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ABSTRACT: Organozirconium complexes are chemisorbed on
Brønsted acidic sulfated ZrO2 (ZrS), sulfated Al2O3 (AlS), and
ZrO2−WO3 (ZrW). Under mild conditions (25 °C, 1 atm H2), the
supported Cp*ZrMe3, Cp*ZrBz3, and Cp*ZrPh3 catalysts are very
active for benzene hydrogenation with activities declining with
decreasing acidity, ZrS ≫ AlS ≈ ZrW, arguing that more Brønsted
acidic oxides (those having weaker corresponding conjugate bases)
yield stronger surface organometallic electrophiles and for this reason
have higher benzene hydrogenation activity. Benzene selective hydro-
genation, a potential approach for carcinogenic benzene removal from
gasoline, is probed using benzene/toluene mixtures, and selectivities for
benzene hydrogenation vary with catalyst as ZrBz3

+/ZrS−, 83% >
Cp*ZrMe2

+/ZrS−, 80% > Cp*ZrBz2
+/ZrS−, 67% > Cp*ZrPh2

+/ZrS−,
57%. For Cp*ZrBz2

+/ZrS−, which displays the highest benzene hydrogenation activity with moderate selectivity in benzene/
toluene mixtures. Other benzene/arene mixtures are examined, and benzene selectivities vary with arene as mesitylene, 99%, >
ethylbenzene, 86% > toluene, 67%. Structural and computational studies by solid-state NMR spectroscopy, XAS, and periodic
DFT methods applied to supported Cp*ZrMe3 and Cp*ZrBz3 indicate that larger Zr···surface distances are present in more
sterically encumbered Cp*ZrBz2

+/AlS− vs Cp*ZrMe2
+/AlS−. The combined XAS, solid state NMR, and DFT data argue that the

bulky catalyst benzyl groups expand the “cationic” metal center−anionic sulfated oxide surface distances, and this separation/
weakened ion-pairing enables the activation/insertion of more sterically encumbered arenes and influences hydrogenation rates
and selectivity patterns.

1. INTRODUCTION

Single-site supported catalysts1 have attracted interest for both
fundamental scientific and technological reasons,2 due to the
molecular level control of catalyst−substrate interactions and
the selectivity that they afford. Molecular organometallic
catalysts supported on Brønsted acidic sulfated oxide surfaces
(Figure 1A) are especially noteworthy. The largely electrostatic
interaction between the weak surface conjugate acid and the
cationic metal center in such catalysts produces an electrophilic
catalyst exhibiting exceptionally high activity for olefin
polymerization, as well as benzene and olefin hydrogenation.3

Moreover, 70−98% of the organometallic species chemisorbed
on these surfaces are catalytically significant compared to ca. 5−

10% on Lewis acidic dehydroxylated alumina (Figure 1).
Additionally, chemisorption of the same precursors on surfaces
with mainly weakly Brønsted acidic surface hydroxyls, such as
Al2O3 or SiO2, yields covalently bound, poorly electrophilic
species (Figure 1C),4−6 with unknown fractions of catalytically
significant sites.7

This laboratory previously studied the reaction kinetics and
mechanism of benzene hydrogenation mediated by Cp*ZrMe3
(Cp* = [η5-C5(CH3)5]) adsorbed on sulfated alumina
(Cp*ZrMe2

+/AlS−) using combined 1H MAS and 13C
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CPMAS NMR, EXAFS, and periodic DFT computation.8 The
data indicate formation of organozirconium cations having
largely electrostatic, nondirectional Cp*ZrMe2

+···AlS− ion-
pairing with significantly elongated Zr···OAlS distances (∼2.35
Å) vs typical covalent molecular Zr(IV)-OR bonds (1.94−2.01
Å).9 The catalytic pathway is understandable from the NMR
results and DFT calculations, as proceeding via turnover-
limiting delivery of the first H2 (Scheme 1). Remarkably,
Cp*ZrMe2

+/AlS− is one of the most active arene hydro-
genation catalysts yet discovered,10−12 and by kinetic poisoning
titrations, 97 ± 2% of the Zr centers are catalytically significant
for benzene hydrogenation.3d,e The unusually high percentage
of catalytically significant sites and the very nonclassical
catalytic pathway raise intriguing questions about the structure
of the active catalyst, influence of the support, and substrate
generality (substituted arenes vs benzene). In particular, we are
interested in the ability of this class of catalyst to selectively
hydrogenate benzene in the presence of other arenes.

From an industrial perspective, hydrogenation of arenes
presents a major challenge to catalytic science due to
increasingly strict government limitations13 on carcinogenic
benzene content in gasoline.14,15 In refineries, the most
frequently utilized methods to remove benzene from the
gasoline pool are:16 (i) prefractionate the naphtha to eliminate
the C6 and/or C7 fractions in the reformer feed;17 (ii) extractive
distillation;18 (iii) liquid−liquid extraction;19 (iv) zeolite-
ca ta lyzed a lky la t ion with l ight o lefins to form

alkylbenzenes,20−22 all of which are energy-intensive, poorly
selective for benzene in the presence of other arenes, and/or
produce undesired byproducts. Additionally, conventional
hydrogenation catalysts such as Pd/Al2O3, Pt/Al2O3, and Ni/
Al2O3 typically display higher selectivities for substituted arenes,
which preferentially absorb on the surface and undergo
subsequent hydrogenation.23 However, these substituted arenes
have high octane numbers and are desired in gasoline to
compensate for the benzene removal.24 Thus, selective benzene
hydrogenation presents itself as an efficient, scalable means to
remove benzene from fuels without eliminating other octane-
enhancing aromatics and would represent a significant advance.
Although several catalysts are known to exhibit hydrogenation
activity25 differences for neat benzene vs neat toluene,4d,26 few
studies have focused on benzene-selective hydrogenation in
mixtures of aromatics.27 Herein, we report a detailed study of
competitive arene hydrogenation mediated by organozirconium
complexes on a series of Brønsted acidic oxides. It will be seen
that integrated solid-state NMR spectroscopy, extended X-ray
absorption fine structure (EXAFS), reaction kinetic, and
density functional theory (DFT) quantum chemical analysis
affords unique insight into the nature of these molecule-derived
surface electrophiles, leading to the discovery of new catalysts
with enhanced activity and distinctive selectivity for the
hydrogenation of benzene vs toluene and other arenes under
mild conditions.

