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Abstract

The adsorption mode of cinchonidine on platinum is discussed in the light of new computational studies in which the alkaloid is adsorb
on a large metal cluster. Previous computations focused on the role of 1(S)-(4-quinolinyl)ethanol as anchoring group, but in the present st
the role of the quinuclidine ring is analyzed, leading to a consistent view of the roles of both moieties of the alkaloid in the adsorption proce:
The tertiary nitrogen of the quinuclidine moiety can participate in the anchoring of the alkaloid and can be protonated by surface hydroge
The conformational flexibility of the quinuclidine moiety was investigated by attenuated total reflection infrared experiments under nearly in si
conditions, by comparing the adsorption behavior of cinchonidine@smthenyl-cinchonidine on platinum. Close agreement was found between
experimental observations and theoretical calculations. A mechanism is proposed whereby the tertiary nitrogen can promote charge polariz:
of hydrogen and its transfer to the substrate.
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1. Introduction face modification. Virtually all of the literature on this subject
agrees that the quinoline moiety of the alkaloid acts as an an-
The enantioselective hydrogenation of activated ketones off10ring group to bind the modifier to the metal, and that this
cinchona alkaloid-modified platinurfl—3] is the most well ~adsorption generates chiral sites able to discriminate between
studied heterogeneous asymmetric catalytic sygtef]. The  the proR and pros faces of a prochiral ketonfi-3]. The
advantages inherent to heterogeneous catalysis are combingg@ntiodiscriminating features of such chiral sites can be re-
with high reaction rates and enantioselectivities. Substratedroduced in tailored modifiers that imitate the main functions
in which the keto-carbonyl has been successfully asymme@f the alkaloids{30] and can even be changed, thus inverting
rically hydrogenated using this catalyst are linear and cycliéhe absolute configuration of the alcohol ultimately obtained,

a-ketoesterg6-10], a-diketones[11-15] a-ketoacetalg16, by chemical modification of the surface modif[8d]. In some
17], «, a, a-trifluoroketoneg 1822} and linear and cyclia- cases the enantiodiscriminating properties of the catalyst can

ketoamideg23-25] Palladium also can be similarly modified be dynamically switched by using modifiers that have the dual

using this technique, leading to effective enantioselective hy[eature of competing for adsorption and generating sites of op-

drogenation of &C double bonds in 2-pyrond&6,27], furan posite enantioselectivity32]. This variety of features makes
and benzofurancarboxylic acig@s] and enol este’r[§29,]. The this reaction system unique within heterogeneous catalysis, but

study of the mechanism of interaction among the surface, thSxtenswe control of its catalytic behavior can be achieved only

substrate, and cinchonidine (CD) is a necessary step towald? detailed knowledge of the structure and activity of the sur-

o . . . face chiral sites. To date, our research strategy has involved
tailoring catalysts that work using the principle of chiral sur- - ) .
the combination of three aspects: phenomenological observa-

tions, structural-spectroscopic studies, and computational stud-
* Corresponding author. ies. The first of these includes the study of catalytic behavior
E-mail address: baiker@tech.chem.ethz.¢h. Baiker). under various conditions (e.g., pressure, concentration, temper-
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ature, solvent). In addition, new substrates and the study c
their optimal behavior are contemplated by this apprdacs,
30]. The second approach aims to collect structural informatior
on the solid-liquid interface by probing a model metal cata-
lyst using attenuated total reflection infrared (ATR-IR) spec-
troscopy. The high surface sensitivity of this technique allows
it to provide close to in situ structural information on the mod-
ified surfacd33,34] Finally, the third approach aims to obtain
submolecular structural information and generates a consiste a) b)

synthesis of the results obtained with the other two methods.

This is achieved by means of state-of-the-art density functionatig. 1. The Pt 38 (a) and Pt 25 (b) clusters used for simulation of a platinum
calculations of large platinum clusters used as models for theurface.
metal surfacg35,36] Unlike as in our previous study, in which

we mainly analyzed the adsorption behavior of the quinoline 16920
moiety[35,36], here we discuss the contribution of the quinucli-

dine moiety. This allows a more complete and detailed descrip-

tion of the adsorption mode and conformation of the surface

modifier. Furthermore, we discuss the problem of the hydro-

gen transfer from the surface to the substrate in proximity of -16928 -
the chiral space generated by the modifier and set forth a new
hypothesis on the mechanism of hydrogen transfer in aprotic
solvents.
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2. Methods
-11028
2.1. Computational methods 11032
The adsorption studies were performed using the two plat- -11036 -
inum clusters shown ifrig. 1 formed by 38 (a) and 25 (b)

platinum atoms, the former used to minimize edge effects and -11040 | S S T T
the latter used to reduce computation times, as explained in the b

Results section. The smaller cluster was generated from the

Iarger one by setting 13 atoms as dummiE@( ]b)_ All of Fig. 2. Dependence of energy on spin state for the Pt 38 cluster (top) and for
the cluster calculations were performed using the Amsterdarffe Pt 25 cluster with hydrogen adsorbed (bottom).

