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Confinement effects in stereoselective catalysis have Structural Origins of Enhanced Enantioselectivity

NMR distances

been the topic of prolonged inquiry. Results have been largely
mixed, with confinement having been reported to both enhance
and degrade selectivity. Our ability to understand the surface’s
impact on catalytic mechanisms, and thus selectivity, has been
severely hindered by the low level of details commonly seen in the
structures of supported metal complexes. Recent developments in
sensitivity-enhanced NMR are revealing not only the molecular

structure of surface sites but also their configuration, orientation, = I
and proximities to neighboring molecules. In studying [Rh-

(cyclooctadiene) ((S)-(—)-2-aminomethyl-1-ethyl-pyrrolidine) ]- Z
CF;SO; noncovalently immobilized to silica, an enantioselective
hydrogenation catalyst, we observed a strong preference for a
particular orientation of the complex relative to the support surface. We discuss how preferential adsorption may help reduce the
number of competing reaction pathways and, in turn, have outsized effects on selectivity.

heterogeneous catalysis, dynamic nuclear polarization, solid-state NMR, asymmetric catalysis, dipolar coupling

graphite or silica as a support, indicating that the primary
changes in selectivity were due to substrate interactions with
the charged clay surface.'”'* The effects of secondary
interactions from silanol groups on silica surfaces have also
been reported in some cases to promote a higher
enantioselectivity and in others to have detrimental
effects.”>~"”

There is no general trend that summarizes confinement
effects in stereoselective catalysis. Of course, the most well-
known examples are those where selectivity is increased as a
result of confinement or heterogenization,lg*32 but there are
numerous examples where the opposite has been ob-
served.'”**7* To better understand spatiochemical effects in
enantioselective heterogeneous catalysis, Thomas, Raja, and
others studied enantioselective Rh-catalyzed hydrogenation
reactions as a function of the support pore size." Most effective
was the use of a noncovalently immobilized complex presumed
to interact with the surface through hydrogen bonding
interactions (Figure 1).*> Such a structure in principle allowed

There has been considerable interest in utilizing confinement
or surface effects in heterogeneous catalysis to enhance
selectivity.'~* Probably the most well-known, and econom-
ically significant, examples are Ziegler—Natta catalysts that are
able to produce polyolefins with higher molecular weights and
stereoselectivities than early homogeneous counterparts,
presumably due to steric interactions between the polymer
and the catalyst surface preventing conformational rearrange-
ments.”~® Marks and co-workers reported that Cp*ZrMe,
chemisorbed to sulfated alumina produces isotactic polyolefins
due to complex orientation and support steric effects on the
growing polymer chain.” Gauvin and co-workers have also
shown that nonselective lanthanide-based olefin polymer-
ization catalysts become stereoselective when supported onto
silica.'®!" In large part, however, our understanding of these
effects is severely lacking, and the designation of the support
primarily as a steric force may, in most other cases that do not
involve macromolecule synthesis, be an oversimplification.
This is perhaps best exemplified by one of the earliest
examples of heterogeneous single-site enantioselective catalysis January 21, 2025 PHYSICAL®
wherein Cu bis(oxazoline) complexes were immobilized February 25, 2025 £
noncovalently onto laponite, a synthetic clay, and used as February 26, 2025 | ey
cyclopropanation catalysts.'> The immobilization led not to an March 7, 2025 L
increase in selectivity but rather a reversal in the
enantioselectivity. The effect was not observed when using
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Figure 1. [Rh(cod)(aep)]CF;SO, catalyzes the asymmetric hydro-
genation of methyl benzoylformate.’> Enantiomeric excess (ee) is
dramatically increased when the complex is physisorbed onto
mesoporous silica.

the decoupling of chemical and steric effects. They observed a
dramatic increase in enantioselectivity from heterogenization,
and a selectivity that increased with decreasing pore size.

