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ABSTRACT: The adsorption from solution onto a Pt surface of 1-(1-
naphthyl)ethylamine (1-NEA), a chiral modifier used to introduce enantiose-
lectivity in catalytic hydrogenation reactions, as well as its subsequent chemical
reactivity, was characterized by a combination of kinetic catalytic measurements,
surface-science experiments, and quantum mechanics calculations. By using both
'"H NMR and gas chromatography/mass spectrometry detection, it was
determined that 1-NEA can undergo H-D exchange with D, in solution when
promoted by supported heterogeneous Pt catalysts. In situ infrared absorption
spectroscopy studies at the solid—liquid interface afforded the detection of
vibrational features indicative of the formation of N—D bonds, and quantum
mechanics calculations helped with the peak assignment and provided evidence
supporting an H-D exchange mechanism involving the formation of an intermediate-adsorbed protonated 1-NEA species. The
reaction proved to be general, as it was observed with r- and s-1-NEA, r- and s-2-NEA, and cinchonine, and on Pt/SiO, and Pt/
Al,Oj catalysts. NEA adsorption and protonation through the amine N atom explain a number of reported but previously not fully
understood observations and provide a way to envision the mechanism by which the NEA molecule bestows enantioselectivity to Pt
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hydrogenation catalysts.
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1. INTRODUCTION

It has been a long held dream to be able to design
heterogeneous catalysts that exhibit the same level of selectivity
as homogeneous counterparts.' > Particularly challenging is to
control chirality in catalytic processes associated with the
manufacturing of pharmaceuticals, agroproducts, and other fine
chemicals.*™® A promising route was introduced by Orito and
co-workers, who showed that the addition of cinchona
alkaloids to the reaction mixture during the hydrogenation of
alpha-keto esters promoted by supported platinum catalysts
renders the process highly enantioselective.”” Unfortunately,
our understanding of how these so-called chiral modifiers
impart enantioselectivity to the metal catalysts is still limited,
and the scope of the reactants for which this enantioselective
hydrogenation catalysis can be used remains quite restricted.
One key requirement for the molecular description of these
systems is an understanding of the nature of the adsorption of
the modifier.

On the basis of extensive surface-science studies using model
metal surfaces and ultra-high vacuum (UHV) environments, it
has been asserted that binding of both cinchona alkaloids and
the simpler 1-(1-naphthyl)ethylamine (1-NEA) analog takes
place primarily via their aromatic ring, which presumably lies
flat on the solid surface.” "% Much of the early work by Baiker
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and co-workers, which included both experimental character-
ization of the adsorbed layers and quantum mechanics
calculations, provided ample arguments for such bonding
mode."'~"* However, infrared absorption spectroscopy studies
under more realistic conditions, which include the use of
typical supported catalysts and the presence of a solvent (as
these reactions are typically carried out in solution), have
indicated that the orientation of the aromatic ring may depend
on surface coverage, and that the adsorption geometry is
central to defining the enantioselectivity of the catalytic
process.””~>' These systems have proven to be complex,
with possible coadsorption of the chiral modifier in several
configurations and arrangements, including modes where both
the aromatic ring and the amine bind to the surface and where
intermolecular interactions play a role in defining the
geometry, especially at intermediate coverages.”” Nevertheless,
even in the more realistic cases, the adsorption of the chiral
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Figure 1. "H NMR of an r-1-NEA solution in CCl, as a function of the time it was exposed to an atmosphere of D, while in contact with a Pt/
Al Oj; catalyst. Also provided are the structure of the r-1-NEA, with the corresponding carbon atom numbering, the peak assignment, and the
average number of deuterium atoms incorporated in the amine group, estimated from the area of the peaks for H, relative to those of the aromatic
ring (spectra expanded on the right panel). The substitution of some amine hydrogens for deuteriums seen here provides clear evidence for a H-D
exchange reaction and strongly suggests 1-NEA adsorption on the Pt surface via the amine N atom.

modifier has been assumed to take place mainly via the
aromatic ring. On the other hand, recent work from our
laboratory has suggested that perhaps bonding to the surface is
dominated by the amine nitrogen atom instead.”***

In the study reported here, we provide both spectroscopic
and H-D exchange catalytic evidence that not only supports
the model based on N-bonding adsorption of these amine-
based chiral modifiers from solution but also indicates that the
amine moiety is protonated on the surface. Results from
complementary quantum mechanics calculations yielded
additional evidence for such a model, and were used to
estimate the energetics of the isotope exchange pathway
observed experimentally.

