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An approach for the control and understanding of supported molecular catalysts is demonstrated with the design and synthesis of
open and closed variants of a grafted Lewis acid active site, consisting of Al(III)-calix[4]arene complexes on the surface of silica. The
calixarene acts as a molecular template that enforces open and
closed resting-state coordination geometries surrounding the metal
active sites, due to its lower-rim substituents as well as site isolation
by virtue of its steric bulk. These sites are characterized and used to
elucidate mechanistic details and connectivity requirements for
reactions involving hydride and oxo transfer. The consequence of
controlling open versus closed conﬁgurations of the grafted Lewis
acid site is demonstrated by the complete lack of observed activity
of the closed site for Meerwein-Ponndorf-Verley (MPV) reduction;
whereas, the open variant of this catalyst has an MPV reduction
activity that is virtually identical to previously reported soluble molecular Al(III)-calix[4]arene catalysts. In contrast, for oleﬁn epoxidation using tert-butyl-hydroperoxide as oxidant, the open and closed
catalysts exhibit similar activity. This observation suggests that for
oleﬁn epoxidation catalysis using Lewis acids as catalyst and organic
hydroperoxide as oxidant, covalent binding of the hydroperoxide is
not required, and instead dative coordination to the Lewis acid center is sufﬁcient for catalytic oxo transfer. This latter result is supported by density functional theory calculations of the transition
state for oleﬁn epoxidation catalysis, using molecular analogs of
the open and closed catalysts.
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etalloenzymes ubiquitously enforce a coordinatively unsaturated and open active site within the catalyst resting
state (1); well-characterized examples of this include laccase (1),
methane monooxygenase (2, 3), urease (4), and aconitase (5),
among others. Open sites have historically been recognized as
the relevant active sites in synthetic heterogeneous catalysts as
well, typically consisting of metal surfaces (6), bulk inorganic
oxides (7, 8), and heteroatom-substituted zeolites (9); however,
control of heterogeneous catalyst function via selective synthesis
of open sites has remained elusive, due in part to the challenge of
synthesizing materials with programmable and well-deﬁned
structural environments at the active site on the atomic level.
The importance of open active sites in heterogeneous catalysis is
evident in the early work of Somorjai and coworkers, who
comparatively characterized CO adsorption modes on open sites
such as defect kinks and edge sites, as well as closed sites consisting of terraces, on crystalline Pt(111) surfaces (6). The former
perform dissociative adsorption of CO, whereas associative adsorption of CO dominates on the latter (6), and this in turn has
signiﬁcant repercussions for understanding catalysis on Pt surfaces (10). Open sites have since been invoked as the relevant
active sites in a variety of reactions including ammonia synthesis,
oxidation, coking, and water–gas shift (11–14). There are several
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representative contemporary examples of open and closed heterogeneous catalyst active site structures in solid inorganic-oxide
catalysts (SI Appendix, Fig. 1S). Within the context of this paper,
open refers to active sites that are able to covalently bind a reactant via release of a labile monodentate ligand on the Lewis
acid metal center; whereas, closed sites are unable to do this. A
