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Abstract: The adsorption behavior of
O-methyl and O-trimethylsilyl deriva-
tives of cinchonidine (CD), employed
as chiral modifiers for heterogeneous
enantioselective  hydrogenations on
supported Pt catalysts, has been investi-
gated by using attenuated total reflec-
tion infrared spectroscopy (ATR-IR)
and density functional theory (DFT)
electronic structure calculations. The
ATR-IR spectroscopic investigation
provided detailed insight of the ad-

the implications of conformational
changes in generating the topology of
the surface chiral site. The structural
investigation of the adsorbed modifiers
revealed a relationship between the
spatial positions of the ether substitu-
ents and the enantiodifferentiation in-
duced by the modified catalyst ob-
served in the hydrogenation of a-acti-
vated ketones. Experiments and calcu-
lations corroborate a model, according

to which the addition of a bulky ether
group to CD reshapes the chiral sites,
thus generating catalytic chiral surfaces
with different and, in some cases (e.g.
hydrogenation of ketopantolactone),
even opposite enantioselective proper-
ties to those obtained with CD without
altering the absolute configuration of
the modifier. The study also confirms
that active surface conformations of
cinchona modifiers are markedly differ-
ent from those existing in vacuum and
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Introduction

The development of efficient enantioselective catalysts rep-
resents an attractive field of research in fine chemical syn-
thesis."! While homogeneous enantioselective catalytic hy-
drogenations have been successfully implemented as a pow-
erful tool in organic synthesis,” a corresponding develop-
ment has not been witnessed in heterogeneous enantioselec-
tive catalysis so far, in spite of the technical advantages
(stability, regeneration, reuse, and separation) of heteroge-
neous catalysts compared to their homogeneous counter-
parts. Nevertheless, in the past decade, considerable efforts
have been made by various groups to further develop heter-
ogeneous enantioselective hydrogenations, and today, a sig-
nificant level of understanding of their functioning has been
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reached. The most successful strategy for obtaining enantio-
selective solid catalysts has been the modification of metals
by means of chiral organic molecules,'*" albeit control of
enantioselectivity induced by such materials has not been
reached to the same extent as for homogeneous cata-
lysts.'? The most studied systems include the enantioselec-
tive hydrogenation of f3-keto esters with a tartaric-modified
nickel catalyst®™* and the enantioselective hydrogenation of
a-activated ketones™ " and activated C=C bonds by
cinchona-modified Pt and Pd,*'" respectively.

It is generally accepted that chiral modification of metal
catalysts occurs by adsorption of a chiral molecule on a
metal surface, thus generating catalytic sites that can asym-
metrically interact with a prochiral substrate.!! The sum of
such interactions within these sites determines the chiral
recognition that is at the origin of enantiodifferentiation. In
the case of cinchona-modified platinum, the intrinsic hydro-
genation rate is often enhanced (ligand acceleration) and a
differential rate enhancement of hydrogenation of one
chiral reaction pathway is believed to lead to kinetic resolu-
tion.'">% For this catalytic system, the structure of the modi-
fier has been thoroughly investigated and the function of
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the alkaloid subunits has been identified to a significant
extent. A cinchona modifier is characterized by: 1) an an-
choring moiety (quinoline ring) that binds the molecule to
the surface, 2) stereogenic centers at C8 and C9 that impart
asymmetry to the environment, and 3) a basic nitrogen
atom (tertiary amine of the quinuclidine moiety) responsible
for hydrogen bonding with the substrate at the chiral site.']
The main characteristics of the corresponding 1:1 modifier—
substrate interaction model for the system cinchonidine—
ketopantolactone are illustrated in Scheme 1.1

/
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Scheme 1. Simplified model proposed for the interaction between keto-
pantolactone and cinchonidine adsorbed on the platinum surface.'*! A
1:1 diastereomeric complex is formed by hydrogen bonding between the
quinuclidine N atom and the carbonyl O atom of ketopantolactone.