Recent developments in solid-state nuclear magnetic
resonance (NMR) spectroscopy and its application to the
structural characterization of single-site catalysts have the
potential to yield transformative new insights into stereo-
selective catalysis by revealing the nature of the interactions
between the catalyst and the support, in addition to the overall
three-dimensional geometry of the site. Sensitivity enhance-
ments from dynamic nuclear polarization (DNP)*'~* have
enabled the measurement of accurate interatomic, and atom-
to-surface distances and revealed the first three-dimensional
structures of surface sites."*">> Similarly, the possibility to
probe intersite distributions using DNP-enhanced NMR and
fast-magic-angle spinning (MAS)™™*° and measure intersite
distances has been demonstrated.”’ > Herein we apply solid-
state NMR to study the structure of [Rh(cyclooctadiene)((S)-
(—)-2-aminomethyl-1-ethyl-pyrrolidine) | CF;SO; ([Rh(cod)-
(aep)]CF;S0;) supported on mesoporous silica. This complex
was found to adopt a strongly preferred orientation on the
support, despite the noncovalent nature of the complex-surface
interaction, a fact which may explain the supported complex’s
higher selectivity in asymmetric hydrogenation.®”

All procedures were performed using standard Schlenk or glovebox
techniques under an atmosphere of nitrogen or argon. Pentane,
methylene chloride, diethyl ether, and tetrahydrofuran were degassed
by sparging with nitrogen, dried by filtering through activated alumina
columns, and stored under nitrogen.
2.1.1. [Rh(cod)(aep)ICF;SO;. [Rh(cod)(aep)]CF SO; was pre-
pared using modified literature procedures.*” 99.5 mg (0.20 mmol) of
[RhCl(cod)], was dissolved in 10 mL of THF to which was added
103.5 mg (0.40 mmol) of AgO;SCF;. The mixture was then stirred
for 1 h. The AgCl precipitate was allowed to settle for 1 h, after which
the solution was collected by decantation. 90 L (0.6S mmol) of (S)-
(—)-2-aminomethyl-1-ethylpyrrolidine was then added to the above
solution, which was stirred for an additional hour. The solution was
subsequently concentrated in vacuo to half its original volume and

pentane was added to precipitate [Rh(cod)(aep)]CF;SO5, which was
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collected through decanting and washed with pentane (2 X 10 mL)
and diethyl ether (2 X 10 mL). The resulting powder was then dried
in vacuo for 45 min and stored in an Ar filled glovebox. Yield = 158
mg (81%). Solution phase 'H, *C, and '"F NMR spectra (Figures
S1—S3) agree with prior literature report, however, the assignments
have been updated in the ESL*?

2.1.2. [Rh(cod)(aep)ICF;50,/Si0, (Modified from Ref 32).
Mesoporous silica supports (Davisil 923, 636, 646, and **Si-enriched
MCM-41°") were dried for 9 h at 550 °C under dynamic vacuum
using a tube furnace. The resulting dry supports were stored in an Ar
glovebox. 33 mg (68 umol) of [Rh(cod)(aep)]CF;SO; was dissolved
in 15 mL of CH,Cl, to which was added 130 mg of silica. The mixture
was then stirred overnight, and the supernatant was decanted from the
solids. The solids were then washed with CH,Cl, (4x 5 mL) and dried
for 6 h in vacuo.

The Rh loading for the MCM-41-supported sample was measured
to be 0.230 mmol/g (2.37 wt %) using ICP-MS. Diffuse reflectance
infrared Fourier transform infrared (DRIFTS) spectra were measured
on a Bruker ALPHA II spectrometer contained within an argon-filled
glovebox and spectra were recorded within the 4000—400 cm™" range.
Samples were prepared by adding a thin layer of sample on a flat bed
of dry KBr (dried at 180 °C under high vacuum and stored in an
argon filled glovebox).

'"H NMR chemical shift anisotropy (CSA) recouphng experiments
were performed using a phase- sensmve R20,°(270490,4,) symmetry-
based CSA recoupling experiment® at room temperature on a Bruker
AVANCE NEO 600 MHz NMR spectrometer equipped with a 1.3
mm PhoenixNMR MAS probe. The MAS frequency was set to 50
kHz. A 324 us phase-shifted recoupling block was used to generate
the phase difference required for States processing. The ¢, evolution
period was incremented in 108 us increments and a total of 64
increments were acquired, each consisting of 32 scans. Data were
processed as described in ref 60. The recycle delay was set to 4.3 s for
the dry silica-supported sample, and 2.6 s otherwise.