2. RESULTS
This contribution presents a study of the synthesis and arene
hydrogenation activity of a series of organometallic catalysts
chemisorbed on several strongly Brønsted acidic metal oxides.
Interestingly, organozirconium catalysts are found to exhibit the
highest activity and complete structural characterization is
discussed for the most promising catalyst. Kinetic studies then
quantify hydrogenation rates for these catalysts and identify the
inhibitory effects of alkylarenes on the benzene hydrogenation.
Furthermore, it will be seen that catalytic properties depend
strongly on the phase of hydrogenation, as illustrated by
comparing the homogeneous Cp*ZrMe2

+ X− (X = MeB-
(C6F5)3

− and B(C6F5)4
−) with heterogeneous Cp*ZrMe2

+/
ZrS− systems.

2.1. Synthesis of Supported Organometallic Catalysts.
All organometallic catalyst precursors were prepared as
described in the Experimental Section (Supporting Informa-
tion). To examine the effect of the support acidity, a series of
catalysts was synthesized by impregnation of Cp*ZrMe3,
known to be a very active chemisorbed hydrogenation catalyst,8

on sulfated alumina (AlS), sulfated zirconia (ZrS) and
tungstated zirconia (ZrW). AlS, ZrS and ZrW were synthesized
via literature procedures,28,29 and the acid strengths of these
materials were previously reported by the Arata group.30 The
ZrS used in this work was found to have approximately 1.24
sites/nm2 (2.8 × 10−4 mol/g) of weak Brønsted acid sites and
1.41 sites/nm2 (3.2 × 10−4 mol/g) of strong Brønsted acid
sites. To study the effects of specific organometallic species, a
series of supported catalysts was synthesized by chemisorption
of Cp*MMe3 (M = Zr, Ti, Hf), MBz4 (M = Zr, Ti, Hf),
Cp*TaMe4, (

tBuCH2)3Ta(CH
tBu), and Cp*ZrR3 (R = Ph, Bz)

on ZrS, as this support was found produce the most active
Cp*ZrMe2

+/support catalysts (Scheme 2). To quantify the
amount of adsorbed metal sites, ICP-AES was utilized, except
for the cases of organozirconium precatalysts on ZrS and ZrW,
for which a NMR-scale test reaction of ZrBz4 and the

Figure 1. Proposed structures of chemisorbed Cp2ZrMe2 on the
surfaces of highly Brønsted acidic sulfated metal oxides (A),
dehydroxylated Lewis acidic metal oxides (B), and weakly Brønsted
acidic hydroxylated metal oxides (C).

Scheme 1. Plausible Scenario for the Turnover-Limiting
Benzene Hydrogenation Step and beyond Catalyzed by
Supported Cp*ZrMe3/Sulfated Aluminum Oxide (AlS)8
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corresponding support was utilized. Using an internal standard
(ethylbenzene) provides 1H NMR quantification of toluene
evolution, produced in a 1:1 toluene:Zr molar ratio upon
chemisorption. The catalyst loadings measured were found to
be solely dependent on the support, due to the susceptibility of
these metal−carbon bonds to protonolysis by strong acids, and
are as follows: 3.9 × 10−6 mol organometallic species/g AlS, 5.8
× 10−6 mol organometallic species/g ZrS, 4.2 × 10−6 mol
organometallic species/g ZrW. These results are consistent
with reports on related systems.3,8 With these catalyst loadings,
only 2% of the strong acid sites have reacted, likely due to
limited reaction times and steric crowding on the surface.
2.2. Catalytic Arene Hydrogenation. Reactions were

carried out in a slurry reactor with very rapid stirring (>1500
rpm) to suppress H2 mass transfer effects (see Supporting
Information for details).8,3a,d−f Benzene hydrogenation activity
with Cp*ZrMe3 on the various sulfated oxides was investigated
first and the results are summarized in Table 1. Cyclohexane is

observed as the only product for all catalysts, with no partial
hydrogenation products (cyclohexene or cyclohexadiene)
detected by 1H NMR or GC/MS. For a given Cp*ZrMe3
precatalyst, hydrogenation activity falls in the order ZrS ≫ AlS
> ZrW, roughly paralleling the oxide Brønsted acidity (Table
1).30 This agrees with previous work from our group,3 which
suggests that more acidic oxides (those having weaker
conjugate bases) have weaker interactions with the cationic
metal center, producing a more electrophilic organometallic
surface. In marked contrast to these results, and under the same
react ion condi t ions , the homogeneous cata lys t s
Cp*ZrMe2

+MeB(C6F5)3
− and Cp*ZrMe2

+B(C6F5)4
− exhibit

TOFs of only 1−2 mol benzene/mol Zr−1 h−1, indicating that
the oxide support/counteranion plays a key role in activating
the surface catalytic centers. Because the heterogeneous system
has an elevated number of Zr active sites (70−100%;3e,f
determined experimentally by kinetic poisoning titration),
comparable to the 100% in homogeneous systems, the
difference between the heterogeneous and homogeneous

systems can be associated with the creation of stronger
organometallic electrophiles on the acidic support.8 Note also
that benzene hydrogenation rates are negligible with the neat
sulfated oxides.
Since ZrS provides the highest hydrogenation activity, it was

chosen as the support for further hydrogenation experiments.
Table 2 summarizes the neat benzene and toluene hydro-

genation data for the indicated organometallic precursors
supported on ZrS. The organozirconium catalysts are highly
active for benzene hydrogenation, and also exhibit modest
activity for toluene hydrogenation. Surprisingly, the Hf, Ti, and
Ta organometallics exhibit far lower activity than similar Zr
complexes, even though reports showed that these organo-
metallics supported on SiO2 are competent for the hydro-
genolysis of alkanes.6q,31,32 Note, however, the Hf metallocenes
are far less active polymerization catalysts than their Zr
analogues.33 The negligible activities observed in the present
work could be attributed to the instability of these electrophiles
on strongly acidic surfaces; however, that will be the topic of a
future contribution.
The organozirconium precatalysts display noteworthy

activity differences for neat benzene vs pure toluene hydro-
genation. Hence, they were chosen as models for investigating
the hydrogenation of benzene/toluene mixtures to probe for
benzene-selectivity (Table 3). Note that for Cp*ZrMe2