The direction of enantioselectivity induced by the modifi-
ers can be controlled to a certain extent. Orito has already
observed that in the enantioselective hydrogenation of ethyl
pyruvate cinchonidine (CD) yields the R lactate, while its
diastereomer cinchonine (CN) yields the S lactate in almost
equal (although not identical) enantiomeric excess.""! A sim-
ilar behavior is also observed with the diastereomeric
couple quinidine and quinine.">' In the cases described
above, the inversion of enantioselectivity is due to the oppo-
site absolute configuration at the C8 and C9 stereogenic
centers (Scheme 2). In fact, the diastereomeric couples
cinchonidine—cinchonine and quinidine—quinine are often
called pseudo-enantiomeric pairs due to their almost enan-
tiomeric structure, which is in line with their behavior as
modifiers. More interestingly, it has been shown that inver-
sion of enantioselectivity can be obtained by using modifiers
that maintain the same absolute configuration at C8 and C9,
but differ by the introduction of an ether moiety in place of
the hydroxyl group of CD.'®l In particular, O-phenyl ethers
of cinchonidine have been shown to yield the S enantiomer
in the enantioselective hydrogenation of several a-keto
esters, as opposed to simple CD that always yields the R
enantiomer."'”!  The use of O-phenyl cinchonidine
(PhOCD) as a modifier showed that the opposite absolute
configuration at C8 and C9 of the alkaloid is not a require-
ment for obtaining inversion of the enantioselective proper-
ties of a catalyst. Structural studies of the surface sites gen-
erated by this modifier on model metal catalysts revealed
that inversion is likely to be attributed to the reshaping of
the chiral site due to the phenyl moiety.”™* The phenyl
group has a complex interaction with platinum, since it can
adsorb on the symmetry plane by means of the m system,
giving rise to strong chemisorption,®! therefore influencing
the adsorption of the modifier. However, at the same time,
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Scheme 2. Top: Pt-catalyzed enantioselective hydrogenation of ketopan-
tolactone in which chiral modification with MeOCD and tMeSiOCD
afford opposite enantiomers of pantolactone.'® Bottom: Complete chem-
ical structure of CD and its analogues modifiers MeOCD and tMe-
SiOCD.

it can generate steric repulsion in the proximity of the chiral
site. The studies on O-phenyl ethers of CD proposed that
the reshaping of the asymmetric environment created on the
metal catalyst by conformational displacement of the O-
phenyl moiety is at the origin of the inversion of enantiose-
lective properties with respect to CD.?**!

Recently, we showed that the modifiers O-methyl cincho-
nidine (MeOCD) and O-trimethylsilyl cinchonidine (tMe-
SiOCD) (Scheme 2) afford opposite enantioselectivity in the
Pt-catalyzed hydrogenation of ketopantolactone. MeOCD
affords the R enantiomer, and tMeSiOCD the S enantiomer
with appreciable enantiomeric excess."®! Here, we apply at-
tenuated total reflection infrared (ATR-IR) spectroscopy
and density functional theory (DFT) to elucidate the role of
the O—R subunits at C9 of the substituted CD modifiers on
the structure of the chiral site. This information is a prereq-
uisite for gaining a thorough understanding of the enantio-
differentiating properties of these catalytic systems.

Results and Discussion
Transmission IR spectra of MeOCD and tMeSiOCD: The

transmission IR spectra of neat tMeSiOCD and of solutions
of MeOCD and tMeSiOCD in CH,Cl, were used as a refer-
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ence for the assignment of the signals of the adsorbed modi-
fiers on Pt (Figure 1). In addition, the vibrational normal
modes of tMeSiOCD in its most stable conformation in
vacuum (open(3); O(3)) were calculated. The most relevant
experimental and calculated vibrational frequencies are re-
ported in Table 1.
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Figure 1. IR transmission spectra of 10 mm CH,Cl, solution of a) cincho-
nidine (CD), b) O-methoxycinchonidine (MeOCD), and ¢) O-trimethylsi-
lyloxycinchonidine (tMeSiOCD). d) Spectrum of neat tMeSiOCD.

In the 1650-1450 cm™! spectral range, both modifiers
show the common diagnostic vibrational modes of the quin-
oline ring of CD and its ether derivatives. The signals at
1590, 1570, and 1510 cm™ have already been assigned®! to
a combination of deformation and in-plane 6(C—H) modes
of the quinoline ring. The symmetric and asymmetric
0(CH;) modes of the trimethylsilyl group lie in the spectral
range around 1450 cm™!, partially overlapping with the vi-
brations of the oO(CH,) quinuclidine skeleton (ca.
1460 cm™"). Methyl groups attached to the Si atom have a
characteristic, very sharp band between 1290 and 1240 cm™
due to the symmetric (—CH;) deformation, in agreement
with previous work on methoxytrimethylsilane.”>*! For
tMeSiOCD, this signal is detected only in the spectrum of
the neat compound at 1250 cm™! (Figure 1d), because in so-
lution (Figure 1c) this band is covered by the absorption of
the bulk solvent.

Below the 1200 cm™ frequency region, tMeSiOCD exhib-
its fingerprint vibrational modes characteristic of asymmet-
ric stretching of Si—O—C, C—C, and C—N groups.” The
signal at 1100 cm™' is associated with a combination of the
v(C—0) of the trimethylsilyl group and rocking and defor-
mation modes of the methylene groups of the quinuclidine
skeleton. Another vibrational mode resulting from a combi-
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Table 1. Assignment of major vibrational modes of tMeSiOCD in solu-
tion on Pt/Al,O;, and calculated (conformers O(3) in vacuum, see theo-
retical calculations for details).

