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ABSTRACT: The chemical and electronic interaction of organometallic species with metal oxide support materials is of 
fundamental importance for the development of new classes of catalytic materials. Chemisorption of Cp*(PMe3)IrMe2 on 
sulfated alumina (SA) and sulfated zirconia (SZ) led to an unexpected redox mechanism for deuteration of the ancillary Cp* 
ligand. Evidence for this oxidative mechanism was provided by studying the analogous homogeneous reactivity of the or-
ganometallic precursors toward trityl cation ([Ph3C]+), a Lewis acid known to effect formal hydride abstraction by one elec-
tron oxidation followed by hydrogen abstraction. Organometallic deuterium incorporation was found to be correlated with 
surface sulfate concentration, as well as the extent of dehydration under thermal activation conditions of sulfated alumina 
and sulfated zirconia supports. Surface sulfate concentration dependence, in conjunction with a computational study of 
surface electron affinity, indicates an electron deficient pyrosulfate species as the redox active moiety. These results provide 
further evidence for the ability of sulfated metal oxides to participate in redox chemistry not only toward organometallic 
complexes, but also in the larger context of their application as catalysts for the transformation of light alkanes. 

Introduction 

A fundamental understanding of the interaction be-
tween organometallic complexes and metal oxide supports 
is of critical importance for the design of selective and effi-
cient heterogeneous catalysts.1 Sulfated metal oxides have 
recently emerged as promising heterogeneous analogues 
of non-coordinating ancillary ligands for supported organ-
ometallic species (Figure 1).2 Sulfated zirconia and deriva-
tives thereof are promising industrial catalytic materials in 
their own right and have been shown to promote transfor-
mations relevant to the petrochemical industry such as 
cracking and isomerization of alkanes.3 This reactivity is 
largely attributed to superacidic sites (i.e., sites with acidity 
stronger than 100% H2SO4, H0 ≤ −11.93);4 however, the 
acidic nature of these sites is contested in the literature,5 in 
part due to theoretical and practical complications in the 
application of solution analytical techniques to the quanti-
fication of solid acid strength,6 as well as difficulty in the 
interpretation of probe molecule desorption experiments.7 
Fărcaşiu and coworkers suggest that surface sulfates act as 
strong oxidants and mild acids, effecting hydrocarbon 
structural rearrangements not by generation of a carbon-
ium ion, but rather via an oxidized radical cation interme-
diate.6a, 7a Despite this lack of consensus in the literature, 
early studies on the implementation of these materials to 
support organometallic catalysts have largely focused on 

surface superacidity to the exclusion of any potential oxi-
dative behavior. In this report we highlight the role of re-
dox activity of sulfated metal oxides as a mode of activation 
for surface organometallic chemistry that might poten-
tially be harnessed for the development of new catalyst sys-
tems. 

 
Figure 1. (A) Alkane isomerization and cracking catalyzed by 
unmetalated sulfated zirconia. (B) Previous work on organo-
metallic catalysts supported on sulfated zirconia. 

 

Our laboratory has recently become interested in 
studying the role of metal oxide supports as ancillary lig-
ands in supported organometallic catalysis. In the course 



 

of our investigation of catalyst–support interactions in cat-
alytic H/D exchange promoted by iridium(III) on acidic 
metal oxides, it was observed that the activity toward bond 
activation by Cp*(PMe3)IrMe2 (1) grafted onto so-called 
“superacidic” modified metal oxides, namely borated zirco-
nia (B2O3/ZrO2, BZ) and sulfated zirconia (SO4/ZrO2, SZ), 
correlated to their reported Hammett acidity (H0 = −12.5 
and −16.1, respectively).8 In order to assess the generality of 
this trend, sulfated alumina (SO4/Al2O3, SA) was targeted 
as a modified metal oxide reported to exhibit intermediate 
Hammett acidity (H0 = −14.6).3a  

 