+/ZrS−

and ZrBz3
+/ZrS−, which exhibit exceptional benzene hydro-

genation activity under neat conditions, inhibited benzene

Scheme 2. Synthesis of Supported Early Transition Metal
Organometallic Catalysts on Sulfated Oxides

Table 1. Benzene Hydrogenation Results with Cp*ZrMe3 on
Various Supported Catalysts

entry acid
highest acid strength

(H0 value)
a

benzene hydrogenation activity
(TOF)b

1 ZrS −16.1 1200
2 AlS −14.6 120
3 ZrW −14.6 100

aAcid strengths of solid acids from ref 30. b[Cp*ZrMe2/MSx] = 50 mg
(1.95 × 10−6 mol of Zr for AlS; 2.4 × 10−6 mol of Zr for ZrS; 2.1 ×
10−5 mol of Zr for ZrW), 1 h reaction time, 2 mL of benzene, 25 °C,
constant 1 atm H2, 5000 rpm. Entries performed in triplicate. TOF in
(mol benzene)(mol Zr)−1 h−1.

Table 2. Benzene and Toluene Hydrogenation Results Over
Various Supported Catalysts on ZrSa

entry precursor TOFbenzene
b TOFtoluene

c

1 Cp*ZrMe3 1200 2.0
2 ZrBz4 450 9.8
3 Cp*ZrPh3 700 110
4 Cp*ZrBz3 800 340
5 Cp*ZrBz3

d 850 450
6 Cp*TiMe3 7.5 0
7 TiBz4 0 0
8 Cp*HfMe3 0 0
9 HfBz4 0 0
10 Cp*TaMe4 1.9 0
11 (tBuCH2)3Ta(CH

tBu) 3.7 0
a[Catalyst] = 50 mg (2.4 × 10−6 mol of Zr), 1 h, 25 °C, constant 1
atm H2, 5000 rpm. Entries performed in triplicate. TOF (mol
arene)(mol Zr)−1 h−1. b1 mL of neat benzene used as substrate. c1 mL
of neat toluene used as substrate. dAt 80 °C.

Table 3. Competitive Arene Hydrogenation Results with the
Indicated Organometallics Supported on ZrSa

entry catalyst TOFbenzene/TOFtoluene
b selectivity (%)c

1 Cp*ZrMe2
+/ZrS− 50/13 80

2 ZrBz3
+/ZrS− 50/9.8 83

3 Cp*ZrPh2
+/ZrS− 105/80 57

4 Cp*ZrBz2
+/ZrS− 500/250 67

5 Cp*ZrBz2
+/ZrS−d 550/320 63

a[Catalyst] = 50 mg (2.4 × 10−6 mol of Zr), 1 h, 25 °C, constant 1
atm H2, 1500 rpm. Entries performed in triplicate. TOF (mol
arene)(mol Zr)−1 h−1. bMixture of 1 mL of benzene + 1 mL of toluene
as substrate. cBenzene selectivity for mixture (%) = (conversion
benzene/conversion (benzene + toluene) × 100. dAt 80 °C.
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hydrogenation is observed in benzene/toluene mixtures (Table
3, entries 1 and 2). Additionally, in the case of Cp*ZrMe2

+/
ZrS−, toluene hydrogenation is even accelerated in the presence
of benzene. In contrast, catalysts Cp*ZrPh2

+/ZrS− and
Cp*ZrBz2

+/ZrS− are found to maintain high benzene hydro-
genation activity, even in the presence of toluene (Table 3,
entries 3 and 4).
Regarding selectivity for benzene, ZrBz3

+/ZrS− exhibits the
highest (83%) with Cp*ZrMe2

+/ZrS− performing similarly
(80%), at comparable rates. However, Cp*ZrBz2

+/ZrS−

exhibits a significantly greater TOF, but with somewhat lower
benzene selectivity (67%) (Table 3, entries 1, 2, and 4). At 80
°C, note that Cp*ZrBz2

+/ZrS− exhibits increased activity for
both substrates; however, reduced selectivity (63%) is also
observed (Table 2 entry 5 and Table 3 entry 5).34 Because of its
high activity with retained benzene selectivity for benzene/
toluene mixtures, Cp*ZrBz2

+/ZrS− was investigated in
equimolar mixtures of benzene + other alkylarenes (Table 4).

For ethylbenzene, this catalyst exhibits significant benzene
selectivity (86%) and retained activity, with a benzene TOF of
490 (mol)(mol Zr)−1 h−1 (Table 4 entry 1). In the presence of
mesitylene, only benzene hydrogenation is observed with a
TOF ∼230 (mol)(mol Zr)−1 h−1 and >99% selectivity. In
contrast, pyridine and thiophene appear to deactivate the
catalyst and Cp*ZrBz2

+/ZrS− displays negligible hydrogenation
activity.
2.3. Arene Inhibition Effects. The aforementioned

inhibition of benzene hydrogenation by the alkylated arenes
was next analyzed via a simple Michaelis−Menten/Langmuir−
Hinshelwood competitive inhibition model (eqs 1, 2).35 Here

V0 is the reaction rate, [S] the substrate concentration, Vmax is
the reaction rate without inhibitor present, [I] is the inhibitor
concentration, and Km the Michaelis−Menten constant. Km can
then be related to the inhibitor dissociation constant, Ki, by eq
2, and is the substrate concentration at which the reaction rate
= 1/2 Vmax. Larger Km or smaller Ki values imply larger
inhibition effects. These parameters for a variety of catalysts and
substrates are summarized in Table 5. Note that the Kis for the
different catalysts fall in the order Cp*ZrBz2