MeOCDF!  tMeSiOCDI
Vibrational frequencies [cm™'] description of the
soll" ptll sol® Pl calcd? vibrational model!®

1637 n.o. 1637 n.o. 1654
1613 1613 1613 1613 1604
1590 1590 1590 1590 1581
1570 1570 1570 1570 1556
n.o. 1530 n.o. 1530 n.o.
1510 1510 1510 1510 1496

(Ci-Cyy), ¥(C=C)

QN, ring def. + 6(C-H)
QN, ring def. + 6(C-H)
QON, ring def. + 6(C-H)
QN, ring def. + 6(C-H)
QN, ring def. + 6(C-H)

1465 ~1460 1465 ~1450 1464  QD, 0,(C-H)
1465 ~1460 1465 ~1450 1449  QD, 6,(C-H)
1465 ~1450 1437  QD, 8,(C-H)

14521) 1452 1432 tMe, 6,((CH,)
1424 tMe, 6,(CH,)
1415 tMe, 6,(CH,)

126214 * 1273 tMe, 6(CH,)
1250 * 1264 tMe, 6(CH,)
* 1263 tMe, 0,(CH,)
1108  n.o. »(C-O-CHj)
1100 no. 1083  v¥(C-O) 4+ QD, p(CH,) + v(Si-
0)

1075  no. 1050
1047 1031 1039 1031 1022
1026 1031 1024 1031 1007  QD, C-N-C, C-C-C, str.

884 881 830 ¥(Si-O) + QD, p(CH,)

[a] For adsorbed MeOCD and tMeSiOCD. [b] IR spectrum of 0.01M so-
lution in CH,Cl,. [c] ATR-IR spectra of 0.05 mm solution in CH,Cl, on
Pt/AlL,O;. [d] DFT calculations performed using the B3LYP method with
the 6-31G(d-p) basis set (see text for details), a correlation factor of
0.961 must be taken into account. [e] IR spectrum of neat tMeSiOCD.
[f] Vibrational mode description using the following notation: QN = quin-
oline group; QD =quinuclidine group; tMe = O-trimethylsilyl group; v=
stretching; d,=symmetric bending; J,,=asymmetric bending; n.o.=not
observed; * =interference due to solvent signals.

QD, p(CH,) + def. C-C
QD, C-N-C, C-C-C, str.

nation of the asymmetric bending of the carbon skeleton of
quinuclidine exhibits a band at 1075 cm™. The intensity
ratio between the signals at 1100 and 1075 cm™' of neat tMe-
SiOCD differs from that of the modifier in solution. The
spectrum of the neat modifier (Figure 1d) shows a very
weak band at 1075 cm ™!, while in solution (Figure 1c), the
bands have almost the same intensity. A sharp band at
884 cm ™! (Figure 1d) represents a combination of the (Si—O)
stretching and p(CH;) of the methyl group directly connect-
ed to the Si atom.

The main difference between the transmission spectrum
of O-methylcinchonidine (MeOCD) shown in Figure 1b and
the spectrum of CD (Figure 1a) is the signal at 1108 cm™! as-
sociated with a v(C-O-CH;) of the methoxy group at C9
(Scheme 2).

ATR-IR spectra of MeOCD and tMeSiOCD adsorbed on
Pt: The adsorption behavior of CD has been thoroughly in-
vestigated by means of ATR-IR spectroscopy on a polycrys-
talline Pt surface in the presence of H, and solvent.*
Three adsorbed species were identified that are character-
ized by different adsorption energies and orientation of the
quinoline moiety. Strongly adsorbed species are character-
ized by the quinoline ring of CD predominantly parallel to
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the surface plane and show a signal at 1570 cm™'. Weakly
adsorbed species are characterized by the quinoline ring
tilted with respect to the plane of the metal and have been
divided into: 1) N-lone-pair-bonded (signals at 1590 and
1510 cm™") and 2) a-quinolyl species (signal at 1530 cm™).
Flat adsorbed species generally resist desorption, whereas
the last two species mostly disappear during rinsing with H,-
saturated CH,Cl,. The same technique was also used for
studying the adsorption of O-phenyl substituted CD.?*?!]
Figure 2 shows the ATR-IR spectra of tMeSiOCD ad-
sorbed on platinum. They reveal a similar orientation of the
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1600 1500 1400 1300 1100 900
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Figure 2. ATR-IR spectra of tMeSiOCD adsorbed from H,-saturated
CH,Cl, on Pt/Al,O; at 293 K (concn tMeSiOCD =0.05 mm), traces a)
and b) were recorded within 10 min. Spectrum c) was recorded after
50 min on stream. Spectrum d) was recorded 40 min after the rinsing of
the surface with H,-saturated CH,Cl,. The spectra of tMeSiOCD in solu-
tion (Sol.) and neat below 1300 cm * are included as a reference.