notable example of the catalytic signiﬁcance of open active sites
is provided by Corma et al. using Sn(β)-zeolite (15–18). Steaming
of the fully condensed and closed Sn(IV) Lewis acid sites within
the zeolite (SI Appendix, Fig. 1S entry 2b) likely hydrolyzes
Sn−O−Si bonds, and thereby synthesizes open catalytically active sites (SI Appendix, Fig. 1S entry 2a) (15–18). Such open Sn
(IV) sites have recently been characterized via FTIR spectroscopy using acetonitrile as a probe molecule, as well as solid-state
NMR spectroscopy (19), and are hypothesized to be responsible for the high activity observed in heterogeneous MPV reduction
(15–18), glucose isomerization to fructose via hydride transfer,
(20, 21), and fructose dehydration to afford 5-(hydroxymethyl)
furfural (22).
Here, we demonstrate the design and synthesis of both open and
closed variants of a grafted Lewis acid site, using an organic–inorganic approach, which is based on grafted Al(III)-calix[4]arene
active sites on the surface of partially dehydroxylated porous silica.
Other notable examples of grafted metal cations on the silica
surface include noncalixarene grafted Al(III) sites on silica using
an aluminum-methyl precursor complex (23–25), and an elegant
solid-phase version of the Sharpless homogeneous epoxidation
catalyst (see below). This latter example employs open grafted Ta
(V) active sites, which were shown to be highly enantioselective for
epoxidation of allylic alcohols (26). Our approach is described with
the synthesis and catalytic characterization of open and closed
grafted active-site structures (SI Appendix, Fig. 1S entries 3a and
3b, respectively), and is ﬁrst demonstrated for the MPV reduction
shown. This is a reaction in which open sites are commonly invoked as a requirement for catalysis, to synthesize bound alkoxide
via chemisorption of secondary alcohol to the Lewis acid site in
a six-membered transition state. These open and closed active
sites are subsequently used to help understand site-connectivity
requirements in a system where it is currently unknown whether
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Results and Discussion
The importance of sterically bulky and rigid calixarene-based
ligands has recently been demonstrated in the design, synthesis,
and stabilization of the most accessible metal clusters reported to
date, as well as synthesis of stable open metal-carbonyl clusters in
solution that are synthesized via decarbonylation, which can also be
recarbonylated (34, 35). A conceptually related approach has been
used to site isolate grafted metal cations on silica surfaces within
non-octahedral coordination geometries, using Lewis acidic
metallocalixarene complexes as precursors for anchoring (36,
37). Using the proven ability of tert-butyl-calix[4]arene ligands to
site-isolate and template speciﬁc environments surrounding
grafted metal cation catalysts on inorganic-oxide surfaces (36,
37), we synthesize both open and closed variants of a grafted
metal catalyst active site (as represented by SI Appendix, Fig. 1S
entries 3a and 3b).
Fig. 1 summarizes the synthesis of open and closed Al(III)-calix[4]
arene active sites grafted on silica. Calix[4]arene ligand is selectively either bis- (in the case of 7) or tris- (in the case of 1) alkylated
at the lower rim in a single step using cation templating during
synthesis (38, 39). The resulting ligand is reacted with Me3Al to
afford the corresponding dimethyl-Al complex 2 (precursor for
open heterogeneous site) or monomethyl-Al complex 8 (precursor
for closed heterogeneous site) via evolution of methane. The ﬁnal
Nandi et al.