+/ZrS− (1.85) >

ZrBz3
+/ZrS− (1.07 × 10−2) > Cp*ZrMe2

+/ZrS− (1.58 × 10−3).
Thus, the arene hydrogenation by these supported catalysts
appears to be sensitive to steric encumbrance around the metal
center, with methyl group replacement by benzyl effecting a
1000× increase in Ki (Figures S1−S2). Note, however, that
with the catalyst held constant, arene steric characteristics and/
or electron richness of the substrate have only minor effect on
the inhibition parameters.
To determine if the preferentially bound inhibitor can be

removed and benzene hydrogenation activity revived, a series of
four hydrogenations with the same Cp*ZrBz2

+/ZrS− catalyst
were performed, with toluene as the substrate for the first three
cycles and benzene for the fourth cycle (Figure S3A). The first
three cycles reveal toluene hydrogenation proceeding as
expected, while benzene hydrogenation in the fourth cycle
exhibits a TOF of 760 (mol benzene)(mol Zr)−1 h−1, similar to
activity of the catalyst for neat benzene (Table 2). This high
fourth cycle benzene hydrogenation activity argues that any
inhibitory catalyst···toluene effects do not result from
permanent catalyst deactivation and are sufficiently weak to
be displaced by excess benzene. Similar studies were carried out
with a 1:1 benzene/toluene mixture for the first three cycles,
followed by pure benzene being in the fourth (Figure S3B).
The results follow a similar trend, where the fourth cycle
exhibits the expected neat benzene hydrogenation activity.

2.4. Structural Characterization of the Cp*ZrBz2+/ZrS−

Catalyst. The structure of Cp*ZrBz2
+/ZrS− was investigated

by a combination of solid-state NMR techniques, EXAFS, and
DFT calculations. The applied NMR approaches include 1H
DPMAS, 2D 1H−1H DQMAS,36 13C CPMAS, and 2D 1H−13C
idHETCOR37 NMR spectroscopy, where “DP” denotes direct
polarization, “CP” 1H−13C cross-polarization, “MAS” magic
angle spinning, “DQ” double quantum, and “idHETCOR”
indirectly detected heteronuclear correlation.38 The 1D 1H
DPMAS spectrum of Cp*ZrBz2

+/ZrS− measured at MAS rate
νR = 40 kHz (Figure 2A) shows two signals centered at δ ≈ 1.8
and ≈ 6.7 ppm, assigned to aliphatic (Hal) and aromatic
protons (Har), respectively. The single aliphatic peak results
from overlap of benzyl CH2 group and Cp* CH3 signals, which
could not be resolved (only 0.1 ppm difference is expected),
even at high MAS rates.39 The 2D 1H−1H DQMAS experiment
(Figure 2B) at νR = 40 kHz exhibits aliphatic-aliphatic,
aliphatic-aromatic, and aromatic−aromatic 1H−1H correlations.
The aliphatic-aromatic correlation is shown by DFT modeling
(vide infra) to result from benzylic CH2 through-space coupling
to the ortho protons of the aromatic ring (mean distance
CH2···HCaryl ≈ 2.50 Å). The closest methyl protons of the Cp*
are at an average distance of 4.09 Å from the benzylic aromatic
protons, which is expected to be beyond the limit of the
DQMAS correlation experiment. Thus, the 2D 1H−1H
DQMAS spectrum is in good agreement with the proposed
catalyst structure. The 13C CPMAS NMR spectrum of
Cp*ZrBz2

+/ZrS− (Figure 2C), exhibits four major resonances
at δ = 128.0, 124.8, 75.2, and 11.5 ppm, with those at δ = 124.8
and 11.5 ppm straightforwardly assignable to Cp* framework
and Cp*-Me carbon atoms.3d,e,8 The signal at δ = 128.0 ppm
and the downfield shifted broad signal at δ = 75.2 ppm are
assigned, respectively, to the aromatic carbons and the Zr-CH2-
Ph methylene carbon. The similarity between this chemical
shift and the model ion pair Zr(CH2Ph)3

+B(CH2Ph)(C6F5)3
−

(δ = 74.8 ppm)40 compared to the covalent moiety
{Zr(CH2Ph)3[(CH3C)CO]} (δ = 65.7 ppm)41 clearly indicates

Table 4. Benzene Hydrogenation Mediated by Cp*ZrBz2+/
ZrS− in the Presence of the Indicated Added Arenes and
Heterocyclesa

entry TOF benzene substrateb TOF selectivity (%)c

1 490 ethylbenzene 80 86
2 230 mesitylene <0.1 >99
3 0.0 pyridine 0.0 −
4 0.0 thiophene 0.0 −

a[Cp*ZrBz2
+/ZrS−] = 50 mg (2.4 × 10−6 mol of Zr), 1 h, 25 °C,

constant 1 atm H2, 1500 rpm.
bMixture of 1 mL of benzene + 1 mL of

arene as substrate. Entries performed in triplicate. TOF (mol
arene)(mol Zr)−1 h−1. cBenzene selectivity in mixture (%) =
conversion benzene/conversion (benzene + arene) × 100.
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the formation of a “cation-like” electron-deficient organo-
zirconium species on the surface.3

The 1H−13C idHETCOR spectrum (Figure 2D) collected
with a contact time for 1H−13C and 13C−1H transfers of 0.2
ms42 exhibits the expected aromatic and CH3 cross-peaks, but
lacks evidence of the CH2 correlations after ∼38 h of
acquisition. This result is not completely unexpected, given
the broadness of CH2 resonance in the 13C CPMAS spectrum,
possibly due to inhomogeneity and multiple conformations on
the surface.
Additional information on the catalyst structure was obtained

via X-ray absorption spectroscopy (Table 6). The XANES Zr
K-edge energy, 18.0000 ± 0.0003 keV, determined from the

inflection point of the leading edge, is the same for ZrBz4,
Cp*ZrBz3, and the Cp*ZrBz2/sulfated alumina (AlS) catalyst,
indicating a Zr(IV) oxidation state for all samples (Figure
S4).43 Fitting the EXAFS spectrum of the Cp*ZrBz2