2. EXPERIMENTAL DETAILS

The kinetic experiments on the H-D exchange reaction
between 1-NEA (1-(1-naphthyl)ethylamine, either r- or s-
99% purity, Sigma-Aldrich) and D, gas (Matheson, 99.5%
atom purity) were carried out in an open glass flask. A set
weight (25 mg) of a commercial 1 wt % Pt/ALO; catalyst (Alfa
Aesar; Pt average nanoparticle size (d) = 3.4 + 0.1 nm)25 was
added to a 20 mM NEA solution in CCl, (Sigma-Aldrich,
99.9%), and the mixture was then exposed to D, bubbled at
atmospheric pressure while magnetically stirring. The reaction
was run for 8.0 h, taking 1 mL aliquots for 'H NMR or gas
chromatography/mass spectrometry (GC—MS) analysis every
2.0 h. For the NMR tests, CDCl; (Millipore Sigma, 99.96% D,
water <0.01%) was used for shimming and locking the
magnetic field during NMR characterization, which was done
using a Bruker Avance NEO 400 spectrometer. To avoid any
possible H-D exchange between the NEA and the reference
CDCl; solvent, the solution of the former was sealed in a
capillary tube and placed inside the larger CDCl;-containing
NMR tube (more details, including the 'H NMR spectra of the
pure solvents, Figure S1, are provided in the Supporting
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Information). The GC—MS tests were carried out using the
Agilent Technologies 5975 Series MSD apparatus.

The instrumentation used for the in situ attenuated total
reflection infrared absorption spectroscopy (ATR-IR) charac-
terization of the adsorbed species has been described in past
publications.”*** Briefly, a Fourier transform infrared spec-
trometer (FTIR, Bruker Tensor 27) and a commercial
multiple-bounce attenuated total reflection accessory (ATR,
Pike Technologies) equipped with a 60 mm long Ge prism
were used. A well-defined amount of the catalyst, typically 3
mg, was dispersed on the surface of the prism, and the ATR
cell was filled with the pure solvent (CCl,). The catalyst was
preconditioned by bubbling either H, (Liquid Carbonic,
99.995% purity) or D, (Matheson, 99.5% atom purity) gas
for 60 min, after which a background IR spectrum was taken.
The cell was then exposed to a solution of the chiral modifier
(NEA or cinchonine), and spectra were acquired every 30 min
until surface saturation was reached. Afterward, the cell was
flushed with the pure solvent, and additional spectra were
recorded to differentiate between weakly and strongly bonded
adsorbates. All the reported spectra were obtained by adding
256 scans taken with 4 cm™' resolution and were ratioed
against the reference spectrum recorded at the start of the
experiment.

For the quantum-mechanics studies, spin-unrestricted first-
principles calculations were performed based on periodic
density functional theory (DFT) as implemented in the Vienna
Ab initio simulation package (VASP)*® with projector-
augmented waves.”” For the exchange-correlation (XC)
potential, the generalized gradient approximation (GGA)
with the Perdew—Burke—Ernzerhof (PBE) functional was
employed.”® Van der Waals interactions were considered using
the Grimme D3 method.”” The electronic states were
expanded in plane waves with an energy cutoff of 400 eV. A
c(8 X 4) surface unit cell was used, with four atomic layers and
a 15 A vacuum space added in the z direction, perpendicular to
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the surface. The bottom layer was fixed during the slab
optimization and NEA adsorption. The Brillouin zone
integration was done using a k-point grid of 7 X 7 X 1 within
the c(8 X 4) cell. The geometric structures were optimized by
minimizing the forces on individual atoms with the criterion
that all forces on each atom must be smaller than 1 X 1073 Ry/
a.u. Vibrational frequencies were estimated by calculating the
second derivative (Hessian matrix) of the potential energy
surface using finite differences, and the correspondin§
intensities were derived from the dynamical dipole moments.’