Results and Discussion 

In a typical metalation procedure, metal oxide is 
added to a benzene-d6 solution of iridium dimethyl com-
plex 1 and an internal standard, and the reaction is moni-
tored by 1H NMR spectroscopy. The disappearance of irid-
ium-associated resonances in the NMR spectra is used to 
determine the approximate iridium loading on the surface. 
Upon metalation, the surface bound iridium methyl is ca-
pable of solvent C–H activation, leading to the evolution of 
a further equivalent of methane and the formation of an 
iridium phenyl fragment as the predominant surface spe-
cies. In the presence of metal oxides supports such as sul-
fated zirconia, excess iridium dimethyl complex 1 in solu-
tion is converted to an iridium methyl phenyl complex 
(Cp*(PMe3)IrMePh, 2) by a pathway involving initial disso-
ciation of the iridium phenyl fragment from the support, 
followed by ligand interchange with residual iridium dime-
thyl 1 in solution.8-9 Similar to the metalation of SZ, chem-
isorption on SA resulted in rapid conversion of the excess 
iridium dimethyl 1 to the iridium methyl phenyl complex, 
as observed by 1H NMR spectroscopy of the supernatant 
solution. (For characterization of the chemisorbed  
[Cp*(PMe3)IrPh] fragment by DNP-enhanced 13C solid-
state NMR spectroscopy see Figure S17).10 However, upon 
tracking the loading experiment for extended reaction 
times, significant changes in the 1H NMR spectrum were 
observed: the methyl groups of the Cp* supporting ligand 
had undergone extensive deuteration, and a new species, 
identified as iridium phenyl hydride complex 3 was ob-
served (Figure 2). 

In order to explain this unusual behavior, the litera-
ture was surveyed for examples of chemical transformation 
of normally inert Cp*-methyl groups. While early transi-
tion metals are known to directly C–H activate the Cp*-
methyl position to form “tucked-in” complexes,11 this 
chemistry is unprecedented for iridium. Cp*Ir(III) com-
plexes have been shown to form tetramethylfulvene com-
plexes in the presence of strong bases or certain Lewis ac-
ids. Bases such as potassium anilide or t-butoxide have 
been demonstrated to deprotonate cationic Cp*Ir(III) 
compounds at the Cp*-methyl group to form neutral ƞ4-
tetramethylfulvene iridium(I) complexes;12 however, this 

 

 

 

Figure 2. Unexpected Cp* deuteration in the chemisorption 
of 1 on sulfated alumina with concomitant formation of phenyl 
hydride 3, as observed by solution 1H NMR spectroscopy of the 
residual organometallic precursor; *internal standard (1,3,5-
tri-tertbutylbenzene). 

 

mechanistic explanation for Cp* deuteration is incon-
sistent with the acidic nature of sulfated metal oxides. 
More recently, a cationic tetramethylfulvene iridium(III) 
species was synthesized by formal hydride abstraction by 
the trityl cation (Scheme 1).13 This reactivity was surprising 
given the precedent for methyl group abstraction from 
Cp*(PMe3)IrMe2 by Lewis acids such as perfluorotriphenyl-
borane (B(C6F5)3).14 Instead, the authors suggest that the 
trityl cation reacts by an initial one-electron oxidation fol-
lowed by a hydrogen atom abstraction, by analogy to the 
chemistry of Cp2WMe2 previously demonstrated by Cooper 
and coworkers.15 The possibility of a similar mechanistic 
pathway operant in the observed Cp* deuteration has in-
triguing implications for the reactivity of sulfated metal ox-
ides toward organometallic species. The attribution of ei-
ther strong Brønsted acidity or one electron oxidation in 
catalytic alkane isomerization by sulfated metal oxides re-
mains a topic of active debate (vide supra). If deuteration 
of Cp* proceeds via formal hydride abstraction at Lewis 
acidic sites on sulfated alumina with selectivity similar to 
that of trityl cation, this provides additional evidence that 
sulfated metal oxides are capable of the one electron redox 
chemistry proposed to be operant in catalytic alkane isom-
erization, and may further inform on potential mecha-
nisms for organometallic interactions with these materials.  
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Scheme 1. Hydride abstraction from Cp* by trityl cation via 
oxidation followed by H-atom abstraction reported by Hei-
nekey and coworkers. 