Fig. 1. Synthesis of open 6 and closed 9 Al(III) sites using calix[4]arene
ligands. The homogeneous solution analogs 4 and 5 are synthesized by
treating 2 and 8 with 2-propanol.

synthetic step involves grafting of methyl-Al species consisting of
either 2 or 8 via reaction with silanol sites on dehydroxylated
silica. This synthesizes grafted Al(III)-calix[4]arene sites within
either an open 3 or a closed 9 conﬁguration. Treatment of open
grafted site 3 with isopropanol synthesizes open site 6 consisting
of aluminum isopropoxide complex via liberation of methane. As
an alternative, precursors 2 and 8 can be subsequently reacted
with 2-propanol to yield soluble Al(III)-calix[4]arene isopropoxides
4 and 5, respectively.
Table 1 summarizes the open 6 and closed 9 heterogeneous
catalysts investigated, consisting of varying surface coverage and
dehydroxylated silica support pretreatments. Thermogravimetric
analysis coupled with mass spectrometry (TGA) of materials 6
and 9 measures the amount of grafting on the surface of silica.
Table 1. Summary of materials synthesized
Sample*
6-SiO2-450
6-SiO2-450
6-SiO2-450
6-SiO2-800
9-SiO2-450
9-SiO2-450

μmol/g† Calixarene nm−2 Al‡:calixarene MPV TOF§ h−1
115
57
30
120
77
117

0.29
0.15
0.08
0.27
0.22
0.33

0.9

1.0

1.5
1.5
1.5
2.1
<0.03
<0.03

*Nomenclature: catalyst 9-SiO2-450 indicates grafted complex 9 on silica pretreated to 450 °C before grafting.
†
Active-site concentration: determined by combustion analysis using inhouse TGA.
‡
Measured by inductively coupled plasma mass spectrometry (ICP-MS).
§
Turnover frequency (TOF) is number of MPV reduction events per time per
Al site.
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either open or closed sites are required for catalysis: Lewis acid–
catalyzed oleﬁn epoxidation using organic hydroperoxide as oxidant.
This reaction as well as related Ti(IV)-catalyzed epoxidations using
either homogeneous sites consisting of Ti(IV)-isopropoxide and
tartrate (i.e., Sharpless epoxidation system, ref. 33) or Ti(IV) sites
in zeolite TS-1 may prefer either the open or closed active-site
structures for high activity (see SI Appendix, Fig. 1S entries 1a and
1b for open and closed structures, respectively); alternatively, they
may function equally well with either one (27).
Early density functional theory (DFT) calculations of the TS-1
active site by Vayssilov and van Santen predict that a closed site
catalyzes oleﬁn epoxidation when using hydrogen peroxide as
oxidant, without the need for cleavage of H−O hydroperoxide
and Ti−O−Si bonds (28). This mechanism, as well as related
recently proposed mechanisms involving organic hydroperoxide
(29), are directly at odds with one proposed mechanism based on
experimental evidence (30–32) (and supported with DFT modeling) (31, 32), which involves H−O-bond cleavage during hydrogen peroxide chemisorption and the open site (SI Appendix,
Fig. 1S entry 1a) as a relevant intermediate. This latter mechanism closely resembles that proposed for Sharpless’ Ti(IV)-catalyzed allylic alcohol epoxidation system, which also invokes an open
active site; however, in the latter system, 17O NMR spectroscopic
data are inconclusive regarding the nature of hydrogen peroxide
binding to the catalyst active site (i.e., covalent versus noncovalent hydrogen peroxide binding to the metal center) (33).
An understanding of the coordination requirements for catalyst
active sites is invaluable to the rational design and implementation of new catalysts. In this article, the intentional synthesis of
open and closed Lewis acid sites anchored on a solid surface
enables the investigation of the kinetic consequences of each type
of active-site structure for a particular reaction system. Density
functional theory analysis of the relevant transition states for
oleﬁn epoxidation supports the experimentally observed effect
of the open/closed nature of the catalyst resting state on the
working-state catalytic activity. These results have broad implications on the covalent versus dative nature of hydroperoxide
binding to the Lewis acid metal center during oleﬁn epoxidation
catalysis. The presented approach of synthesizing analogous
complexes with and without open coordination sites provides an
opportunity to investigate the coordination requirements for
catalysis at the active site, which is otherwise difﬁcult to assess
experimentally.
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Fig. 2. (A) Solid-state 27Al MAS NMR spectroscopy of 9-SiO2(450) at room
temperature; (B) liquid-state 27Al NMR spectroscopy of 8 in d8-toluene; (C)
liquid-state 27Al NMR spectroscopy of 2 in d8-toluene. Liquid-state 27Al NMR
spectroscopy was performed on a 7.05 Tesla magnet, operating at a frequency of 78.2 MHz, and using 90° pulses of 2.2 μs. The spectra are obtained
with a spin-echo sequence with an echo time of 40 μs (see SI Appendix for
spectra obtained with single-pulse excitation of same precursors). The 27Al
chemical shift is calibrated to 1.1 M Al(NO3)3 in D2O at 0 ppm, and Gaussian
line broadening of 700 Hz is performed.
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Ketone Conversion (%)