TH{"F} symmetry-based rotation-echo double-resonance (S-
REDOR) experiments o162 were performed at room temperature
using an Agilent DD2 400 MHz NMR spectrometer equipped with a
Varian HEXY quadruple-resonance 3.2 mm MAS probe. The MAS
frequency was set to 20 kHz and the SR4,? recoupling sequence® was
applied to the 'H nuclei for heteronuclear dipolar recoupling. The
recycle delay was set to 2.6 s and a total of 128 scans were acquired
for each spectrum. The recoupling time was incremented in 100 us
increments.

Fast-MAS '”F NMR spectra were acquired at room temperature
using a Bruker AVANCE III 600 MHz NMR spectrometer equipped
with a 1.6 mm Varian fast-MAS probe. Samples were spun at 40 kHz
and spectra were acquired using a rotor-synchronized Hahn echo
sequence. The radiofrequency power was set to 62.5 kHz and the
recycle delay was equal to 1 s.

BC{¥Si} REDOR experiments®" were performed at 100 K using a
Bruker AVANCE III 400 MHz MAS-DNP spectrometer equipped
with a 3.2 mm low-temperature triple-resonance MAS probe. Samples
were 1mpregnated with a 16 mM TEKPol** solutlon in dry
deuterated® 1,1,2,2-tetrachloroethane (TCE-d2)*® in a glovebox
before being transferred to the 100 K precooled NMR probe.
Hyperpolarized 'H magnetization was transferred to '*C nuclei using
a 2 ms cross-polarization (CP) contact time. Radiofrequency powers
for all other *Si and '3C pulses equaled 50 kHz. MAS rates were set
to 10 kHz and the recycle delays equaled 2 s. 1024 scans were
accumulated for each recoupling time increment of 1.2 ms.

All multispin REDOR and S-REDOR data were analyzed using the
INTERFACES program.”” The data and input files are given in
Section 2 of the Supporting Information.

Density functional theory (DFT) calculations were performed to
probe the preferential adsorption of the [Rh(cod)(aep)] cation in
silico. Calculations made use of a thin, partially dehydroxylated silica
model from Ugliengo and co-workers.”””*® onto which were placed
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[Rh(cod)(aep)] cations in particular orientations. Geometry opti-
mizations were performed while maintaining the silicon hydride
positions that terminate the bottom layer of the slab fixed, in addition
to the unit cell dimensions. Calculations were performed using
Quantum Espresso® using ultrasoft pseudopotentials, the PBE
functional,”® Grimme’s D3 dispersion correction,”’ and a 40 Ry
kinetic energy cutoff.

The resolution-of-the-identity (RI) second-order Mgller-Plesset
second-order perturbation theory (RI-MP2)”* calculations were
performed on truncated models of the above-mentioned plane-wave
DFT-optimized structures to assess the importance of correlation in
the relative adsorption energies. The models included all surface
atoms in proximity to the complex and were truncated by hydrogens.
All hydrogen atoms were optimized at the PBE-D3/TZ2P level of
theory using the Amsterdam Density Functional program (see
Supporting Information for coordinates),”> and single-point RI-
MP2MCPTZP/aug-cc-pVTZ-DK calculations were performed on the
resulting geometries using GAMESS.”*~7¢

DRIFTS spectroscopy (Figure 2) was applied to determine the
adsorption chemistry when [Rh(cod)(aep)]CF;SO; is immo-
bilized onto silica. In addition to the observation of new
stretching peaks from the ligands in [Rh(cod)(aep)]CF;SO;,
we observed the decrease in intensity of the isolated silanol
stretching peak and the appearance of a broad signal at
approximately 3400 cm™" after immobilization. Unlike what is
observed with catalysts that graft via protonolysis reactions, we
did not observe the consumption of the silanols suggesting that
the complex is simply physisorbed. This is supported by the
appearance of the broad signal common to hydrogen bonding
interactions that is absent in the FTIR spectrum of the
molecular precursor.