 
To further explore this mechanistic possibility, the re-

activity of trityl cation towards the organometallic precur-
sor for surface metallation (1) was evaluated. It was not 
clear a priori whether the chemistry reported by Heinekey 
and coworkers on the related NHC-supported iridium Cp* 
system would apply to the trimethylphosphine congener.13 
Bergman and coworkers have reported that [Ph3C][BF4] re-
acts with iridium dimethyl complex 1 to form iridium eth-
ylene hydride complex 4, by a similar oxidative mechanism 
involving formal hydride abstraction from a methyl group 
to form a methylene, followed by insertion and β-hydride 
elimination.16 Given the surprising differences in reactivity 
between the NHC- and phosphine-supported iridium with 
trityl cation, we sought to replicate this experiment with 
the related [Ph3C][B(C6F5)4] salt. Indeed, the major product 
of this reaction was ethylene hydride complex 4; however, 
a minor product (about five percent) consistent with tetra-
methylfulvene complex 5 was observed by 1H NMR spec-
troscopy (Scheme 2, top). This selectivity for formal hy-
dride abstraction from the methyl ligands is inconsistent  

 

 

 

Scheme 2. Formal hydride abstraction from 1 and 2, resulting 
in orthogonal regiochemical selectivity. Thermal ellipsoids of 
X-ray structure shown with 50% probability. Hydrogens omit-
ted for clarity (Ir = purple, P = orange, C = Black, H = white) 

 

with the observed deuteration of Cp*; however, as previ-
ously described, the acidic sulfated surface rapidly cata-
lyzes the transformation of dimethyl complex 1 to methyl 
phenyl complex 2, which is the predominant species in so-
lution on the timescale of the observed deuteration.  

In order to assess whether this related species under-
went formal hydride abstraction with selectivity consistent 

with the observed deuteration behavior, methyl phenyl 
complex 2 was similarly subjected to treatment with trityl 
cation. In this case, the iridium complex was selectively 
converted to tetramethylfulvene complex 6, which was ob-
served as a mixture of two conformational isomers by 1H 
NMR spectroscopy (Scheme 2, bottom). Upon vapor diffu-
sion of pentane into a dichloromethane solution of 6 at −30 
°C, material suitable for single crystal X-ray diffractometry 
was obtained. The crystallographic data reveal distortions 
of the bond lengths of Cp* consistent with formation of a 
tetramethyfulvene complex, with the exocyclic double 
bond located trans to the Ir–Me group.  

In an attempt to further elucidate the origins of or-
thogonal selectivity between dimethyl complex 1 and me-
thyl phenyl complex 2, the stepwise process of one-elec-
tron oxidation followed by hydrogen atom abstraction by 
a trityl cation was explored computationally at the 
B3LYP/CEP-31G level of theory. Electron transfer from 
both 1 and 2 to form a trityl radical and a cationic irid-
ium(IV) intermediate was thermodynamically favorable in 
both cases (ΔG = −8.7 and −1.2 kcal/mol, respectively). The 
barriers for hydrogen atom abstraction by a trityl radical 
from the oxidized forms of both 1 and 2 were examined at 
the Cp*-methyl and iridium-methyl positions. The differ-
ence in barriers for hydrogen atom abstraction from oxi-
dized 1 at the Cp*-methyl and iridium-methyl positions 
was within the computational margin of error (ΔG‡ = 30.3 
vs. 33.0 kcal/mol, respectively), which is consistent with 
the observation of both the ethylene hydride and tetra-
methylfulvene complexes in the reaction mixture (Figure 
3, top). When these barriers were compared for hydrogen 
abstraction from the oxidized methyl phenyl intermediate, 
a clear kinetic preference for reactivity at the Cp*-methyl 
position was observed (ΔΔG‡ = 10.5 kcal/mol), which re-
mains in agreement with empirical observation (Figure 3, 
bottom). These data support the hypothesis that the acti-
vation (and subsequent deuteration) of Cp* in the presence 
of sulfated alumina may proceed through an iridium ful-
vene intermediate formed by one electron oxidation and 
hydrogen atom abstraction by the surface. This mechanis-
tic hypothesis also accounts for the observed formation of 
iridium phenyl hydride species 4. This complex is presum-
ably formed upon transfer of a surface hydride abstracted 
from Cp* to a chemisorbed iridium phenyl fragment. Fur-
thermore, this hypothesis is in agreement with the descrip-
tion of sulfated metal oxides as strong one electron oxi-
dants for catalytic alkane isomerization,6-7 and represents 
the first example of this mode of reactivity toward organo-
metallic complexes. 