quinoline ring to that of CD with a predominance of strong-
ly adsorbed and oa-quinolyl species (Figure 2b). The signal
associated with the a-quinolyl adsorbed species decreases
with time on stream (Figure 2c), whereas the intensity of the
signals at 1590 and 1510 cm ™' increases. This is evidence of
the reorganization of the population of surface species:
when the coverage of tMeSiOCD increases on the surface,
a-quinolyl species are replaced by N-lone-pair-bonded spe-
cies. During rinsing with H,-saturated CH,Cl,, the strongly
flat-adsorbed species are the most populated on Pt, while
the N-lone-pair-bonded species are slowly displaced from
the surface (Figure 2c,d).

The signal at about 1460 cm™! results from a combination
of the C—H scissor modes of the quinuclidine skeleton in-
ducing a dynamic dipole moment vector along the
N—C4 axis.”*?"! Changes in the intensities of this signal
allow the orientation of this sub-unit to be followed. CD
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and the synthetic modifier O-[(3,5-bis(trifluoromethyl)-
phenyl]cinchonidine (tFPhOCD) displayed a conformation
in which the quinuclidine is oriented directly towards the
metal surface.”” As shown in Figure 2a, in the early stages
of the adsorption of tMeSiOCD, the signal associated with
the quinuclidine moiety is silent. After 10 min on stream
(Figure 2b), a broad band due to the bending mode of the
methyl groups connected to the Si atom appears at
1455 cm ™. Although this last band overlaps with the signal
of the quinuclidine, a shoulder at approximately 1460 cm™'
indicates an orientation of the quinuclidine moiety facing
the surface comparable to that of CD.

The signal at 1075 cm™' is associated with a vibrational
mode representative of the quinuclidine moiety uncoupled
from vibrations originating from other subunits of the modi-
fier, and its dynamic dipole moment is oriented perpendicu-
larly to the N—C4 axis. The absence of this signal in the
ATR-IR spectra of the adsorbed tMeSiOCD indicates that
the N—C4 axis of quinuclidine is approximately perpendicu-
lar to the metal surface, which is corroborated by the pres-
ence of the signal at 1460 cm™' discussed in the previous
paragraph. In contrast, the signal at 1100 cm™ originates
from the combination of vibrational modes of two different
sub-units: 1) the »(C—O) of the Si-O-C group, oriented
along the Si—C axis and 2) the rocking of (CH,) units be-
longing to the quinuclidine skeleton. The evaluation of the
orientation of the Si-O-C group cannot be based on the lack
of a signal at 1100 cm™' (Figure 2), since this is affected by
the interference (coupling) of the vibrations of the quinucli-
dine skeleton with the v(C—O) of the tMeSiO group. This
interference changes the direction of the total dynamic
dipole moment of the v(Si-O-C) vibrational mode. Consider-
ing that the signal detected at 881 cm™! (Figure 2) is associ-
ated with a dynamic dipole moment oriented in the plane of
the Si-O-C group, we can assume that the plane of this
group is perpendicular to the metal surface.

Figure 3a,b shows the ATR-IR spectra of the evolution of
MeOCD adsorbed on platinum. The experiment reveals the
presence of mainly two species: the flat 1570 cm ' and the
a-quinolyl at 1530 cm™'. Their ratio is constant until the
rinsing with solvent (Figure 3c,d) when the intensity of the
signal at 1530 cm™! is attenuated. N-lone-pair-bonded spe-
cies are not detected. These spectroscopic data suggest that
the adsorption of MeOCD on Pt is comparable to that of
CD.

DFT studies of the surface conformations of adsorbed modi-
fiers: The adsorption of CD and of its phenoxy ether deriva-
tives has been investigated in some detail by means of DFT
calculations to help define their conformation on plati-
num.??>2-31 Figures 4-6 illustrate the calculated conforma-
tions of CD, MeOCD, and tMeSiOCD adsorbed on plati-
num, and Table 2 reports the calculated values of adsorption
energies. The peculiarity of the MeO and tMeSiO ether
groups as compared to the PhO ether groups analyzed in
previous studies??? is that they cannot bind strongly to the
metal as a phenyl moiety. Their role is more clearly that of
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Figure 3. ATR-IR spectra of MeOCD adsorbed from H,-saturated
CH,C], on Pt/AL,O; at 293 K (concn MeOCD = 0.05 mm), traces a) and
b) were recorded within 60 min. Spectrum c) was recorded 30 min after
rinsing the surface with H,-saturated CH,Cl,.