For both 6 and 9, the maximum surface coverage of grafted
calix[4]arene complex on silica is ∼0.3 calix[4]arene/nm2, and
elemental analysis conﬁrms the expected Al:calixarene ratio of
unity. Previously, we demonstrated a similar surface coverage of
grafted metallocalixarene sites to correspond to the expected
jamming limit for random sequential adsorption, at about 55%
fractional surface area occupied by grafted calixarene sites. The
thermal stabilities of 6 and 9 during combustion in air are similar
as assessed using thermogravimetric analysis.
27
Al MAS NMR spectroscopy of the closed grafted Al(III)calix[4]arene active site 9-SiO2(450) is shown in Fig. 2A, and
consists of a prominent resonance centered at ∼33 ppm. The
chemical shift of this resonance corresponds to previously
reported ﬁve-coordinate aluminum centers in oxide materials
(40, 41). Similar resonances are measured with spin-echo pulse
sequence for methyl Al(III)-calixarene complexes before anchoring, as shown in Fig. 2B for closed material precursor 8 and
Fig. 2C for open material precursor (see SI Appendix for corresponding spectra obtained with a single-pulse excitation). The
broad 27Al NMR patterns are a result of large 27Al quadrupolar
coupling in a low-symmetry coordination environment. The center
resonances of all spectra in Fig. 2 are notably shifted away from
0 ppm, the expected chemical shift for octahedral aluminum species, and are within the range known for Al(III)-alkoxides and Al
(III)-phenoxides (40, 41). There are no AlMe3 species remaining
after reaction as veriﬁed via complete loss of calix[4]arene OH
resonance in the 1H NMR spectra as well as lack of the characteristic 155-ppm resonance in the 27Al NMR spectrum.
Homogeneous Al(III)-calix[4]arene complexes are active MPV
reduction catalysts (42). Heterogeneous open catalyst 6 follows
similar connectivity as previously described for related open homogeneous catalysts, among them 5, which also possesses a cone
conformation, propoxy lower-rim substituents, and a covalent
Al(III) attachment to the calix[4]arene lower rim via oxygen. The
kinetic data for the MPV reduction of various heterogeneous and
homogeneous catalysts are summarized in Fig. 3 and Table 1,
using 2-chloroacetophenone and isopropanol as representative
ketone and reductant, respectively, at room temperature. We
observe closed variant heterogeneous 9-SiO2(450) to be completely inactive for MPV reduction catalysis, as is aluminum isopropoxide grafted to silica. This conﬁrms the closed nature of the
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Fig. 3. MPV catalysis: open site 6-SiO2-450 in brown (■), open site 6-SiO2800 in red (●), and closed 9-SiO2-450 shown in black (▼), homogeneous
catalysis with 5 in blue (▲). Grafted aluminum isopropoxide on silica has
a negligible catalytic activity, which is similar to that observed for 9-SiO2-450
for MPV reduction.

active site, which in 9-SiO2(450) is enforced via design of the
calixarene ligand as molecular template.
In stark contrast, catalysis using open catalyst 6 follows the previously observed and expected pseudozero-order rate dependence
on ketone concentration (42). The turnover frequency for catalyst
6-SiO2(800) is virtually the same as that observed for homogeneous
catalyst 5. No detectable leaching of the catalyst is observed via hotﬁltration test during catalysis (performed at reaction temperature—
see SI Appendix for details). When comparing 6-SiO2(450) as
catalyst at either dilute or saturation surface coverage of grafted
Al(III)-calix[4]arene sites, there is no coverage dependence on
the turnover frequency (SI Appendix). These data are consistent
with the single-site nature of 6-SiO2(450) as catalyst, as observed
for other grafted metallocalixarene-on-silica catalysts (36). In
addition, the slightly lower rate for 6-SiO2(450) relative to 6SiO2(800) suggests that a high degree of silica dehydroxylation
may promote monodentate attachment of open precursors to the
silica surface, because bidentate grafting is expected to synthesize
MPV-inactive sites within a closed conﬁguration. A monodentate
mode of attachment of the open Al(III) sites to silica within
catalyst 6 is consistent with studies of previous investigators who
have grafted Me3Al on silica (23–25), and a recent detailed
27
Al NMR spectroscopic analysis of the binding of Et3Al on silica,
which shows the predominant grafted species to contain two ethyl
ligands on aluminum (40). Scott et al. have notably shown within
this regard that a silica dehydroxylation temperature of 800 °C
promotes greater monodentate grafting of organometallic complexes relative to a lower temperature of 500 °C (23, 24). The
observations above rationalize the need for steaming, to open the
coordination sphere surrounding heterogeneous Lewis acid active
sites, when using Sn-β zeolite as catalyst for MPV reduction (15–18).
For the heterogeneous catalyst consisting of aluminum isopropoxide grafted onto silica, the active sites are closed presumably due to extensive aggregation. Such aggregation has
been previously reported to occur in dilute air-free solution of
aluminum isopropoxide (43), and can be envisioned to only be
ampliﬁed at the high local concentrations of grafted species on
the silica surface. This comparison highlights the critical role of
the calixarene as a ligand that enforces isolation of the catalyst
active sites within a preferred coordination geometry, in a manner
Nandi et al.
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Fig. 4. Activity of epoxidation of cyclohexene using tert-butylhydroperoxide as oxidant in toluene at 60 °C, using closed 9-SiO2-800 (●) and open
10-SiO2-800 (■) as grafted calix[4]arene catalyst active site. The linear trend
ﬁtting all data using least-squares regression is represented by the dashed
line for ease of comparison.