While extensive deuteration of Cp* (in the residual 
precursor) was observed during chemisorption of iridium 
dimethyl complex 1 on SA, little to no deuteration was ob-
served for chemisorption on SZ. In order to reconcile this 
apparent inconsistency, the differences in preparation of 
these materials were examined. Two major differences in 
procedure were apparent: 1) the concentration of sulfuric 
acid used for sulfation and 2) whether or not the material 
is vacuum activated. In the case of sulfated zirconia, 0.25 



 

M aq. H2SO4 was used for sulfation, while for sulfated alu-
mina 2.5 M aq. H2SO4 was used (SA2.5M). Sulfated zirconia 
was not vacuum activated (and was briefly exposed to air 
after calcination), while sulfated alumina was subjected to 
vacuum activation at elevated temperature (450 °C); these 
differences in preparation may account for the variation in 
oxidative behavior proposed to contribute to Cp* deuter-
ation.  

 
Figure 3. Computationally-derived barriers for hydrogen 
atom abstraction from oxidized complexes 1 and 2. 

 

To explore the role of sulfate concentration on surface 
redox behavior, alumina was sulfated with two additional 
concentrations of sulfuric acid, 0.1 and 0.5 M aq. H2SO4 
(SA0.1M, SA0.5M). Inductively coupled plasma–mass spec-
trometry (ICP–MS) confirmed that increasing concentra-
tions of sulfuric acid in the sulfation reaction correlated to 
an increase in weight percent of sulfur and by extension 
increased sulfate loading (0.570, 1.34, and 2.93 wt% for 0.1, 
0.5, and 2.5 M aq. H2SO4, respectively; Table 1).17 Chemi-
sorption of 1 on each of these materials by the standard 
protocol outlined above revealed that the extent of Cp* 
deuteration was associated with the level of sulfate loading; 
8, 45, and 47% Cp* deuteration of the residual organome-
tallic precursor was observed after 16 hours for SA0.1M, 
SA0.5M, SA2.5M, respectively (Figure 4). In addition to Cp* 
deuteration through this proposed oxidative mechanism, 
it was also observed that high sulfate loadings led to oxida-
tive decomposition of iridium on the surface as evidenced 
by the appearance of surface-bound trimethylphosphine 
oxide and trimethylphosphine by 31P DNP-enhanced NMR 
spectroscopy (Figure S18).18 

 

Table 1. Weight percent sulfur of sulfated alumina samples 
and percent Cp* deuteration after 16 hours of chemisorption 
as a function of sulfation molarity. 

 Sulfur % (w/w) 
Cp* % D (after 16 

h) 

Ir-SA0.1 0.570 8 

Ir-SA0.5 1.34 45 

Ir-SA2.5 2.93 47 
 

Figure 4. Observation by solution 1H NMR that Cp* deuter-
ium incorporation in the residual organometallic precursor 
increases with surface sulfate concentration after 16 h. *inter-
nal standard (1,3,5-tri-tertbutylbenzene). 

 

The metalated sulfated alumina variants Ir-SA0.1, Ir-
SA0.5, and Ir-SA2.5 were then subjected to hydrogenolysis 
conditions as a probe for surface Lewis basicity. Previously 
we have reported that electron-donating surfaces afford 
iridium(III)-monohydride species upon hydrogenolysis, 
while more non-coordinating surfaces engender further re-
activity toward dihydrogen to afford iridium(V)-trihydride 
species.8 Treatment of Ir-Al2O3 (where Ir = 
[Cp*(PMe3)IrPh]) with hydrogen affords an iridium(III)-
monohydride with an iridium–hydride stretch at 2072 cm−1 
by diffuse reflectance infrared Fourier transform spectros-
copy (DRIFTS). In contrast, the infrared spectrum of hy-
drogenolyzed iridium on SA2.5M features one sharp absorp-
tion at 2143 cm−1, assigned to an iridium(V)-trihydride by 
analogy to the related iridium species on sulfated zirconia 
(2137 cm−1).8 The infrared spectra of hydrogen-treated irid-
ium on SA0.5M and SA0.1M, however, revealed iridium-hy-
dride stretches corresponding to both iridium(III)-
monohydride and iridium(V)-trihydrides (Figure 5), with 
the trihydride-associated absorption more intense in the 
spectrum for iridium on SA0.5M relative to iridium on SA0.1M.  