500

] 04 [Rh(cod)(aep)]CFsSO;
1 v,

Kubelka Munk/absorbance units

100
3500 3000 2500 2000 1500

Wavenumber (cm')

Figure 2. DRIFTS spectra of SiO, and [Rh(cod)(aep)]CF;S0;/SiO,,
and absorbance FTIR spectrum of [Rh(cod)(aep)]CF;SO;. The OH
stretching peak is broadened and red-shifted by hydrogen bonding
interactions in [Rh(cod)(aep)]CF;SO,/SiO,.

Given the physisorbed nature of the immobilized complex, it
can theoretically adopt many orientations on the surface.
Because surface silanols, and reactant-surface interactions, have
been implicated in heterogeneous enantioselective cataly-
sis," 3717 measuring the preferential orientation of the complex
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at the surface may have significant impacts on selectivity. We
performed ligand-surface distance measurements using '*C-
{*’Si} REDOR experiments’' to probe the complex’s
orientation and fitted the obtained data to a single orientation
of the [Rh(cod)(aep)] cation on the surface (Figure 3). The
structure search and fitting were accomplished using the open-
source INTERFACES program.52

The search for the best fitting surface structure revealed a
strong preference for the cation adopting an orientation with
its NH, moiety facing away from the support. The structure in
Figure 3c, for instance, represents the best-fit structure
describing the gray-shaded fitting regions in Figure 3b and
corresponds to a fit quality with a confidence interval of 99%.

We performed a second fitting attempt whereby the
orientation of the complex was forced to adopt an opposite
orientation, while still minimizing the difference between the
experimental and computed REDOR data sets (see Supporting
Information for details and input files). The best fit structure in
this case is shown in Figure 3d, with the fits depicted as red
shaded regions in Figure 3b. This orientation leads to the
overestimation of the dephasing calculated for carbon E on the
ligand (see Figure 3a for labels) and the simultaneous
underestimation of the dephasing for carbons A, B, F, G and
H. As shown in Figure 3e, linear combinations of the two best-
fit orientations do not lead to an improvement of the fit
quality, suggesting a strong preference for the orientation with
the NH, moiety pointing away from the surface. Plotted is the
total root mean squared deviation (RMSD) between calculated
and computed REDOR dephasing curves with the populations
of the two species being incremented in steps of 5%. Note that
the change in slope in Figure 3e when the population of the
opposite conformer is >40% is caused by the slightly
overestimated dephasing for site G in the best-fit orientation.

To determine whether there is a strong energetic reason for
the complex adopting this orientation we performed plane-
wave DFT calculations to calculate the absorption energies for
the two possible orientations of the complex. Calculations were
replicated at two different locations on the surface (see
coordinates in the Supporting Information and Figure S6) to
probe a larger chemical space. The unit cell is capable of
holding two [Rh(cod)(aep)] cations, and each model was
designed such that the Rh complex was situated on either half
of the unit cell. As such, we expect the calculations to largely
explore the entire silica model surface.

For the two models based on the orientation depicted in
Figure 3c, the complex was found to optimize to Rh—Si layer
distances of 4.5 and S.4 A with surface plane—N—N vector
angles of 70.1 and 67.8°. These DFT-optimized values were
quite close to the mean values determined experimentally,
namely 5.0 A and 63.8°, implying that the experimentally
measured conformation is indeed chemically sensible.
Importantly, this rules out an earlier proposed model wherein
the triflate anion would act as a linker, connecting the complex
to the support through hydrogen-bonding interactions.”