that cannot be accomplished via conventional methods of
grafting cations.
The results above demonstrate the synthesis and function of
a closed grafted active site, which is unable to perform MPV catalysis because of its inability to chemisorb isopropanol as isopropoxide, as well as an open grafted active site that is catalytically
active for MPV reduction. For oleﬁn epoxidation catalysis using
organic hydroperoxide as oxidant, it is unclear whether either
open or closed connectivity at the active site in the working state is
required for catalysis. These issues are relevant to heterogeneous
epoxidation catalysis using zeolite catalyst TS-1 as well as homogeneous catalysis with Sharpless’ system (33). In all of these
systems, it remains unclear whether an open versus closed active
site is required for epoxidation catalysis (i.e., whether productive
hydroperoxide binding for epoxidation catalysis involves covalent
Ti−O−OR binding versus dative Ti. . .HOOR oxidant coordination to the Lewis acid metal center). Dative hydroperoxide coordination could certainly proceed with a closed active site such as
9. However, covalent peroxide coordination is expected to require
an open active site such as 6, in the absence of Al−O−Si or
Al−O−calix[4]arene bond-breaking reactions with organic hydroperoxide. Such bond breaking is not observed even in the
presence of large excesses of isopropanol in the MPV reduction
systems described above, because the closed active site would
otherwise have been an active catalyst for MPV reduction.
Fig. 4 shows the results of cyclohexene epoxidation using tertbutyl-hydroperoxide as oxidant, on both open and closed grafted
Al(III)-calix[4]arene active sites as catalysts. In contrast to the
connectivity requirements for MPV reduction catalysis, both
open and closed heterogeneous active sites are similarly active
for oleﬁn epoxidation catalysis, which is shown by the slope of
the dashed line in Fig. 4. The epoxidation rate constant corresponding to the open 10-SiO2-800 and closed 9-SiO2-800 catalysts in Fig. 4 is 0.275 M−2 s−1. This rate constant is about
30-fold lower compared with previously reported grafted Ti(IV)calix[4]arene on silica epoxidation catalysts.
A possible interpretation of the oleﬁn epoxidation result in the
previous paragraph is that rates for open and closed catalysts are
nearly equal because of interconversion of the closed resting state
of the active site of 9 to an open working conﬁguration during
oleﬁn epoxidation catalysis, presumably via either Si−O−Al or
Al−O−calix[4]arene bond breaking by the hydroperoxide to synthesize a covalently bound Al(III)-alkylperoxide intermediate.
We use the following control experiment to investigate whether
such a scenario is likely to occur during catalysis. First, epoxidation
of cyclohexene using tert-butyl-hydroperoxide as oxidant and
Nandi et al.