Table 2. Adsorption energies of CD MeOCD and tMeSiOCD (level of
theory in the theoretical calculations section). The values are calculated
with respect to the O(3) conformation in vacuum for all molecules. All
values in kcalmol™".

SO(3) SO(4) SC(2) SC(1) SQB(1)- SQB(1)- SQB(2)

open closed
CD 421 406 426 434 42.79 36.2
MeOCD 342 318 354 341 390 39.7
tMeSiOCD 308 280 368 40.0

adding a spatial constraint in the proximity of the chiral site.
MeOCD has a small methyl group in place of the hydroxyl
group of CD, and tMeSiOCD has a larger trimethylsilyl
moiety that is able to increase the van der Waals sphere of
the ether group without adding functionalities and may give
strong binding to the metal. Furthermore, since the hydroxyl
group is replaced by the ether, the role of the hydroxyl
group in natural cinchona alkaloids can be assessed fur-
ther."**

Figure 4 shows the six stable surface conformations of CD
on platinum,®” and their adsorption energies calculated with
respect to the open(3) (O(3)) conformation are reported in
Table 2. The designations “open” and “closed” indicate that
the quinuclidine nitrogen atom is pointing away (open) or
towards (closed) the aromatic quinoline anchoring moiety.
With closed conformers, hydrogen-bond interactions with
the adsorbed substrate through the quinuclidine nitrogen
are hindered. Surface-closed(2) (SC(2)), surface-open(3)
(SO(3)), and surface-quinuclidine-bound(2) (SQB(2)) con-
formations can interconvert by rotation along 7, and 7, (con-
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Figure 4. Calculated stable surface conformers of CD on platinum: sur-
face-closed(2) (SC(2)), surface-closed(1) (SC(1)), surface-open(3)
(SO(3)), surface-open(4) (SO(4)), surface-quinuclidine-bound(2)
(SQB(2)), and surface-quinuclidine-bound(1) (SQB(1)). The straight
arrow represents the direction of the N—C4 axis of the quinuclidine ring,
and shows the direction of action of the tertiary nitrogen. 7, and 7, are
the rotational degrees of freedom that determine surface conformers.
Values of adsorption energies are reported in Table 2.

formers of the SO(3) group, the left column in Figure 4).
Surface-closed(1) (SC(1)), surface-open(4) (SO(4)), and sur-
face-quinuclidine-bound(1) (SQB(1)) can also interconvert
by rotation along 7; and 7, (conformers of the SO(4) group,
the right column of Figure 4). Conformers of the two groups
cannot interconvert by simple rotation of 7, and 7,, and in-
terconversion requires either a desorption—adsorption step
or the rolling of the molecule over the metal surface.” The
straight arrow depicted along the N—C4 axis of the quinucli-
dine moieties of SC(2) and SO(3) (Figure 4) represents the
range of action of the tertiary nitrogen atom. In SC(2) the
nitrogen atom points towards the anchoring group, while in
SO(3) it points towards the surface and can therefore con-
tribute to a surface reaction. The same holds for SC(1) and
SO(4). Note that the values of adsorption energies in
Table 2 are slightly different from the ones previously pub-
lished,®™ which is due to a different position of the vinyl
group. This does not alter the relative adsorption energies
and the picture that results from their analysis.
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Figure 5 shows the same stable conformers (only SQB(2)
is not shown) of MeOCD, and Table 2 reports the calculated
adsorption energies with respect to the O(3) conformer. In

Figure 5. Calculated stable surface conformers of MeOCD on platinum:
besides SC(2), SC(1), SO(3), and SO(4), two stable conformers (closed
and open) of the surface-quinuclidine-bound(1) (SQB(1)) conformation
are illustrated. The position of the O-methyl moiety is determined by the
rotational degree of freedom ;. Values of adsorption energies are report-
ed in Table 2.

the presence of the O-methyl moiety, a further rotational
degree of freedom is generated, namely 7;, the rotation of
which determines the position in space of the ether moiety.
In the closed conformation, the O-methyl group occupies a
position above the metal and beside the quinuclidine
moiety. In the open conformation, it occupies a space oppo-
site the same moiety and above the anchoring group.

Figure 6 shows the SC(2), SC(1), and SQB(1) conformers
of tMeSiOCD on platinum, and Table 2 reports the adsorp-
tion energies calculated with respect to the O(3) conformer
and for the previous modifiers. For this molecule, the SO(3)
and SO(4) are not stable and slip to the SC(2) and SC(1)
conformations, respectively. This is due to the repulsion of
the trimethylsilyl group that destabilizes the surface open
conformations. Also, in this case, the 7; degree of freedom
exists and can generate an open and a closed conformation
of SQB(1).