+/AlS−

catalyst was achieved via a difference method utilizing reference
compounds to determine the individual ligand scattering
contributions. The methodology is described in detail in the
Supporting Information. This technique assumes there is little
change in the bond distances and coordination geometries of
the ligands in the different compounds vs the corresponding
supported catalysts. Subtraction of one Zr-Cp* contribution
and two Zr−Bz contributions from the supported catalyst left a
residual signal due to the Zr−Osupport bonds, which was fit by 2
Zr−Osupport bonds at 2.24 Å (Table 6, Figure S5). Other models
with different numbers of Zr−Bz and Zr−Osupport bonds do not
fit the EXAFS data, and thus the coordination geometry of the
supported catalyst is 1 Cp* (5 Zr−C at 2.47 Å), 2 Zr−Bz (2
Zr−C at 2.31 Å), and 2 Zr−Osupport bonds.
Catalyst−surface interactions were next modeled using a

DFT approach, in order to relate the geometry of the
chemisorbed Zr center to other structural characterization
techniques. Representative complex Cp*ZrBz3 is analyzed on
the (110) surface of sulfated alumina (Figure 3; for Cp*ZrMe3
see Figure S19). AlS is used here for calculations to compare
with previous work8 in which a ZrS model44 was employed.
Importantly, no significant energetic differences are found
between the two. Note that there are also great similarities in
adsorbed organozirconium catalyst NMR and catalytic
parameters for AlS vs ZrS supports.3e,f,8 On the basis of the
computed AlS surface, two anchoring surface sites, SA or SB, are
present which give rise to two possible Zr center−surface
binding configurations. The organozirconium cation can bind
between the SA and SB sites (Figure 3A) or at the SB site alone
(Figure 3B). The distance between the chemisorbed species
and the surface is evaluated as the mean of the Zr−Osupport
distances measured at all the investigated configurations, giving
a distance of 2.36 Å for Cp*ZrBz2

+/AlS−. This Zr···O distance
for Cp*ZrBz2

+/AlS− is in good agreement with the EXAFS data
(vide supra) and indicates very weak ion pairing compared to
typical covalent molecular Zr(IV)-OR bonds (1.94−2.01 Å).
Note also that compared to previous findings for Cp*ZrMe2/
AlS,8 with Zr···O = 2.32 Å, the slight Zr···O elongation here can
be ascribed to the greater steric demands of benzyl versus
methyl groups.

2.5. Structural Characterization of Cp*ZrBz2+/ZrS−
after Benzene Hydrogenation. After exposure to reaction
conditions (benzene, 1 atm H2) for 1 h, the NMR signals
associated with the Zr-benzyl groups remain, but there is
evidence for the formation of a catalytically active cationic
Cp*Zr(H)Bz(ηn-benzene)+ species. The partial hydrogenolysis
of the benzyl ligands is supported by solid-state 1H DPMAS,
2D 1H−1H DQMAS, 13C CPMAS, and 2D 1H−13C

Table 5. Michaelis−Menten/Langmuir−Hinshelwood Parameters for the Competitive Inhibition of Benzene Hydrogenation by
Various Arenes in the Presence of the Indicated ZrS-Supported Catalystsa

entry inhibitor catalyst Vmax Km Ki

1 toluene Cp*ZrMe2
+/ZrS− 1200 1266 1.58 × 10−3

2 toluene ZrBz3
+/ZrS− 450 186 1.07 × 10−2

3 toluene Cp*ZrBz2
+/ZrS− 850 1.08 1.85

4 ethylbenzene Cp*ZrBz2
+/ZrS− 850 1.34 1.49

5 mesitylene Cp*ZrBz2
+/ZrS− 850 1.66 1.20

a[Catalyst] = 50 mg (2.4 × 10−6 mol of Zr), 1 h, 25 °C, constant 1 atm H2, 1500 rpm. Entries performed in triplicate.

Figure 2. (A) 1H DPMAS spectrum of Cp*ZrBz2
+/ZrS−. The

spectrum was obtained using the MAS rate νr = 40 kHz, the magnitude
of the RF magnetic field applied to 1H spins νRF (

1H) = 100 kHz, the
recycle delay τRD = 2 s, and the number of acquisitions NS = 32. (B)
1H−1H DQMAS spectrum of Cp*ZrBz2

+/ZrS−. The spectrum was
obtained using νr = 40 kHz, νRF (

1H) = 100 kHz, the excitation and
reconversion times = 0.1 ms, 160 rows in t1 with Δt1 = 25 μs and 16
scans per row, τRD = 2 s, and the total acquisition time AT = 2.8 h. (C)
13C CPMAS NMR spectrum of Cp*ZrBz2

+/ZrS−. The spectrum was
obtained using νr = 10 kHz, the CP contact time τCP = 5 ms, τRD = 5 s,
and NS = 16000. Asterisks (*) denote the MAS sidebands. (D) 2D
indirectly detected 1H−13C through-space HETCOR spectrum of
Cp*ZrBz2

+/ZrS−. The spectrum was obtained using νr = 40 kHz,
νRF(

1H) = 100 kHz during short pulse, νRF(
1H) = 50 kHz during CP,

νRF (
1H) = 20 kHz during rotary resonance recoupling period (τRR),

νRF (
1H) = 10 kHz during SPINAL64 decoupling, νRF(

13C) = 90 kHz
during CP, νRF (

13C) = 10 kHz during SPINAL64 decoupling, τCP =
0.2 ms, τRR = 40 ms, 64 rows in t1 with Δt1 = 25 μs and 720 scans per
row, τRD = 1.5 s, and AT = 38.5 h.
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idHETCOR37 NMR spectroscopy, FTIR, and XAS data. The
1H MAS NMR exhibits a downfield shifted broad resonance at
δ ≈ 7.4 ppm consistent with benzene coordination to a cation-
like d0 species and an unreacted Zr-CH2-Ph group (Figure
S15A),45 a broad peak at δ ≈ 1.8 ppm is assigned to methyl
groups of the Cp* ligand and a Zr-benzyl moiety methylene
group. In addition, signals at δ = 1.5 ppm and δ = 0.9 ppm are
consistent with cyclohexane, likely physisorbed on the ZrS
surface,8 and surface OH, respectively (Figure S15A). These
assignments are in agreement with 2D 1H−1H DQMAS and
1H−13C idHETCOR37 NMR spectra, which exhibit aliphatic-
aliphatic, aliphatic-aromatic, and aromatic−aromatic 1H corre-
lations, as well as 1H-13C cross-peaks representing aromatic and
CH3 groups (Figures S15C and S15D). Note that physisorbed
cyclohexane and isolated surface OH groups are not expected
to produce any detectable double-quantum 1H−1H coherences.
The coordination of a benzene molecule to the Zr center is also
evident in the 13C NMR data (Figure S15B),46 where a
downfield shifted signal at δ = 136.4 ppm is observed,40,45b,47