The calculated adsorption energies for the models based on
the orientation from Figure 3d, however, were 4.9 and 31.6 kJ/
mol lower, in disagreement with experiment (Table S1). If a
fully dehydroxylated quartz surface is used instead of a partially
dehydroxylated amorphous silica model, the difference
between the models in Figure 3c,d is reduced to 0.11 kJ/mol
(Table S2, Figure S6), suggesting that electrostatic interactions
between hydroxyls and the NH, moiety are responsible for the
calculated differences in the amorphous models. Because DFT
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Figure 3. DNP-enhanced *C CPMAS NMR spectrum of [Rh(cod)(aep)]CF;S0;/*SiO, (a) and results from a "*C{**Si} REDOR experiment
(b). An asterisk denotes a resonance from the 1,1,2,2-tetrachloroethane-d2 solvent. Resonances are assigned according to the structure in (a). The
REDOR data is best fitted to the molecular orientation in (c), while an alternate fit to the orientation in (d) is shown in red. Linear combinations of
the two orientations do not lead to an improved fit quality (e), suggesting a strong preference for this orientation on the surface.
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Figure 4. "F (a) and 'H (b) fast-MAS (40 kHz) NMR spectra of [Rh(cod)(aep)]CF;SO; (red) and [Rh(cod)(aep)]CF;SO,/SiO, (blue). A
dashed line highlights the expected chemical shift of free triflate.”” (b) 'H{'’F} S-REDOR dephasing data measured for [Rh(cod)(aep)]CF;SO;
(red) and [Rh(cod)(aep)]CF;S0,/SiO, together with the structures used for the fitting (c). (d) The fit for the [Rh(cod)(aep)]CF;SO; uses the

crystal structure of the complex.”

is notorious for its inability in properly describing noncovalent
interactions we also sought to confirm the above-mentioned
conclusions using ab initio methods. Cluster models were
extracted from the periodic ones and we performed RI-MP2
calculations.”” These calculations agreed with the aforemen-
tioned plane-wave DFT calculations, predicting differences in

adsorption energies of 9.0 and 44.4 kJ/mol, corresponding to
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only 6 and 15% deviations from those calculated using PBE-D3
on the same models (Table S3).

The above models did not include the triflate counteranion as
this would not have allowed for the independent measurement
of silica-complex interactions. The clear importance of
hydrogen bonding interactions, however, suggests that the

https://doi.org/10.1021/acsphyschemau.5c00007
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anion may be required to guide the preferential adsorption of
the complex. To probe the interactions between the triflate and
the adsorbed [Rh(cod)(aep)]CF;SO; complex, we performed
YF fast MAS NMR spectroscopy and 'H{'’F} S-REDOR
experiments. The results from these measurements are
depicted in Figure 4.

The '"F MAS spectra of the crystalline [Rh(cod)(aep)]-
CF;SO; complex and the supported variant are shown in
Figure 4a. The precursor yields a single resonance at —71.5
ppm, which is shifted to —76.5 ppm in the heterogeneous
species. The crystal structure of the precursor contains a
sulfonate-NH, hydrogen bonding interaction (Figure 4d).
Given that free triflate is expected to resonate at approximately
—78.1 ppm,”’ the difference in the '°F chemical shifts of the
precursor and supported complexes suggests a weaker, albeit
still present NH,-triflate hydrogen bonding interaction.

This conclusion is further supported by the 'H{'’F} S-
REDOR experiment (Figure 4c). Due to spectral overlap of the
aliphatic signals and the silanols from the surface, only the
distance between the cod protons (shoulder in Figure 4b) and
the fluorine atoms of the triflate could be probed. We observed
slower dephasing in [Rh(cod)(aep)]CF;SO,/SiO, than [Rh-
(cod)(aep)]CF;SO;, suggesting again a weaker hydrogen
bonding interaction is present in the supported complex. A
reasonable SO;—NH, distance of 3 A can reproduce the
observed dephasing when the triflate anion is positioned in a
vertical orientation (Figure 4d), although dynamics consistent
with the observed change in chemical shift would also explain
the difference in the dipolar coupling strength. Importantly,
such a hydrogen bonding interaction would be unable to form
if the complex adopted an orientation with the NH, moiety
interacting with silica. This is likely the ultimate factor that
forces the complex to adopt the orientation measured in Figure
3.