8% 
(SA

0.1
) 

Cp* Percent  
Deuterium 
(Support) 

45% 
(SA

0.5
) 

47% 
(SA

2.5
) 

* 



 

2400 2250 2100 1950 1800

In
te

n
s
it
y
 (

a
.u

.)

Wavenumber (cm1)

 

 

 ν  Ir–H (cm−1) 

Ir–SA2.5 2143 

Ir–SA0.5 2143, 2039 

Ir–SA0.1 2142, 2053 

Ir–Al2O3 2072 
 

 

Figure 5. Hydrogenolysis of iridium on Al2O3, SA0.1, SA0.5, and 
SA2.5.  

 

These data may suggest incomplete coverage of the alu-
mina surface with sulfate groups at low sulfuric acid con-
centrations (i.e.; 0.1 and 0.5 M H2SO4) such that local coor-
dination environments for iridium include a mixture of 
sulfate- and alumina-bound sites.19 These data are also 
consistent with catalytic H/D exchange behavior for sup-
ported iridium which generally follows the trend that in-
creasing sulfate loading correlates with greater H/D ex-
change activity: for example, catalytic H/D exchange with 
iridium on sulfated alumina using benzene-d6 as a deuter-
ium source revealed that the sp3-hybridized methyl group 
of toluene exhibits deuterium incorporations of 11, 46, and 
70% for iridium on SA0.1M, SA0.5M, and SA2.5M, respectively 
(Table S1). 

While these data suggest that sulfate loading plays a 
role in the oxidative behavior of the surface, the role of vac-
uum activation remained ambiguous. Recall that SA was 
subjected to thermal vacuum treatment post-calcination, 
while SZ was not.  In order to probe the effect of vacuum 
activation, the preparative treatments of SZ were revisited. 
To complement the existing SZ material, two additional SZ 
samples were prepared with vacuum activation at 300 and 
450 °C for 3 hours (SZ300 and SZ450). Upon metalation of 
these materials with complex 1, the extent of Cp* deuter-
ation was assessed by 1H NMR spectroscopy (Figure 6). Cp* 
deuteration of the excess precursor was found to increase 
with vacuum activation temperature. Tracking the chemi-
sorption experiment on the non-vacuum activated mate-
rial revealed that some Cp* deuteration was observable af-
ter 16 h (~10%). A slight increase to 12% Cp* deuteration 
was observed in the deposition on SZ300, while more signif-
icant deuteration was observed for SZ450 (25% deuteration). 
While vacuum activation temperature correlates directly 
to surface oxidation behavior in SZ, an inverse correlation 
was observed for catalytic H/D exchange of the in situ gen-
erated methane (Figure 6, right). These observations sug-
gest the possibility that hydrated sites become strongly 
Brønsted acidic, while dehydrated sites are afforded in-
creased electron affinity leading to oxidative behavior. The 

hydrated sites would, by extension, act as non-coordinat-
ing conjugate bases after chemisorption of the organome-
tallic species leading to high catalytic activity.14, 20 

 

 
Figure 6. Solution 1H NMR spectra indicating the correlation 
of vacuum activation temperature to Cp* deuteration and the 
inverse correlation between vacuum activation temperature 
and activity of supported iridium species for catalytic H/D ex-
change of methane. *internal standard (1,3,5-tri-tertbutylben-
zene). 

 

