry)
= 604 L/ T
5 J.‘; A, _ . (SnCly)
= 40 /‘ "/ N a (F)
- _///
204 Wi i+ (B)
e =
0";’; - o T v T T T T T (D)
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Time (min) Wavenumbers (cm")
Reactivity: D> E>F Aven (cm']): D(56) > E(45) > F(43

Fig. 9. Electronic tuning at Sn-center vs. catalytic efficiency: (left) rate-profile;
(right) IR-shift of PhCN probe.

3.9. Tuning around tin

The hard-hard interaction between the Lewis acidic Sn(IV)
center and the oxygen atom of the alcohol molecule can be con-
sidered as another important factor in this reaction. To examine
the effect of the change in Lewis acidity at the tin center, the
halogen atom (X) in SnX4 was changed from Cl to Br and |
(Fig. 9).

The extent of the Lewis acidic strength was measured by
a similar IR experiment taking PhCN as the probe. The shift
(Av) was found to be in the order “Ir/SnCly” (D) > “Ir/SnBry”
(E)>“Ir/Snly” (F). Most interestingly, the rate of the benzy-
lation of toluene with benzyl alcohol was also observed to be
in the same order (Fig. 9). Thus we can say that a change in
Lewis acidity at the tin center of the bimetallic catalyst has a
pronounced effect in the catalytic efficiency as reflected by the
rate profile and the IR shift Avcn.

4. Summary and conclusion

In summary we have demonstrated the profound catalytic
reactivity of the dual-reagent [Ir(COD)(w-Cl)]2/SnCly catalyst

obtained with respect to benzyl alcohol, which indicates an
electrophilic mechanism with the generation of weak posi-
tive charge (6+) at the benzylic (—CH;) carbon center of the
alcohol.

Hammett study with respect to arene showed negative Ham-
mett reaction constant p values (—4.34 for EDG, and —1.15
for EWG), while kinetic isotope effect study indicated a
ku/kp value of 1.09-1.14. These results disfavor a C-H
activation pathway and support an electrophilic aromatic
substitution reaction. Interestingly, the competitive and non-
competitive rate studies (isomer distribution and kt/kp ratio)
showed a similarity with Friedel-Crafts like kinetics. Tem-
perature dependent kinetics showed that the reaction is
characterized by a positive enthalpy of activation, and small
negative entropy of activation.

(©)

Finally, we have also demonstrated that the catalytic effi-
ciency can be tuned by varying the diene ligand around the
iridium center, or the halogen atom around the tin center. This
could serve as a guide to further improve the efficacy of the Ir/Sn
catalysts.
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