Two atomic layers were used, and atoms were displaced in all
directions. The final frequencies were scaled®' ™* to optimize
matching with the experimental values as indicated in the text.
Reaction pathways and activation energies were calculated by
using the nudged elastic band (NEB) method**** within the
climbing image scheme, as implemented in VASP. No
reoptimization of the transition state structures was attempted
as the simplicity of the reaction pathway, mainly involving the
diffusion of hydrogen atoms on the surface, suggests that no
major surface rearrangements are likely.

Although there are not many previous calculations on these
systems that we can compare with (as they depend on the
choice of van der Waals interactions), we found that our
estimated adsorption energy for the most stable NEA flat
geometry (E,q = 3.94 eV, using Grimme D3) is close to that
reported by Goubert et al. (E,4 = 3.54 eV, using optB88-
vdW).*° The effect of the solvent (CCl,) was briefly evaluated
by estimating the energy changes induced by coadsorbing CCl,
with the flat configuration of NEA. It was found that the effect
was minimal as the solvent only weakly physisorbs on the Cu
surface.

3. RESULTS AND DISCUSSION

Initial evidence for the interaction of the amine nitrogen atom
in the NEA molecule adsorbed from solution with platinum
surfaces was obtained from reactivity studies using '"H NMR
and GC—MS analysis of NEA solutions as they were allowed
to react with D, gas. Typical '"H NMR data, in the case of r-1-
NEA converted in the presence of a 1 wt % Pt/Al,O; catalyst,
are shown in Figure 1. The figure includes the corresponding
peak assignment: the signals for the hydrogen atoms in the
aromatic rings, H; to H;, are detected at shifts above 7 ppm,
whereas the hydrogen bonded to the alpha (chiral)-carbon of
the ethyl moiety, Hg, appears at a shift slightly above S ppm.
Particularly relevant to our studies are the hydrogen atoms in
the terminal methyl group, H, (a doublet between 1.65 and 1.7
ppm), and those in the amine group, H;, (a broad feature
around 1.5 ppm), which were seen to slowly exchange with
deuterium. The growth of new peak, H,,’, was also observed at
approximately 1.45 ppm, which we assign to the remaining
amine proton on the newly formed R-NHD H-D exchanged
amine.

The substitution of H for D atoms in the amine group was
quantified by using the areas of the H;, and H;," peaks, scaled
relative to the signal for six (H;-Hy) of the protons of the
aromatic ring (the signal for H, was excluded because it is a bit
noisier); the resulting average number of D atoms incorpo-
rated in the reactant estimated using the H,, peak is provided
in the right hand side of Figure 1. These data clearly indicate
that the extent of the H-D exchange increases with reaction
time. Slower and less extensive isotope exchange was also seen
at the H, position (and possibly at the H, aromatic ring
position), but the signal intensities of all the other hydrogen

atoms remained approximately constant. The temporal
evolution of the H-D exchange of all of the protons in the r-
1-NEA upon exposure to D, in the presence of the Pt/Al,O,
catalyst is reported in Figure 2, in the form of the fraction of D
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Figure 2. H-D exchange kinetics for r-1-NEA on Pt/Al,O;, measured
using 'H NMR. The values for the amine protons were calculated in
two ways, using the intensities of the peaks at approximately 1.5 ppm
(Hy) and 1.4S ppm (H,y'). The values and error bars were estimated
using data from three independent kinetic runs.

incorporated at each position versus reaction time. Three
independent kinetic experiments were carried out to estimate
the error bars for these measurements (also shown in Figure
2), to make sure that the observed changes are not within the
accuracy of the experiments (they are not). Data from a blank
experiment, performed to corroborate that the changes
observed are due to the Pt-promoted H-D exchange reaction,
are reported in Section S2 of the Supporting Information. The
kinetics estimated using the signals for the H, and H;y’ peaks
agree with each other within our experimental error, a fact that
provides additional confirmation of the Pt-catalyzed isotope
substitution at the amine group of NEA.