Of all the examined modifiers, the SC(1) and SC(2) con-
formers have the wrong quinuclidine tertiary nitrogen posi-
tion (above the anchoring group) to promote surface cataly-
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Figure 6. Calculated stable surface conformers of tMeSiOCD on plati-
num: besides SC(2) and SC(1), two stable conformers (closed and open)
of the surface-quinuclidine-bound(1) (SQB(1)) conformation are illus-
trated. SO(3) and SO(4) conformers are not stable and slip to SC(2) and
SC(1), respectively. The position of the tMeSiO moiety is determined by
the rotational degree of freedom 7;. Values of adsorption energies are re-
ported in Table 2.

sis. It has, in fact, been shown® that the surface-open con-
formations can bend towards the metal and interact with
surface hydrogen. Only from such conformations can the al-
kaloid interact with surface-bound substrates and generate
an enantioselective reaction pathway. On the other hand,
surface-quinuclidine-bound conformations are more stable
than open conformations. In particular, SQB(1) is more
stable than SQB(2).”" Further evidence towards the hypoth-
esis that conformers of the SO(4) group dominate on the
surface is given by the analysis of hydrogenation products of
CD,! which shows that the absolute configuration of the
C(4') carbon atom (Scheme 2) generated by the partial satu-
ration of a quinoline ring is mostly C4'-(S) and can only
occur from adsorption in one of the SO(4) group modes.

From Table 2 it emerges that increasing the bulkiness of
the ether substituent leads to an increase in the energy dif-
ference between the SQB conformations and the surface-
open and -closed conformations. In fact, in the case of CD,
all surface conformations have comparable values of adsorp-
tion energies. For MeOCD, the SOB conformations increase
their relative stability compared to surface-open and sur-
face-closed conformers. In the case of tMeSiOCD, this dif-
ference is further enhanced. The first important conclusion
is indeed that the absence of the hydroxyl group destabilizes
surface-open and -closed conformers and that such destabili-
zation increases with the bulkiness of the substituent. Fur-
thermore, within the SQB(1) conformation of tMeSiOCD,
the closed conformation of the tMeSiO moiety is more
stable than the open one (Figure 6).
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Agreement between computed structures and infrared spec-
tra: The preceding results coupled with the spectroscopic
data shown in the previous paragraph suggest that cinchona
alkaloids adsorbed on a metal surface do not adopt surface-
open or surface-closed conformers when the quinuclidine
tertiary nitrogen atom is relatively far from the metal. How-
ever, they are more likely to adopt conformations where the
quinuclidine moiety is close or attached to the metal. The
ATR-IR experiments show a very similar behavior of the
three alkaloids concerning the main adsorption features, in-
dicating that similar chiral sites are formed at the solid—
liquid interface. Analyzing the catalytic experiments, it
emerges that CD has a similar behavior to MeOCD (the
same enantiomer is formed in the hydrogenation of a-acti-
vated ketones). This excludes the hydroxyl group from
having a critical role in the chiral recognition, at least for
the examined class of substrates. On the other hand, in the
same reactions, tMeSiOCD affords either a lower ee or an
excess in the opposite enantiomer as observed for ketopan-
tolactone hydrogenation (see Table 1 in reference [18]). This
behavior could originate from the reshaping of the chiral
space due to its large van der Waals radius. When consider-
ing the adsorption of this modifier, the surface-open and
-closed conformers (Figure 6) are very unlikely to partici-
pate in the enantioselective event, since their fractional cov-
erage should be very low. In fact, surface-open conformers
are not even predicted to be stable. It should be noted that
if these last conformers did have a role in enantioselectivity,
this modifier should not give an enantiomeric excess. This
constitutes strong evidence in favor of the predominant role
of chiral sites of the SQB type in which the quinuclidine ter-
tiary nitrogen atom is closer to the metal.

From previous analysis, it emerged that the dimension of
the van der Waals sphere of the ether group is critical in in-
verting the preferred docking of the substrate. The small
methyl group leaves the chiral site almost unaltered leading
to a very similar enantioselectivity to that generated by CD,
but in the hydrogenation of o-activated ketones the larger
trimethylsilyl group redefines the docking space leading to
the opposite, the S enantiomer in the case of the hydrogena-
tion of the ketopantolactone.'®! Importantly, the most stable
SQB(1) conformation is when the trimethylsilyl group is
within the chiral site (SQB(1) closed, Figure 6). The SQB(1)
open conformation has a chiral site comparable to that of
CD and MeOCD, but this conformer is 3 kcalmol™! less
stable than the SQB(1) closed one, leading to the mentioned
reshaping of the chiral site.