Based on these findings, we sought to identify partic-
ular surface species that may contribute to the observed 
redox behavior for sulfated metal oxides.21 It should be 
noted that while there is still debate regarding the contri-
bution of Lewis/Brønsted acidity vs. reduction–oxidation 
behavior to alkane isomerization, recent consensus seems 
to underscore the importance of oxidative behavior.22 Sig-
nificant effort has been directed toward understanding the 
surface speciation of sulfated metal oxides and, in particu-
lar, identifying the species most relevant to catalytic activ-
ity (e.g., in the context of alkane isomerization). While sul-
fated zirconia has been studied more extensively than sul-
fated alumina, activity trends and relevant surface specia-
tion should be generally applicable within this class of ma-
terials. Preparative parameters including zirconia crystal-
line phase,23 sulfate concentration,5e, 24 and catalyst activa-
tion temperature/surface hydration have been identified as 
critical in determining catalytic activity.5e, 22c, 23, 25 Morterra 
and coworkers and others have observed a decrease in cat-
alytic alkane isomerization upon hydration of the surface 
of sulfated zirconia.22c, 26 Hydration or exposure to ambient 
atmosphere leads to a significant change in the infrared 
spectrum of activated sulfated metal oxides. Most notably, 
a peak around 1400 cm−1 assigned to an S＝O stretch shifts 
to lower wavenumbers (at low levels of hydration) or dis-
appears completely. Physisorbed water can also be charac-
terized by the observation of its bending mode in the in-
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frared spectrum of 1600–1640 cm−1.25-27 As surface dehydra-
tion and the presence of the S＝O vibration band appear to 
correlate well with catalytic activity, structural identifica-
tion of the species corresponding to the peak at 1400 cm−1 
has been the subject of many investigations. Computa-
tional studies by Sauer and coworkers suggest that this 
peak, and the observed oxidative behavior, correspond to 
a tripodal sulfate (SO4

2-)  formed from SO3 absorbed on the 
surface or a pyrosulfate (S2O7

2-) species.22a Others have sim-
ilarly proposed pyrosulfate as a surface species that forms 
under vacuum activation via condensation of adjacent sul-
fate groups at high sulfate concentrations.5e, 25, 27b, 28 Im-
portantly, both the tripodal sulfate and pyrosulfate species 
would be expected to be very sensitive to hydrolysis, pre-
sumably forming a hydrated bipodal sulfate and hydrolyti-
cally cleaved sulfate groups, respectively (Scheme 3).  

 
Scheme 3. Representations of tripodal sulfate and pyrosulfate 
sites potentially responsible for redox activity. 

 

Oxidative chemistry promoted by sulfated metal ox-
ides in the chemisorption of iridium complex 1, as evi-
denced by deuteration of the Cp* ligand of residual iridium 
in solution, is consistent with the data described above: 
vacuum activation or dehydration of the surface is required 
for observable oxidation. Additionally, higher sulfate con-
centration (wt% S) correlates to increased deuteration. 
This combination of vacuum activation and higher sulfate 
loading may insinuate that a pyrosulfate species on the 
metal oxide surface rather than a tripodal sulfate is likely 
responsible for oxidation, as pyrosulfate formation is ex-
pected to be dependent on sulfate concentration.  

The infrared spectra of the unmetalated supports were 
consistent with previous reports by Morterra and cowork-
ers (Figure 7).25 As prepared SO4/ZrO2 has a band at 1397 
cm−1 assigned to an S＝O double bond stretch of a highly 
electron deficient sulfate group. Vacuum activation of this 
material shifts this band to higher wavenumbers: 1401 and 
1406 cm−1 for SZ300 and SZ450, respectively. Physisorbed H2O 
is evident in the as prepared (and briefly air-exposed) sam-
ple by a substantial peak at 1599 cm−1; the intensity of this 
peak decreases significantly upon vacuum activation and is 
nearly undetectable in the sample vacuum activated at 
higher temperature (SZ450). Prolonged exposure to atmos-
phere of all the SZ samples leads to complete loss of the S
＝O mode with concomitant appearance of a strong new 

broad S–O band at ~1250 cm−1, as well as a significant in-
crease in the intensity of the band indicative of phy-
sisorbed H2O (~1626 cm−1). 
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Figure 7. Infrared absorption spectra of sulfated zirconia var-

iants as prepared with S＝O stretch centered at ~1400 cm−1 
(left) and after brief exposure to atmospheric moisture (phy-
sisorbed H2O absorption at ~1626 cm−1) (right).  

 

Sulfate concentration in SA was also observed to 
markedly impact the energy of the S＝O infrared absorp-
tion band (Figure 8). The increased sulfate loading in SA0.1M 
(0.570 wt% S) compared to SA0.5M (1.34 wt% S) resulted in 
a shift of the S＝O absorption band from 1382 to 1402 cm−1. 
A further increase to SA2.5M (2.93 wt% S) resulted in broad-
ened absorption without any substantial shift in maximum 
intensity, with a peak absorption at 1398 cm−1. These data 
are consistent with the aforementioned oxidative Cp* deu-
teration data, wherein deuteration increased substantially 
between SA0.1M and SA0.5M from 8% to 45% deuteration af-
ter 16 hours, while only a marginal increase was observed 
for SA2.5M at 47% deuteration. Atmospheric exposure of 
vacuum activated sulfated alumina samples resulted in dis-
appearance of the high energy S＝O band and evidence of 
physisorbed H2O, similar to previous observations with 
sulfated zirconia.  