Corroborating evidence for the H-D reaction with 1-NEA
was provided by results from GC—MS experiments. An
example of the resulting data is provided in Figure 3. The
gas chromatograms displayed on the left panel show the
growth of a small but sharp peak at a retention time of 7.60
min on top of the broad features due to the normal 1-NEA, a
large peak between 7.45 and 7.6 min followed by a skewed
trace extending to 8 min. The mass spectra reported in the
right panel of Figure 3, obtained at 7.60 min, show not only the
peaks expected for 1-NEA but also a growing feature at 172
amu, the mass of molecular 1-NEA-d;. Quantitation of the
growth of this peak is not viable as the new GC feature rides
on top of a large background from regular 1-NEA, but what is
clear is that the 172/171 amu ratio (172 and 171 amu being
the values for the NEA-d, and NEA-d, molecular masses,
respectively) does increase with reaction time (values provided
in the right side of Figure 3). Both the "H NMR and the GC—
MS data clearly prove that the H-D exchange of the hydrogen
atoms in the amine group in 1-NEA with gas-phase D, is
promoted by supported Pt catalysts (the blank experiments
without the catalyst showed none of the changes seen in
Figures 1 and 3; data provided in the Supporting Information).
A small amount of decomposition of the NEA was also seen in
these GC—MS experiments, as indicated by the growing peaks
at 7.1 (1-naphthyl ethane) and 7.3 (1-naphthyl-1-pD-methane)
min in the GC traces (the corresponding MS data are provided
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Figure 3. GC—MS data from experiments similar to those reported in
Figure 1. The left panel displays the GC traces obtained for the
reaction mixture as a function of time, which not only are dominated
by the large peak at retention times between approximately 7.45 and
7.6 min but also show a skewed feature extending to 8 min and,
crucially, a small but sharp new peak that develops over time at 7.60
min. The right panel, which shows the mass spectra of the mixture at
7.60 min elution time, highlights the presence of some deuterated 1-
NEA, as indicated by the growth of the 172 amu peak.

in Figures S2 and S3, Supporting Information); these are
minor and not relevant to the chemistry being discussed here.

The next question to address here is what the mechanism
may be by which the H-D exchange occurs. Two
straightforward and simple options can be put forward: the
initial deprotonation of 1-NEA at the amine nitrogen upon
adsorption followed by the addition of a deuterium atom from
the metal surface, and the reverse deuteration of the amine
position on the surface and the subsequent loss of a hydrogen
atom. The energetics of these two possible reaction pathways
was mapped out using DFT calculations; the results are shown
in Figure 4 (red, top, traces for the first pathway; blue, bottom,
data for the second). It is clear that, from the energy point of
view, the second pathway, involving an initial protonation of
the adsorbed NEA (blue trace), is favored as it requires
overcoming a total energy barrier (to TS2, relative to the
starting point) of only 76 kJ/mol; the first route, which
involves an initial deprotonation step, displays an equivalent
total barrier of 172 kJ/mol high (red trace). More details of
these calculations, including drawings of the intermediate
structures that form on the surface during the incorporation
and ejection of H/D atoms into/from the adsorbed 1-NEA
molecule, are provided in the Supporting Information.

The mechanism identified by these DFT calculations
requires the formation of a protonated (deuterated) species
at the amine group of 1-NEA on the Pt surface upon
adsorption from liquid solutions. The molecular details of the
adsorption of 1-NEA on the surface of the Pt catalyst that leads
to the H-D exchange reaction were explored by using in situ
ATR-IR. In these experiments, the catalyst is dispersed on the
top surface of the prism of the ATR cell and exposed to a
solution of 1-NEA (in CCl,) while bubbling hydrogen or
deuterium. It is interesting to point out that no detectable 1-
NEA adsorption was ever seen without prior hydrogen
bubbling, an observation consistent with the reported fact
that these catalysts need to be preconditioned with hydrogen
for the chiral catalysis to be operational.”’ > In our case, a
slow uptake of 1-NEA on the surface was observed over a
period of 2—3 h, as already reported by us and others not only
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Figure 4. Calculated potential energy surfaces along the reaction
coordinates for two possible mechanisms for the H-D exchange in 1-
NEA promoted by Pt surfaces. In the top mechanism (red), the
adsorbed NEA first loses an amine hydrogen atom and then adds a
deuterium atom from the surface, whereas the bottom option follows
the reverse sequence, namely, a surface deuterium atom is added first
followed by the loss of an amine hydrogen. Clearly, the second
mechanism is preferred in terms of the energy barriers that need to be
surpassed.