along with a signal at δ = 28.5 ppm assignable to cyclohexane
molecules. The Zr−H resonance could be not identified in 1H
MAS NMR spectrum at room temperature, likely due to
overlap with the aromatic peak centered at δ = 7.4 ppm.48 Note
that the corresponding homogeneous cationic zirconocene
hydride polymerization catalyst Cp*2ZrH

+MeB(C6F5)3
− exhib-

its a characteristic Zr−H signal at δ = 7.70 ppm.49 Partial benzyl
ligand hydrogenolysis for Cp*ZrBz2

+/ZrS− is also supported by
FTIR analysis (Figure S16). After treatment under hydro-
genation reaction conditions, the aromatic C−H stretching
peaks characteristic of the benzyl ligand at 3061 and 3020 cm−1

remain, although slightly diminished in intensity. The new and

used catalysts exhibit no other differences in their vibrational
spectra. Surprisingly, a characteristic Zr−H stretch50,51 in the
region of 1500−1700 cm−1 is not observed, likely because of
the limited loading of organozirconium catalyst and overlap
with Cp* and surface vibrational modes.
XANES/EXAFS were also utilized to elucidate the structure

of the hydrogenolyzed catalyst (Table 6 and Figures S6−S8).
The Cp*ZrBz2

+/AlS− EXAFS data after arene hydrogenation
are most convincingly fit by Zr-Cp* and one Zr−Bz
contributions (Figures S7−S8), and then fitting the residual
EXAFS with 6 Zr−C bonds at 2.28 Å, consistent with an η6 π-
bonded benzene molecule. Attempting to fit a second Zr−Bz to
the data results in a poor fit, and while Zr−H bonding cannot
be observed explicitly by EXAFS, replacement of the lost benzyl
ligand with a Zr−H is suggested. All efforts to include Zr···
Osupport bonds in the model result in poor fits. Because direct
evidence of a Zr−H species could not be obtained, DFT
calculations were used to determine the likelihood of such a
species. DFT modeling of the Cp*Zr(H)Bz+·C6H6/AlS

−

energy-minimized structure indicates that the benzene
molecule undergoes insertion between the Zr+ and O− ions
and engages in η6-coordination (Figure 4; for Cp*ZrH2

+·C6H6/

AlS− see Figure S20). As a consequence, the Zr center of the
chemisorbed species is displaced substantially from the anionic
surface and converges to a new conformation in which the
cationic complex lies between the vicinal SA and SB sulfate
groups. For Cp*Zr(H)Bz+·C6H6/AlS

−, a significantly longer
contact (Zr···O(SB) = 4.25 Å) is observed than for the starting
Cp*ZrBz2

+/ZrS− (Zr···O = 2.24 Å by EXAFS and 2.36 Å by

Table 6. Fit Results Zr k-edge XANES and EXAFS (k2: Δk = 2.7−11.6 Å−1; ΔR = 1.3−2.2 Å)a

sample XANES energy, keV scatter N R, Å Δσ2 (×103) ΔE0, eV comments

Zr foil 17.9980 XANES calibration
ZrO2 18.0012 XANES reference
Zr(acac)4 18.0020 XANES reference
Zr(Bz)4 17.9999 Zr−CBz 3.9 2.29 0.0 1.1 ref 41
Cp2ZrH2 18.0010 Zr−CCp 10.1 2.51 0.0 −0.5 ref 42
Cp*ZrBz3 17.9997 Zr−CBz 2.9 2.31 2.0 −2.6 sample − Cp*

Zr−CCp* 5.3 2.47 2.0 0.3 sample − 3 Bz
Cp*ZrBz2

+/AlS− 18.0002 Zr−Osupport 1.9 2.24 2.0 −2.0 sample − 2 Bz − Cp*
Cp*ZrBz2

+/AlS− + benzene 18.0004 Zr−Cbenzene no difference in XANES or EXAFS compared
to the catalyst in He

Zr−Osupport 2.1 2.26 2.0 2.8 sample − 2 Bz − Cp*
Cp*ZrBz2

+/AlS− after hydrogenation 18.0008 Zr−Caromatic 5.9 2.28 5.0 1.7 sample − 1 Bz − Cp*
aN = coordination number; R = bond distance; Δσ2 = mean-square disorder in the distribution of interatomic distances; ΔE0 = energy offset.

Figure 3. Energy-minimized computed chemisorbed Cp*ZrBz2
+

catalyst structures on sulfated alumina surface between site SA (A)
and SB (B). Zr in dark violet, S in orange, O in red, H in light blue, C
in gray, Al in pink.

Figure 4. DFT optimized structure of Cp*Zr(H)Bz+ adsorbed on
sulfated alumina. Distances are reported in Å. Zr in dark violet, S in
orange, O in red, H in light blue, C in gray, Al in pink.
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DFT). This configuration has the benzene inserted between the
cationic Zr center and the SA surface site, resulting in elongated
Zr···O(SA) distance of 5.09 Å. This computed Zr···O bond
distance agrees with the EXAFS data, as such elongation results
in loss of Osupport scattering signal. Thus, the agreement of the
NMR, FTIR, EXAFS, and DFT data confirm the partial
hydrogenolysis of the benzyl group in Cp*ZrBz2

+/ZrS−, which
is seen to have a substantial impact on the arene hydrogenation
activity and selectivity.