To further investigate the role of the surface species 
with the S＝O band in oxidation, a sample of SA2.5M was 
briefly exposed to atmospheric moisture and metalated 
with Cp* iridium dimethyl complex 1. While conversion of 
1 to methyl phenyl complex 2 was observed, no deuteration 
of the Cp* methyl groups was evident after 16 hours. To-
gether, these data suggest that a surface species, contain-
ing a S＝O bond on a highly dehydrated surface, consistent 
with either the tripodal sulfate or pyrosulfate species pre-
viously proposed by Sauer and coworkers is responsible for 
the promotion of oxidative chemistry.22a Some evidence to 
support pyrosulfate over tripodal sulfate as the identity of 
the redox active species is provided by the correlation be-
tween the surface sulfate concentration and oxidative Cp* 
deuteration; however, a direct spectroscopic differentia-
tion of these species remains elusive. 

SO4/ZrO2 

SZ300 

SZ450 

SZ450 

+H2O 

 

SZ300 

+H2O 

 

SO4/ZrO2 

+H2O 

 



 

1800 1600 1400 1200 1000

In
te

n
s
it
y
 (

a
.u

.)

Wavenumber (cm1)  
1800 1600 1400 1200 1000

In
te

n
s
it
y
 (

a
.u

.)

Wavenumber (cm1)  
Figure 8. Infrared absorption spectra of sulfated alumina var-

iants as prepared with S＝O stretch centered at ~1400 cm−1 
(left) and after brief exposure to atmospheric moisture (phy-
sisorbed H2O absorption at ~1626 cm−1) (right). 

 

In order to obtain further evidence for redox activity 
at either the tripodal sulfate or pyrosulfate sites, a compu-
tational study of these species on an alumina surface was 
undertaken using a periodic model (for computational de-
tails, see SI page S16). Before addressing the relative 
strengths of individual oxidation sites, we first assessed the 
thermodynamics of hydration of both the tripodal sulfate 
and pyrosulfate structures. The minimized structure for 
isolated monosulfate on the alumina surface was found to 
have a tripodal configuration, with one oxygen atom bridg-
ing between two lattice aluminum atoms (Figure 9, left). A 
related bipodal isomer was found to be only 4.7 kcal/mol 
higher in energy, suggesting the potential for a distribution 
of sites on the surface (Figure S19c). Physisorption of a wa-
ter molecule onto the tripodal configuration was calcu-
lated to be exothermic at −16.6 kcal/mol. The water mole-
cule displaces a sulfur-oxygen–aluminum interaction from 
the tripodal structure, resulting in a bipodal sulfate with a 
hydrogen bonding interaction between the bound water 
and a sulfate oxygen (Figure 9, right). Further minimiza-
tion resulted in the rearrangement of this structure to 
transfer a proton from the bound water to a bridging lattice 
oxygen, which was found to be highly exothermic, at −42.7 
kcal/mol (Figure 9, bottom).   
 

 

 

 

 

 

 

 

 

 

 

Figure 9. Calculated structure for a monosulfate species on an 
alumina surface: minimized structure (left), addition of one 
molecule of water (right), and rearrangement to the mini-
mized hydrated species (bottom). 

The minimized pyrosulfate structure was determined 
to be asymmetric with two sulfur-oxygen–aluminum inter-
actions on one side of the molecule (including one oxygen 
atom bridging two lattice aluminum atoms), and one sul-
fur-oxygen–aluminum interaction on the other. Both min-
imized models for monosulfate and pyrosulfate would be 

consistent with a strong S＝O double bond stretch being 
observed by infrared spectroscopy. Hydration of the sur-
face in the pyrosulfate model could result in cleavage of the 
pyrosulfate linkage to afford two protic monopodal sul-
fates. Calculation suggests that this reaction is thermody-
namically favorable with a reaction energy of −16.2 

kcal/mol (Figure 10). 