with 1-NEA but also with cinchona alkaloids.”*”*’ Figure 5
contrasts the 1-NEA uptake evolution when using H, versus
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Figure S. In situ ATR-IR spectra obtained during the uptake of r-1-
NEA from a CCl, solution onto a Pt/SiO, catalyst while bubbling
either H, (light traces) or D, (dark traces), plotted versus exposure
time. Two new features grow in the case of D, bubbling not seen with
H,, around 1180 and 2187 cm™, as highlighted in the right two
panels. These are indicative of the formation of N—D bonds. The
system was flushed with a pure solvent (CCl,) at the end of the run to
corroborate that the adsorption is irreversible.

D,. Pointedly, two new features are seen to grow in the spectra
with D, not seen with H,, at 1180 and 2187 cm™ (the
corresponding regions of the spectra are expanded in the two
right panels of Figure 4). These signals, which are easily
assigned to N—D deformation (Syp) and N—D stretching
(vnp) vibrational modes, attest to the formation of new N—D
bonds in the adsorbed 1-NEA.
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The behavior indicated in Figure S proved to be quite
general. Figure 6, for instance, which displays the ATR-IR

L
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Figure 6. In situ ATR-IR spectra obtained after 150 min of uptake of
either s- (top two traces) or r- (bottom two) 1-NEA from CCl,
solutions onto a Pt/SiO, (left) or a Pt/Al,O; (right) catalyst while
bubbling either H, (blue traces) or D, (red traces). The deuterium
incorporation in the N atom of 1-NEA when bubbling D, is indicated
in all cases by the new features seen at 1180—118S and 2181—-2187
cm™l,

spectra obtained at the end of the uptake of both r-1-NEA and
s-1-NEA on either Pt/SiO, or Pt/Al,O; catalysts, indicates the
incorporation of deuterium into the 1-NEA molecule in all
cases: the Syp (1180—1185 cm™) and ryp (2181-2187
cm™") peaks identified above are seen in all the spectra with D,
but not in any of the experiments with H,. The same behavior
was seen with 2-NEA as well (Figure S4, Supporting
Information). It should also be indicated that, under the
conditions of these experiments, the NEA adsorption and the
formation of the new surface intermediate (which we in this
report argue is a protonated NEA) are irreversible, a
conclusion indicated by the fact that flushing with a pure
solvent after the uptake results in no changes in the positions
or intensities of any of the IR peaks (bottom trace in Figure S).
No desorption is observed in any of these systems.

The ATR-IR data in Figures 5 and 6 clearly show the
formation of a new N—D bond upon the bubbling of D, but
that does not directly address the questions related to the
structure of the adsorbed NEA. This is a particularly critical
aspect of the study of enantioselective catalysis aided by chiral
modifiers because the in situ IR spectra of the modifier
adsorbed on the metal surface from liquid solutions have been
shown to be very different from those acquired for the
adsorbate in UHV or for the free molecules in solution.*"** It
is clear that the presence of the liquid in contact with the
catalyst affects the nature of the adsorbed molecules, but this
effect cannot be fully ascribed to the solution alone.
Complementary density functional theory (DFT) calculations
were carried out to better understand these changes. First, the
adsorption structures of pure 1-NEA and of NEA with one less
or one more amine hydrogen (that is, deprotonated or
protonated) were optimized, and simulated IR spectra were
estimated to compare with the experimental data. The results
are shown in Figure 7. The left panel reports the results, in the
form of peak positions and peak intensities, for s-1-NEA in two
different configurations, namely, adsorbed with the aromatic
ring either flat or tilted with respect to the Pt surface, and for
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Figure 7. DFT-simulated IR spectra for s-1-NEA in different
environments. Left: peak positions and peak intensities estimated
from DFT calculations for (from bottom to top): the free molecule,
the s-1-NEA adsorbed on Pt(111) with the ring either flat or tilted
with respect to the surface plane, and the adsorbed molecule either
protonated or deprotonated at the amine group. Right: best fits to the
experimental spectra for s-1-NEA adsorbed on Pt(111) in UHV and
on a Pt/SiO, catalyst from a CCl, solution. Also shown are the
spectrum and best fit for the latter case when D, instead of H, is
bubbled through the solution.