Preferred complex adsorption orientations, and how they relate
to the reactant-surface interactions'>~'’ may only affect
reaction outcomes if they are preserved during a reaction.
The C{*Si} REDOR experiments used to determine the
orientation, however, were performed at a temperature of 100
K, where dynamics are expected to be eliminated. To probe
the rigidity of the complex we performed room temperature 'H
chemical shift anisotropy (CSA) recoupling experiments using
a phase-sensitive y-encoded sequence’®®" that enables the
measurement of weak anisotropies. The proton CSA was
recently shown to be a sensitive probe of molecular motions.”
The measured recoupled powder patterns are depicted in
Figure Sa for the crystalline precursor complex and [Rh(cod)-
(aep)]CF;S0;/Si0, both with and without the addition of
solvent (deuterated 1,1,2,2-tetrachloroethane).

We observed a recoupled CSA splitting of 730 Hz,
corresponding to an anisotropy (8.,) of 4.8 ppm. An
identical splitting was measured for the supported species,
indicating that the complex is immobile at room temperature.
Molecular motions would be expected to dynamically average
the anisotropic interaction and thus lead to a reduction in the
recoupled splitting. The addition of the solvent did not lead to
a shift in the maximum, again suggesting that the complex
maintains its preferred orientation when solvent is added, and
likely under reaction conditions as well.

Thomas and co-workers observed that the selectivity was
increased when the mesopore diameters were reduced due to
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Figure 5. (a) Phase-sensitive 'H CSA recoupled spectra of the cod
alkene 'H in [Rh(cod)(aep)]CF;SO; (red), [Rh(cod)(aep)]-
CF;S0,/Si0, (blue), and this same complex wetted with deuterated
1,1,2,2-tetrachloroethane (black). (b) The pore diameter dependence
of the "H T relaxation time of [Rh(cod)(aep)]CF;SO;/SiO,.

increased confinement.”> We repeated the above-mentioned
"H CSA recoupling experiments on [Rh(cod)(aep)]CF;SO,/
SiO, complexes supported onto Davisil-type silica gels with
mesopore diameters of 30, 60, and 150 A, mirroring Thomas’
earlier catalysis work, to determine whether rigidity is impacted
in less confined environments. We did not observe an increase
in millisecond-scale dynamics when the pore diameter was
increased, suggesting that the same preferred orientation exists
on these supports, however, we did observe a notable
reduction in 'H T, relaxation time (Figure Sb). Specifically,
the relaxation time was reduced from 3.0 to 1.8 and 1.4 s when
the pore diameter was increased from 30 to 60 and then 150 A.
This suggests that the complexes supported in the larger pores
are more fluctional on a nanosecond time scale which could
grant them a higher level of conformational freedom during a
reaction.

During a methyl benzoylformate hydrogenation reaction, to
form methyl mandelate, the incoming reactant can approach
the catalyst in four distinct orientations (Figure 6). Specifically,
either face of the ketone can be attacked, and the ketone’s
oxygen can appear either cis or trans to the aep ligand’s NH,
moiety. Two of the pathways ultimately lead to the formation

lead to the S enantiomer | | lead to the R enantiomer
:2 H,
\®/O N\®/O
,Rh\._‘ /th_
(/PR COOCH;, / PH CoocH,
Hy H
Ph 2
N\Rh/’ COOCH; N 21;/coocr|3
N: ~o —/ES\O
7/ /
Can form an additional CO-SiO, interaction

Figure 6. Four competing reaction intermediates lead to the
formation of the S and R enantiomers of methyl mandelate. Owing
to the preferred orientation of the complex on silica, and the expected
formation of CO-silica noncovalent interactions, the elimination of
two competing pathways in the heterogeneous catalyst may be
responsible for the enhanced selectivity.
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of the S-methyl mandelate while the other two lead to the R
enantiomer.