3. DISCUSSION
3.1. Supported Single-Site d0 Catalyst Structural

Effects on Arene Hydrogenation. In the present study,
highly reactive “cation-like” organometallic catalysts are
generated by supporting on Brønsted acidic surfaces and
investigated for hydrogenation properties. At 25 °C/1 atm H2,
the organozirconium catalysts exhibit the highest activity, and
activity falls with decreasing support acidity (ZrS ≫ AlS ≈
ZrW). This suggests that more acidic inorganic oxides yield
stronger surface electrophiles by providing less stabilization for
the “cation-like” metal center, therefore creating more reactive
centers for arene hydrogenation. The catalysts ZrBz3

+/ZrS− and
Cp*ZrMe2

+/ZrS− exhibit the highest selectivities for benzene
hydrogenation in benzene/toluene mixtures, of 83 and 80%,
respectively. However, these catalysts suffer from significant
alkylarene inhibition effects, thus lowering their overall
hydrogenation activity in arene mixtures. Cp*ZrBz2

+/ZrS−,
while exhibiting more modest selectivity (67%) for benzene/
toluene mixtures, experiences less inhibition and thus can
hydrogenate mixtures containing more encumbered arenes
while maintaining greater activity and selectivity (86 and >99%,
respectively; Tables 4, 5). Thus, inhibition is found to be more
sensitive to the catalyst structure than to that of the substrate,
with multiple arenes exhibiting similar Ki values. Coordinative
saturation of the catalyst then appears as the determining factor
for inhibition, with less coordinatively saturated catalysts (e.g.
Cp*ZrMe2

+/ZrS−) binding alkyl-substituted electron-donating
substrates more strongly than coordinatively saturated catalysts
(Cp*ZrBz2

+/ZrS−).
3.2. Catalyst-Surface Binding Geometry Effects on

Catalytic Performance. Cp*ZrBz2
+/ZrS−, both before and

after exposure to reaction conditions, was characterized in detail
by NMR, EXAFS, FTIR, and DFT. The Zr···O distances found
by EXAFS and DFT (2.24 and 2.36 Å, respectively) are in
reasonable agreement and characteristic of weak ion pairing
between the cationic metal center and the surface. This is
corroborated by the catalytic results, which reveal a highly
active hydrogenation catalyst. After 1 h under benzene
hydrogenation reaction conditions, partial hydrogenolysis of
the benzyl ligands is demonstrated, and thus Cp*Zr(H)Bz+/
ZrS− is proposed to be the principle catalytically active species.
To better understand ligand effects on arene hydrogenation

and selectivity processes, Cp*ZrMe2
+/AlS− and Cp*ZrBz2

+/
AlS− hydrogenolysis were investigated by DFT. The calcu-
lations reveal that the hydrogenolysis is an exergonic process in
the case of Cp*ZrMe2

+/AlS− but endergonic for Cp*ZrBz2
+/

AlS− (Scheme 3). Thus, for Cp*ZrMe2
+/ZrS−, the doubly

hydrogenolyzed product Cp*ZrH2
+/ZrS− is likely an important

component of the catalytic cycle due to favorable Zr-CH3
cleavage. In marked contrast, Zr-Bz hydrogenolysis in
Cp*ZrBz2

+/ZrS− is far less favorable, possibly reflecting
stronger Zr-Bz bonding,52 and is therefore likely that partially
hydrogenated Cp*Zr(H)Bz+/ZrS¯ plays a significant role in the

catalytic cycle. This agrees well with the physical character-
ization of the spent catalyst (vide supra).
A DFT analysis was next conducted to estimate the mean

distance between the Zr center of the adsorbed hydrogenated
species and the sulfated oxide surface. For doubly hydro-
genolyzed Cp*ZrH2

+/AlS−, a mean distance of ∼2.28 Å from
the surface is estimated while a slightly larger distance of ∼2.38
Å is found for Cp*Zr(H)Bz+/AlS− (Figure 5). These distances
correspond to the Gibbs free energies for heterolytically
dissociating the adsorbed cations from the surface, which are
computed to be ∼140 kcal/mol for Cp*ZrH2

+/AlS− and ∼117
kcal/mol for Cp*Zr(H)Bz+/AlS−. Together, these values
suggest weaker ion pairing of Cp*Zr(H)Bz+/AlS− with the
surface, likely reflecting the greater steric demands of the
remaining benzyl ligand. This result is in good agreement with
catalytic data (vide supra), where weaker ion pairing facilitates
the activation/insertion/hydrogenation of more sterically

Scheme 3. Gibbs Free Energy (kcal/mol) of Zr-Alkyl Ligand
Hydrogenolysis for the Cp*ZrMe2

+/AlS− and Cp*ZrBz2+/
AlS− Catalysts

Figure 5. Optimized structures of fully hydrogenated Cp*ZrH2
+ and

partially hydrogenated Cp*Zr(H)Bz+ adsorbed species on the sulfated
alumina surface (A, B) between sites SA and SB; (C, D) at site SB. Zr in
dark violet, S in orange, O in red, H in light blue, C in gray, Al in pink.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b03254
J. Am. Chem. Soc. 2015, 137, 6770−6780

6776

http://dx.doi.org/10.1021/jacs.5b03254


encumbered arenes, and thus reduces Cp*ZrBz2
+/ZrS−

inhibition effects compared to Cp*ZrMe2
+/ZrS−, whose

catalytic intermediate has minimal steric bulk and is more
strongly bound to the surface. In sum, in this system, inhibition
effects appear to be dominated by the catalyst structure rather
than by that of the alkylarene inhibitor, although the latter
clearly influences inhibitor TOF (Table 5).
3.3. Supported Single-Site d0 Organometallic Catalyst

Arene Hydrogenation Mechanism. DFT modeling of the
toluene hydrogenation catalyzed by Cp*ZrMe2

+/AlS− was
carried out and compared to the analogous process already
computed for benzene (Figure S21).8 Since partially hydro-
genated arenes are not detected during the course of the
hydrogenation, and the kinetics are zero-order in [benzene]
and first-order for [H2] for such systems,3e,f it is reasonable that
the overall reaction kinetics are dominated by the first
hydrogenation subcycle. Thus, the energetic comparisons
focus only on the first hydrogenation subcycles computed for
toluene and benzene (Figure 6). Furthermore, analysis of this
first subcycle explains the distinctive catalytic properties
observed experimentally. The first important note for the
mechanism of Cp*ZrH2