optimized adsorption geometries for the s-1-NEA molecule
after either protonation or deprotonation of the amine group.
It can be seen that all these options yield very different IR
spectra. It should be noted, though, that the DFT IR
simulations have a number of limitations and should therefore
be analyzed with caution. For one, it is known that, because of
the anharmonicity of the potentials around the minimum
energy corresponding to the different bonds, quantum
mechanics simulations miscalculate the true vibrational
frequencies. This is typically addressed by scaling the
frequencies in the calculated spectra using an empirical
multiplicative factor;®' > that factor was optimized here to
best fit the experimental data, as discussed later. In addition,
the calculated peak intensities depend on adsorption geo-
metries and do not account for the free rotation of the groups
around single bonds that occurs within the ethylamine moiety
in 1-NEA.

In spite of these shortcomings, we have here attempted to
identify the nature of the adsorbed species using the simulated
spectra. The key results are displayed in the right panel of
Figure 7, and more details are provided in the Supporting
Information (the vibrational peak assignments are sli%htly
different from those provided in previous reports).'****** T
decide on the simulated spectra that best interpret each of the
experimental traces, a minimum square fitting of the frequency
values (experimental minus calculated) was carried out with
each option as a function of the scaling factor used in the
calculations, and the results with the smallest standard
deviation were chosen (the final scaling factors are tabulated
in the Supporting Information). Three cases are shown in
Figure 7. In the first case (bottom, light blue trace and blue
and purple bars), the spectra for s-1-NEA adsorbed on Pt(111)
under UHYV are interpreted in terms of a combination of flat-
and tilted-ring geometries; the best fit is to the tilted

https://doi.org/10.1021/acscatal.2c01627
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arrangement, but some important peaks are missed and only
accounted for with a flat coadsorbate. It should be noted that
most reports have concluded that NEA adsorption on bulk
metal surfaces under vacuum leads to a flat geometry, as
mentioned in the Introduction,® but a recent IR study has
suggested the possibility of the formation of a tilted adsorbate
at high coverages.z2

The second comparison is for s-1-NEA adsorbed on a Pt/
SiO, catalyst from a CCl, solution (red trace and bars), and it
also applies to adsorption on either a Pt foil or a Pt/ALO;
catalyst since those spectra all look similar (Figure 6 and
previously published results).”**>* In this case, the best fit is
to a protonated NEA adsorbate, a result that not only is
consistent with the H-D exchange reaction reported above but
also helps explain a number of previously unaccounted for
observations. First, the IR spectrum adsorbed from solution
looks completely different from those obtained for the pure
compound, for the compound dissolved in a liquid solvent, or
for NEA adsorbed on Pt surfaces under vacuum.*"* It is
possible that, while adsorption of NEA on the metal surface
preserves the molecular stoichiometry of the chiral modifier, at
a liquid—solid interface it leads to hydrogen incorporation, so
the new IR spectra correspond to adsorbed protonated 1-NEA
(1-NEA + H or 1-NEA + D) instead. We speculate that the
solvent may help stabilize the additional charges added to the
adsorbate after protonation; according to our Bader charge
calculations, the electronic charge of the N atom goes from
—0.89 in deprotonated 1-NEA (1-NEA-H) to —1.04 + 0.02 in
1-NEA and to —1.13 in 1-NEA + H, all adsorbed on Pt(111)
(Figure SS, Supporting Information).

The second observation explained by our data is the need
for hydrogen pre-conditioning of the surface to induce the
efficient uptake of chiral modifiers.>” ™%’ In fact, it has also been
shown that the addition of acids to the solution to protonate
the chiral modifier helps improve the enantioselective
performance of the catalyst.** It should also be indicated
that, in our in situ ATR-IR experiments, deuterium
incorporation into the adsorbed 1-NEA is only seen if the
surface is exposed to D, prior to the addition of the chiral
modifier to the solution; bubbling of D, after 1-NEA surface
saturation does not result in the development of the new IR
peaks reported above (Figure S6, Supporting Information).