 

 

 

 

 

 

Figure 10. Calculated structure for a pyrosulfate species on an 
alumina surface: minimized structure (left), addition of one 
molecule of water (right). 

 

Based on these minimized structures, electron affini-
ties were determined for the monosulfate and pyrosulfate 
before and after hydration.21,29 In both cases the addition of 
an electron to the dehydrated surfaces was more energeti-
cally favorable. Reduction of the tripodal monosulfate was 
endothermic by 17.6 kcal/mol; the resulting sulfate struc-
ture was bipodal in configuration (Figure 11). In compari-
son, the computationally determined electron affinity of 
the surface after hydration was 24.0 kcal/mol, 6.4 kcal/mol 
higher in energy. By contrast, the addition of an electron 
to the pyrosulfate model was exothermic with a calculated 
electron affinity of −21.5 kcal/mol. The reduced structure 
had undergone scission of the pyrosulfate linkage. Bader 
charge analysis showed that the majority of the negative 
charge resides on a bipodal sulfate with a presumed un-
paired electron on the opposing sulfur moiety (Figure 12).30 
The hydrated pyrosulfate structure was found to have an 
electron affinity of 26.5 kcal/mol. These data are consistent 
with our experimental observations; surface hydration de-
creases electron affinity, and by extension, Cp* deuteration 
in chemisorption experiments for both computationally 
interrogated surface structures. Further, the significant in-
crease in exothermicity of reduction of the pyrosulfate 
structure relative to the monosulfate supports the correla-
tion between surface sulfate concentration and observed 
oxidative behavior.  

We therefore propose that the surface species respon-
sible for the observed oxidative behavior, both in the or-
ganometallic system described herein and in previous re-
ports on alkane isomerization, is likely a pyrosulfate struc-
ture on a highly dehydrated metal oxide surface (either zir-
conia or alumina). Cp* deuteration may proceed via elec-
tron transfer to a surface pyrosulfate, affording a  
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Figure 11. Calculated structure for a monosulfate species on 
an alumina surface: minimized structure (left), and after addi-
tion of an electron (right). 

 

 

 

 

 

 

  

Figure 12. Calculated structure for a pyrosulfate species on an 
alumina surface: minimized structure (left), and after addition 
of an electron (right). 

 

putative cationic iridium(IV) intermediate and sulfur 
bound radical species, consistent with homogeneous reac-
tivity with trityl cation (vide supra).13 This sulfuryl radical 
then effects a hydrogen atom abstraction from the iridium 
center to generate a tetramethylfulvene complex, complet-
ing formal hydride transfer to the surface. Deuterium ex-
change of this hydrogen atom should be facile via 
acid/base mechanisms on the surface, allowing for deuter-
ation of Cp* by the microscopic reverse of this proposed 
mechanism (Figure 13). 

 
Figure 13. Proposed mechanism of Cp* activation at redox ac-
tive pyrosulfate sites. 

 

Conclusions 

An understanding of the dynamic reactivity between 
organometallic complexes and support materials is of crit-
ical importance to the development of new strategies for 
the design of heterogeneous processes. Highly acidic sul-
fated metal oxides are promising catalysts for the transfor-
mation of light alkanes, for which recent evidence supports 
the integral mechanistic role of redox behavior. These ma-
terials have also been implemented as non-coordinating 
supports for organometallic catalysts; however, the role of 
redox interactions between organometallics and the func-
tionalized surface is as yet unexplored.  

Herein, we have demonstrated an unexpected redox 
interaction between an iridium organometallic complex 
and the sulfated metal oxide surfaces, as evidenced by the 

observation of deuteration at the ancillary Cp* ligand. Sur-
face hydration and sulfate loading were found to play an 
integral role in this redox process. Sulfate concentration 
dependence and computationally derived electron affini-
ties support the role of a highly electron-deficient pyrosul-
fate structure as the redox-active site. In contrast, hydra-
tion of the sulfate sites leads to increased Brønsted acidity, 
and higher activity of chemisorbed iridium complexes to-
ward electrophilic H/D exchange of methane. Surface re-
dox activity of the sulfated metal oxides described in this 
work is a tunable parameter that may be leveraged in fu-
ture work on supported organometallic complexes.  
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