+/AlS− (Figure 6A) is that toluene
coordination to the electrophilic Zr center is somewhat more
exoergic than is benzene (ΔΔG ≈ 3.0 kcal/mol), with the
difference ascribable to the greater electron richness of
toluene.53 This greater electron donation from toluene also
renders the subsequent hydride transfer from the electron-poor
Zr center to be ∼3.0 kcal/mol more facile for the toluene-
coordinated catalyst than for the benzene analog. However, the
following H2 activation step is 5.3 kcal/mol more endergonic
for toluene vs benzene due to the steric hindrance disfavoring
H2 approach. Also rendering this step endergonic for both
substrates is the entropic barrier to associative H2 approach, the
slight displacement of the Zr cation from the surface required
for H2 access, and the energy required for the activation of the
incoming H2 molecule. Finally, the activation barrier of Zr−C

hydrogenolysis is ∼1.3 kcal/mol greater for toluene (Figure
6A). Note that in the first subcycle, Zr−C hydrogenolysis does
not lead to a stable structure, but evolves directly to the first
step products (hydride transfer) of the second hydrogenation
subcycle, for both benzene and toluene substrates (Figure 6A).
In agreement with the aforementioned experimental rate law
that is zero-order in [benzene] and first-order in [H2],

3f,8 the
rate is then determined by the energetic difference between the
coordinated arene species, which is the TOF determining
intermediate (TDI),54 and the Zr−C hydrogenolysis transition
state, which is the TOF determining transition state (TDTS).
Thus, the diminished catalytic activity for toluene hydro-
genation vs benzene manifests itself in the energetic differences
of these mechanistic cycles, 13.4 vs 9.8 kcal/mol, respectively.
Moreover, the inhibitory effects of toluene on benzene
hydrogenation can be explained by stronger stabilization of
the coordinated toluene species compared with that of benzene.
Thus, this mechanistic analysis for Cp*ZrMe2

+/ZrS− explains
how toluene strongly competes with benzene for coordination
to active sites, then turns over more slowly, inhibiting
hydrogenation, in accord with experiment.
The first hydrogenation subcycle for both benzene and

toluene substrates catalyzed by Cp*Zr(H)Bz+/AlS− is shown in
Figure 6B. One significant difference between this mechanism
and that of Cp*ZrH2

+/AlS− is the exergonic nature of arene
insertion into the Zr−H bond. The stabilization for this hydride
transfer step strongly increases with the steric encumbrance,
thus the remaining benzyl ligand causes this step to be
exergonic for both substrates. Note also that this spontaneous
evolution to the hydride transfer step shifts the TDI structure
from the arene coordination to the hydride transfer species,
similar to the other cycle. The TDTS is again located at the
Zr−C hydrogenolysis transition state (Figure 6B), which,
similarly to Cp*ZrH2

+/AlS−, evolves directly to the first step
products (hydride transfer) of the second hydrogenation
subcycle for both benzene and toluene. To compare the two

Figure 6. Gibbs free energy profile for the first subcycle of benzene and toluene hydrogenation over the indicated catalyst. (A) Cp*ZrH2
+/AlS−;55

(B) Cp*Zr(H)Bz+/AlS−.
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mechanisms, the energy difference between the benzene and
toluene TDI values for each catalyst was calculated, and toluene
inhibition appears more efficient in Cp*ZrH2

+/AlS− (ΔTDI =
−3.0 kcal/mol) than in Cp*Zr(H)Bz+/AlS− (ΔTDI = −0.6
kcal/mol), in excellent agreement with experiment (Table S1).
This miniscule value for Cp*Zr(H)Bz+/AlS− also validates the
substrate independent inhibition of this catalyst, further
corroborating the experimental observations. Note that the
difference in energetic barriers between toluene and benzene
hydrogenation (ΔΔG) is 3.6 kcal/mol for Cp*ZrH2

+/AlS−,
while for Cp*Zr(H)Bz+/AlS−, ΔΔG < 1.0 kcal/mol (Table
S1). This corresponds well with the increased benzene
selectivity observed for the Cp*ZrMe2

+/ZrS− (80%) compared
to Cp*ZrBz2

+/ZrS− (67%). Thus, DFT analysis provides
mechanistic information well correlated with experiment as to
the effects ligand tuning has on catalytic intermediates, and the
resulting modifications of catalytic activity for these supported
organozirconium hydrogenation catalysts.

4. CONCLUSIONS

A detailed structural/kinetic/mechanistic study of benzene
hydrogenation mediated by a series of organozirconium
precursors chemisorbed on various Brønsted acidic oxides
was carried out. It is found that more acidic inorganic oxides
yield more electrophilic and active surface catalytic species.
With the same support, organozirconium complexes produce
the most active hydrogenation catalysts vs related Ti, Hf or Ta
based species. Although the Zr catalysts display dramatic TOF
differences in the hydrogenation of neat benzene and neat
toluene, toluene and other alkylarenes function as competitive
inhibitors of benzene hydrogenation. Kinetic studies of
inhibition by alkylarenes show that the inhibition is more
sensitive to the nature of organometallic catalyst than to the
substituted arene inhibitor. In hydrogenations of equimolar
benzene/toluene mixtures, the selectivities for benzene hydro-
genation at 25 °C vary with catalyst in the order, ZrBz3

+/ZrS−,
83% > Cp*ZrMe2

+/ZrS−, 80% > Cp*ZrBz2
+/ZrS−, 67% >

Cp*ZrPh2
+/ZrS−, 57%. For fixed catalyst Cp*ZrBz2

+/ZrS− and
equimolar benzene/arene mixtures, the selectivities vary with
arene in the order mesitylene (>99%) > ethylbenzene (86%) >
toluene (67%). Thus, incorporation of more encumbered
hydrocarbyl groups at the Zr center increases the metal-surface
distance, yielding more active catalysts less susceptible to
inhibition. These trends are in excellent accord with Energy-
Span Analysis DFT computation.
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