The third reported case in Figure 7 is that of s-1-NEA
adsorbed from a CClI, solution while bubbling D, instead of
H,. Again, the fit of the DFT-calculated data to the
experimental results is less than ideal, but the spectra are
reasonably well accounted for by a monodeuterated adsorbed
amine where the amine group rotates freely around its axis (the
simulated spectrum in the figure is a weighted average of two
extreme configurations, as shown in the Supporting Informa-
tion). This amine protonation/deuteration seems to also be
quite general: the development of the new N—D vibrational
bands is seen not only in 2-NEA, as mentioned before (Figure
S4, Supporting Information), but also in cinchonine (Cn), as
shown in Figure 8. In this case, the two new features associated
with the deformation (Syp*) and stretching (vyp*) modes of
the N—D* bond that forms upon deuteration of the
quinuclidine amine nitrogen are seen at 1210 and 1525
cm™!, respectively. In addition, a new feature due to a "
mode is seen at 2160 cm™" in the spectrum for Cn adsorbed
while bubbling H,. Since quinuclidine is a tertiary amine, there
are no N—H bonds in the free molecule, and no peaks for that
vibration are seen in the spectrum for Cn dissolved in CCl,
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Figure 8. In situ ATR-IR spectra obtained after 150 min of uptake of
cinchonine (Cn) from a CCl, solution onto a Pt/Al,O; catalyst while
bubbling either H, (middle, blue, trace) or D, (bottom, red, trace).
The spectrum of Cn in solution (top, green) is also provided for
reference. The deuterium incorporation to the N atom of the
quinuclidine ring in Cn when bubbling D, is indicated by the new
features seen at 1210 and 1525 cm™ as well as by the disappearance
on the peak at 2160 cm™.

(Figure 8, top, green, trace); only upon protonation of that
amine it is possible to detect a N—H" stretching vibration.
Notice also that the vy, feature is not seen in the spectrum
recorded while bubbling D, either. It is important to indicate
that, although the values for the stretching frequencies
reported here may appear low (typical values for N—H
bonds are around 3500 cm™!), this is because, in our case, the
amine is protonated and has a positive charge; the reported
frequency range for R=N—H" stretchin§ vibrations in dilute
solutions is between 1800 and 2200 cm™".** Protonation of the
amine (quinuclidine) nitrogen in cinchona alkaloid chiral
modifiers upon adsorption on Pt in the presence of H, gas has
in fact been proposed (but not proven) before.***”

4. CONCLUSIONS

In this research, a combination of catalytic kinetic measure-
ments, in situ infrared absorption spectroscopy characterization
of adsorbed species, and quantum mechanics calculations was
used to probe the surface chemistry associated with the
adsorption and chemical reactivity of chiral modifiers, not only
1-NEA but also 2-NEA and cinchonine, at the liquid—solid
interface of the type of Pt-based supported catalysis used to
promote hydrogenation reactions enantioselectively. It was
determined by using '"H NMR and GC—MS detection that, in
the presence of D, gas and a Pt catalyst, NEA undergoes H-D
exchange at the amine nitrogen atom. DFT calculations
indicated that the most likely mechanism for this reaction is via
the formation of a protonated (deuterated) intermediate on
the surface of the metal employed as a catalyst. In situ IR data
were used to identify this species, which displays additional
vibrational modes associated with the newly formed N—D
bonds. These observations proved to be fairly general, as
similar results were seen with both s and r enantiomers of 1-
NEA and 2-NEA as well as with cinchonine and also with both
Pt/SiO, and Pt/AL,O; catalysts. The conclusion that NEA is
protonated on the surface under reaction conditions, namely,
in the presence of a solvent and as hydrogen is bubbled to the
mixture, explains some observations not previously accounted
for, including the unique nature of the IR spectra obtained for
these adsorbed species when comparing with the free modifiers
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or for those adsorbed on Pt under vacuum, and also the need
to precondition the surface with hydrogen for optimum
adsorption and catalytic performance.
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