In the heterogeneous case, we observed a strong preference
for the complex orienting itself on the surface such that the aep
ligands’ NH, moiety is oriented away from the silica surface,
such that it can retain its hydrogen bonding interaction with
the triflate anion. NMR experiments aimed at measuring the
dynamics of the complex at room temperature and in the
presence of solvent have revealed the interaction of the
complex with the surface to be quite rigid and as such the
expectation is that the aep ligand’s orientation would be
preserved during a hydrogenation reaction. While in solution,
the energetic differences between conformers with their ketone
oxygen atoms positioned cis or trans to the aep’s NH, moiety
may be quite minor, the trans conformer enables the formation
of CO-HOS:i hydrogen bonding interactions. As a result, silica
is expected to further bias the orientation of the reactant
through surface-reactant intermolecular interactions, much like
there is a bias in the orientation of the aep ligand due to
triflate-NH, hydrogen bonding. Ultimately, these copreferred
orientations reduce the number of possible intermediate
configurations in half, likely leading to an increase in
selectivity. Specifically, the corresponding intermediate which
minimizes Ph-aep steric repulsions leads to the experimentally
observed R enantiomer.

It is nevertheless important to note that while the precatalyst
was found to be rigidly bound in this particular orientation, the
hydride complex that forms during the reaction may prefer a
different conformation. It is also possible that a minor
conformer is responsible for the bulk of the catalyst’s activity,
as has indeed been observed in Rh enantioselective hydro-
genation.80 The modulation of the populations of these sites,
whether or not they differ from that observed in the
precatalyst, would also be expected to impact selectivity.

Similar observations have been made in other catalytic
systems. For instance, Fraile and co-workers studied the
cyclopropanation of styrene with ethyl diazoacetate using
chiral bis(oxazoline)-copper catalysts electrostatically attached
to clay surfaces."” Much like that discussed above and in Figure
6, in their system styrene is able to approach the Cu center in
four orientations. They observe the predominant formation of
the RR diastereomer in the homogeneous case, due to a
minimization of styrene-ligand steric interactions, however, in
the heterogeneous system the selectivity is instead reversed
and favors the formation of the R,S diastereomer. This result
originates from the minimization of styrene-surface steric
interactions and the styrene reactant adopting a preferred
orientation of approach.

The role that reactant-silica hydrogen bonding interactions
play in enantioselective heterogeneous catalysis have also been
specifically touched upon by Zhao and co-workers.'® They
studied the organocatalyzed Michael addition of nitromethane
onto chalcone using homogeneous and silica-supported
heterogeneous 9-amino(9-deoxy)epiquinine and 9-thiourea
epiquinine catalysts. They found that the number of possible
substrate-surface hydrogen bonds differed for the R and S
transition states and that the stabilizing effect of these
interactions on the transition states is largely responsible for
the observed changes in enantioselectivity. These interactions
were further strongly affected by the pore curvature.

Zhao’s argument that pore curvature can modulate the
number and strength of the reactant-surface interactions is
likely of relevance to Thomas’ observed increase in
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enantioselectivity when reducing pore sizes, specifically, by
facilitating CO-HOSi interactions.”” We have also presented
further evidence that increases in pore curvature help rigidify
the [Rh(cod)(aep)]CF;SO; complex. Finding other ways
wherein the number of possible transition states is reduced by
leveraging preferential adsorption of catalysts and reactants
may lead to other discoveries of enhanced selectivity.

Recent advancements in surface-enhanced solid-state NMR
spectroscopy enable experimental structural insights that move
beyond molecular structure and reveal local configurations and
surface orientations. Using such methods, we discovered that
[Rh(cod)(aep)]CF,;SO; adsorbs onto silica in a specific
molecular orientation relative to the support, despite the lack
of a covalent tether. This preferred orientation was found to be
driven by the complex favoring the formation of NH,-triflate
hydrogen bonds. Owing to an expected similar preference for
the reactant to orient itself to maximize its interactions with
the support, the preferential adsorption of the catalyst is
expected to reduce the number of possible intermediates from
four to two, leading to the experimentally observed increase in
enantioselectivity. We believe these ideas of preferential
molecular orientations in heterogeneous catalysis reactions to
be universal and a general approach whereby one can enhance
or reverse the selectivity of a catalyst.
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