Fig. 5. Representation of molecular structures used for nonlocal gradient
corrected DFT calculations of oleﬁn epoxidation. The grafted active site 10 is
modeled with molecule 11, consisting of open site with bound organic
peroxide, and the corresponding closed catalyst active site molecular model
is represented by 12.
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closed site 9-SiO2-800 as catalyst is conducted. The used catalyst
after this epoxidation is subsequently used a second time for MPV
reduction. If epoxidation conditions open up the closed site 9,
there should be observable MPV reduction catalysis activity following use of the catalyst for oleﬁn epoxidation; however, no such
activity is observed experimentally. Given the large amount of
catalyst used in this control experiment (12 mol percent relative to
ketone substrate), MPV reduction activity would be detected even
for a single active-site turnover event in this instance. This result is
consistent with the closed site 9 remaining intact as a closed site
within the working state during oleﬁn epoxidation reaction conditions. Therefore, the similar observed activity of open and closed
for oleﬁn epoxidation using tert-butylhydroperoxide as oxidant in
Fig. 4 is unlikely to be due to an interconversion of closed catalyst
into an open state during epoxidation catalysis.
The equivalence of the catalytic activity of open and closed sites
above suggests that covalent peroxide binding to the metal center
may not be a necessity for oleﬁn epoxidation reactions when using
organic hydroperoxide as oxidant, and instead points to nondissociative adsorption of the hydroperoxide to the Lewis acid
center during epoxidation catalysis. Nonlocal gradient corrected
DFT calculations of oleﬁn epoxidation were conducted to determine the activation barriers and the reaction energies for both
closed catalyst 9 and open catalyst bound with organic peroxide 10,
as shown in Fig. 5, to conﬁrm such a hypothesis. The computational details are described in SI Appendix. The catalyst models use
either the −O−SiH3 or the −O−Si(SiH3)3 cluster as a reliable
surrogate for silica in active site as the reactions demonstrate very
little charge separation or longer range electronic interactions
(44). Calculations with the larger −Si(OSiH3)3 cluster models of
the silica, i.e., 11 for open and 12 for closed as shown in Fig. 5 result
in changes in activation and reaction energies that are less than
1 kcal/mol. Both cases consisting of one equivalent of organic
hydroperoxide and two equivalents (e.g., one equivalent in excess)
of organic hydroperoxide relative to Al(III)-calix[4]arene active
sites are considered, and ethylene is the oleﬁn reactant.
The activation energy calculated for open site 11 is 10.6 kcal/
mol, whereas for closed site 12, it is 10.0 kcal/mol. The comparable
activation energies when using either open or closed catalyst active
sites reinforce the direct mechanism of Lewis acid–catalyzed epoxidation, which is supported by the results of experiments using
heterogeneous catalysts 6 and 9 above. Such a result is also consistent with the mechanism of ethylene epoxidation catalysis that
is observed when using tert-butylhydroperoxide as oxidant and
Ti(OSi(CH3)3)4 as soluble catalyst by Urakawa and coworkers
(29), as well as the original DFT studies by Vayssilov and van
Santen on TS-1–catalyzed epoxidation of ethylene, which found
that the barrier for oxo transfer via deprotonation of hydroperoxide

Fig. 6. DFT-calculated transition-state structures for the (A) closed using 12 and (B) open using 11 forms of the active sites grafted on silica for the Al(III)catalyzed epoxidation of ethylene with tert-butylhydroperoxide. The structures refer to case with an extra equivalent of the hydroperoxide present. Purple, red,
gray, white, and yellow spheres (or lines) refer to Al, O, C, H, and Si atoms, respectively. The transition state in (A) for closed occurs much later than in (B) for
open. DFT-calculated activation barriers are 10.0 and 10.6 kcal/mol for the transition states shown in (A) for closed and (B) for open. The extra equivalent of
organic hydroperoxide acts to decrease energy barriers by about 4 kJ/mol as a result of weak hydrogen bonding that stabilizes the transition states. The weak
hydrogen-bonding stabilization is consistent with results reported by Urakawa and coworkers (29) and Lundin and coworkers (47, 48).