For clarity, the interaction model used is the one men-
tioned in the introduction (Scheme 1), in which the quinucli-
dine nitrogen atom interacts through a hydrogen bond to
the keto-carbonyl group of the substrate.'>* This evidently
requires that the tertiary nitrogen atom is detached from the
surface. The process of hydrogen uptake by means of a qui-
nuclidine moiety of CD on a hydrogen-rich platinum surface
has been previously shown by means of theoretical calcula-
tions® and is corroborated by experimental observa-
tions.>3¢!
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Other proposals within the 1:1 interaction model have
been made. According to Augustine,”” the interaction be-
tween the tertiary amine and the keto-carbonyl moiety of
the substrate occurs by means of a nucleophilic attack of the
nitrogen to C=0, but this proposal also involves the partici-
pation of the hydroxyl moiety of CD, which cannot help to
interpret the behavior of CD ethers where the OH is
absent. Furthermore, in this model, the O(3) conformation
of adsorbed CD is postulated. This also does not fit with the
present results for the CD ethers. This model has been revis-
ited by Vayner etal.,, who proposed a zwitterionic inter-
mediate formed between the quinuclidine nitrogen and the
keto-carbonyl moiety of the substrate, but without the par-
ticipation of the hydroxyl group of CD.P¥ Although there is
no experimental evidence for the formation of such a zwit-
terionic intermediate,® it is useful to note that, according
to this interaction model, the chiral site would be critically
influenced by the bulkiness of the trimethylsilyl group. How-
ever, the authors also postulate a chiral site formed by the
O(3) conformation of the alkaloid on the metal (SO(3)),
which has been shown to be unlikely for CD ethers. The sur-
face structures proposed in this contribution represent an in-
teresting challenge for another interpretation of enantiose-
lectivity recently proposed and based on the interaction of
the prochiral activated ketone with both the quinuclidine
tertiary nitrogen and the aromatic hydrogen atoms of the
anchoring moiety. According to this model,*! a two-point
interaction could stir enantioselectivity: quinuclidine nitro-
gen and aromatic hydrogen atoms would be the binding
points in the chiral site. Support for this view is provided by
ultra-high vacuum (UHV) studies of the interactions be-
tween adsorbed aromatic molecules and esters which show
that, under the experimental conditions used, for example
on a metal-vacuum interface, such interactions indeed occur
and can be observed.™ The resulting interaction model pos-
tulates an O(3) conformation of adsorbed CD, which we
have shown to be unlikely. Still it could be argued that hy-
drogen-bonding interactions between substrate and anchor-
ing group could also occur for the SOB(1) adsorption mode
of the modifier, but a closer inspection of the SQB(1) struc-
ture of tMeSiOCD indicates that the presence of the trime-
thylsilyl moiety rules out a two points interaction, since it
blocks the access to the aromatic hydrogen atoms of the an-
choring moiety.

Conclusion

Understanding the nature of the chiral sites obtained by ad-
sorption of conformationally complex chiral modifiers to
platinum is of critical importance for the interpretation of
enantioselectivity. ATR-IR spectroscopy has been used to
obtain detailed information on the structure of the solid-
liquid interface formed by adsorption of MeOCD and tMe-
SiOCD on a model platinum catalyst under conditions close
to those of the real catalyst. This analysis has revealed that
the main adsorption features of the adsorbed molecules cor-
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respond to those observed in previous studies for CD with
the important difference that, for tMeSiOCD, the trimethyl-
silyl moiety is positioned within the chiral site in a confor-
mation that allows the detection of the vibrational normal
modes with a component of the dynamic dipole moment
perpendicular to the plane of the surface. Electronic struc-
ture calculations of the adsorption structures of MeOCD
and tMeSiOCD with respect to the same calculations for un-
substituted CD help to understand the topology of the
chiral site and corroborate the spectroscopic results. CD
ethers enhance their preference, as already shown for CD,
for conformations in which the quinuclidine nitrogen is
close to the metal. In particular, for tMeSiOCD, no energy
minimum is found corresponding to surface-open conform-
ers due to the steric repulsion of the tMeSiO substituent.
Thus, a model is proposed according to which the steric in-
terference within the chiral site (formed by the structure of
the adsorbed alkaloid) allows inversion of the docking pref-
erence, thus explaining the opposite enantioselectivity ob-
served with the use of MeOCD and tMeSiOCD in the hy-
drogenation of ketopantolactone. The key concept at the
origin of chiral recognition is the accessibility to the chiral
site. Fine tuning of the chiral site can be obtained by the in-
troduction of sterically hindering substituent groups that
change the topology of the chiral site. We anticipate that
these findings trigger a further level of understanding of
asymmetric catalytic surfaces generated by the strong ad-
sorption of chiral molecules to a catalytically active metal.