is higher by 1.7 kcal/mol compared with the mechanism with nondissociatively bound hydroperoxide (28).
The relevant details of the transition-state structures for the case
consisting of an extra equivalent of tert-butylhydroperoxide are
shown in Fig. 6 (SI Appendix, Fig. 2S for summary of calculation
results and calculation data on cases with and without an extra
equivalent of organic hydroperoxide). For both the open and
closed structures, the extra equivalent of hydroperoxide lowers the
transition-state energy via hydrogen-bond–donating interactions
to the hydroperoxide involved in oxygen transfer, as described
previously (29), and this additional transition-state energy lowering corresponds to ∼0.6–1.0 kcal/mol. We note that the hydrogen
bond donor within this context can in principle be either organic
hydroperoxide, alcohol byproduct of organic hydroperoxide that is
formed following oxygen transfer, or silanol (30–33). Previous
comparisons of trimethylsilyl (TMS)-capped and native silanolcontaining Ti-on-silica oleﬁn epoxidation catalysts show a lack of
appreciable activity or selectivity difference under dry conditions,
when using organic hydroperoxide as oxidant (45). Because such
TMS capping is known to block virtually all accessibility of silanols
to serve as hydrogen bond donors (46), this result suggests that
either organic hydroperoxide or alcohol byproduct can serve at
least as an effective hydrogen bond donor as a surface silanol for
decreasing the barrier for oxygen transfer.
The transition-state structures for open 11 and closed 12 show
similar bond distances between bridging oxygen ligands and the Al
metal center, involving the oxygen atoms of the calix[4]arene (1.81
Å open vs. 1.87 and 1.81 Å closed) and Si atom (1.75 Å for open
and 1.77 Å for closed), and these distances are consistent with
expected covalent distances. This suggests a lack of either
Al−O−Si or Al−O−calix[4]arene bond breaking at the transition
state for the closed active site 12. This is further reinforced by the
dative bond distance of 2.32 Å between Al(III) and the oxygen
connected to the tert-butyl fragment for the closed transition state,
which is signiﬁcantly larger than the analogous distance of 2.00 Å
for the open transition state. This strong dative bond in the closed
2488 | www.pnas.org/cgi/doi/10.1073/pnas.1211158110

12 transition state presumably provides the crucial negative charge
delocalization on the forming OR− fragment during oxygen
transfer (47, 48). There is a signiﬁcant lengthening of one of the
dative Al. . .OPr bonds on the calix[4]arene lower rim relative to
the other in the closed transition state (2.22 versus 2.37 Å), which
allows the hydroperoxide to approach closer into the Al(III) center
and establish the aforementioned dative contact with the Lewis
acid in the transition state. The transition state for the closed
structure appears to occur much later along the reaction path than
that for the open site, as the C−O bonds of the ensuing epoxide are
1.61 and 2.05 Å, for closed and open transition states, respectively.
The relatively longer C−O bond in the open form is the result of
the stronger stabilization of the O that forms the epoxide by the Al
center. The oxygen on the epoxide in the transition state of the
closed form is stabilized instead by the proton that results from the
hydroperoxide and has little interaction with the Al center.
In summary, we demonstrate the synthesis by design of open and
closed variants of a grafted Lewis acid site on the surface of silica,
where the isolation and structure of the active site are enforced
using a bulky calix[4]arene as molecular template. We demonstrate control of MPV reduction catalysis using these active sites
and subsequently use this approach as a tool to investigate active
site requirements for oleﬁn epoxidation catalysis. Both experimental results as well as DFT calculations are consistent with
similar barriers for open and closed sites, and support a nondissociative hydroperoxide binding for Lewis acid–catalyzed oleﬁn
epoxidation on closed active sites.
Materials and Methods
A description of (i) synthesis of open catalyst 6-SiO2 and closed catalyst 6-SiO2
active sites, and (ii) procedure used for oleﬁn epoxidation and MPV reduction
catalysis is included in SI Appendix. These syntheses and procedures are based
on established literature precedent. See refs. 36, 37, and 42.
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