Experimental Section

Materials: O-Methylcinchonidine (MeOCD, Ubichem, >99.5) and O-tri-
methylsilylcinchonidine (tMeSiOCD, Ubichem, >98.5%) were used as
received. Dichloromethane (Baker, technical grade) was stored over 5 A
molecular sieves. N, (99.995 vol %) and H, (99.999 vol %) gases were sup-
plied by PANGAS.

Film preparation: The Pt/Al,O; thin films used for ATR-IR spectroscopy
were prepared on a trapezoidal germanium internal reflection element
(IRE, 50x20x1 mm®) by electron beam vapor deposition. Pt and Al,O,
targets were heated with an electron beam as described in detail else-
where.?! First, 50 nm of ALO; were deposited followed by 1 nm of Pt.

IR and ATR-IR spectroscopy: The infrared spectrum of the pure modifi-
er was recorded with a MVP ATR unit (Zn-Se crystal, Harrick) and an
IFS-66/S spectrometer (Bruker Optics). In situ ATR-IR spectra were re-
corded on the same spectrometer equipped with a commercial ATR ac-
cessory (Optispec) and a liquid-nitrogen-cooled MCT detector. Spectra
were collected by co-adding 200 scans at 4 cm™' resolution. After cell-
mounting and optic-alignment, the probe chamber was purged overnight
with N, gas. The assembled stainless steel flow-through cell was main-
tained at 293 K throughout the experiments. N,-saturated CH,Cl, was cir-
culated over the thin film at 1.0 mLmin~' for about 45 min using a peri-
staltic pump until achievement of steady-state conditions under which
the infrared spectra did not change significantly. Before adsorption, the
Pt film was treated with H,-saturated solvent for about 3 min. A H,-satu-
rated solution of the modifier under investigation at the desired concen-
tration was then admitted to the cell for about one hour followed by rins-
ing with H,-saturated solvent to remove weakly adsorbed and dissolved
species. All spectra are presented in absorbance units and, where needed,
signals from atmospheric water were subtracted in the 1700-1400 cm™
range. Spectra of CH,Cl, solutions and neat liquids were obtained in the
transmission mode (200 scans, 4 cm ™' resolution).
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Theoretical calculations: Normal mode analyses were performed with the
Gaussian98 set of programs,®! with the density functional theory formal-
ism with a B3LYP Hamiltonian!**! and a 6-31G (d-p) basis set.*) Ad-
sorption studies were performed using the Amsterdam Density Function-
al (ADF) program package.l”! The surface was simulated by using a Pty
cluster as described in detail elsewhere.’! A frozen core approximation
was used for the description of the inner core of the atoms. Orbitals up
to 1s were kept frozen for the second-row elements, and orbitals up to 4f
were kept frozen for platinum. Decreasing the Pt frozen core to 4d, im-
plying the explicit calculation of 14 additional electrons per platinum
atom, has been shown to increase the adsorption energy by only about
5 kJmol ™ for the adsorption of benzene.*s! The importance of relativistic
effects has been shown for calculations involving platinum;1*>*"! therefore,
the core was modeled by using a relativistically corrected core potential
created with the DIRAC utility of the ADF program. The DIRAC calcu-
lations implied the local density functional in its simple X-a approxima-
tion without any gradient correction, but the fully relativistic Hamiltoni-
an was used, including spin-orbit coupling. Furthermore, the relativistic
scalar approximation (mass-velocity and Darwin corrections) was used
for the Hamiltonian with the zero-order regular approximation (ZORA)
formalism,®" in which spin-orbit coupling is already included in the zero
order. The ZORA formalism requires a special basis set to include much
steeper core like functions implemented in the code. Within this basis
set, the double-{ (DZ) basis functions were used for platinum. For
second-row elements and hydrogen, double-{ polarized (DZP) basis
functions were used.’” The local part of the exchange and correlation
functional was modeled by using a Vosko, Wilk, Nuisar parameterization
of the electron gas.** The nonlocal part of the functional was modeled
using the Becke correction for the exchange® and the Perdew correction
for the correlation.” All calculations were run unrestricted.

Catalytic tests: Catalytic tests were performed using a parallel pressure
reactor system (Endeavour, Argonaut Technologies).® Conditions: pre-
reduced 5wt% Pt/ALO; (Engelhard, type 4759; 42 mg), substrate
(1.84 mmol) and modifier (6.8 umol) in THF (5 mL), room temperature
at 1 bar H, pressure for 2h.
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