Density Functional program packaf$¥]. The spin state of the

Pt 38 cluster was optimized, obtaining the optimal differencdde on platinum, and that the calculated adsorption site was also
betweerw andg electrons ¢—8) equal to 10. The spin state of influenced by using a relativistic correcti{@®]. Thus the rela-

the Pt 25 cluster was optimized with a hydrogen atom adsorbedyistic scalar approximation (mass velocity and Darwin correc-
for which the system-optimal—g is 3.Fig. 2shows the depen- tions) was used for the Hamiltonian with the zero-order regular
dence of the energy from the spin state in the two cases. ARpproximation (ZORA) methof#1], in which spin orbit cou-
adsorption studies were performed using these optimized vapling is included already in zero order. The first-order Pauli
ues. A frozen core approximation was used for the inner core dbrmalism[42] was shown to have theoretical deficiencies due
all atoms. The orbitals up to 1s were kept frozen for all secondto the behavior of the Pauli Hamiltonian at the nucleus, which
row elements, and orbitals up to 4f were kept frozen for platled to variational collapsgt3] for increasing basis set size. The
inum. Decreasing the Pt frozen core to 4d, implying the explicitZORA formalism requires a special basis set that includes much
calculation of 14 additional electrons per platinum atom, hasteeper core-like functions implemented in the code. Within
been shown to increase the adsorption energy for the adsorfhis basis set, the double{DZ) basis functions were used for
tion of benzene by only about 5 kol [38]. The importance platinum, and doublg-plus polarization (DZP) basis functions

of relativistic effects for calculations involving platinum has were used for the second-row elements. The local part of the ex-
been demonstrated previou$B9,40] The core was modeled change and correlation functional was modeled using a Vosko et
using a relativistically corrected core potential created with theal. [44] parameterization of the electron gas. The nonlocal part
DIRAC utility in the ADF program. The DIRAC calculations of the functional was modeled using the Becke corrediid)
imply the local density functional in its simple X-approxima-  for the exchange and the Perdew correcfit#] for the correla-

tion without any gradient corrections, but the fully relativistic tion. Energies of surface conformers were compared by taking
Hamiltonian was used, including spin-orbit coupling. It wasthe difference between the total electronic energies of the cal-
found that the scalar relativistic correction could account for ugculated structures. All calculations were run unrestricted. The
to 70% of the total energy in the adsorption of carbon monoxbond distance for the platinum was fixed to the experimental

Energy (KJ/mol)
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value of 2.775 A for bulk metgl7]. Molden[48] was used as
graphical interface.

2.2. ATR-IR spectroscopy

Model films of 1 nm Pt on 100 nm AD3 were prepared by
electron beam physical vapour deposition on a Ge internal re-
flection element, as described previoudl9]. After deposition,
the coated crystal was transferred to the ATR-IR cell, which was
then placed on a commercial mirror setting within the sample
compartment of the IR spectrometer (IFS 66, Brucker Optics).
After purging overnight with dry air to minimize contribution
from atmospheric water vapour and ,@he temperature (_)f the Fig. 3. Cinchonidine in the Open(3) conformation. Angtesandr, define the
cell was set to 15C, and a spectrum of the dry Pths film  rejative positions of the two main moieties of the alkaloid.
was acquired before admittingoMaturated ChICly through
the cell from a glass bubble tank.p,Nvas then replaced by
H> in the same tank while the solution was being continuously
pumped to the cell. The hydrogen treatment is required to ob-
tain domains of clean and reduced [B9,50] At this point,

a Hp-saturated solution of the chiral modifie€ & 0.1 mM)

was admitted to the cell from a second glass bubble tank to fol-
low adsorption. Either btsaturated CHICl, or an H-saturated
solution of a second modifier was then pumped across the "
Pt/Al,O3 film to monitor for signals due to strongly adsorbed -'.

specieg32]. Spectra were collected throughout the experiment :!"r

by co-adding 200 scans at 4 chresolution and were rationed -&

against the last spectrum during the-tieatment. Cinchoni-

dine (Fluka; 98%), cinchonidine hydrochloride (Fluka), amd  Fig. 4. Adsorption of CD on platinum based on the calculated adsorption of the

phenyl-cinchonidine (Ubichem; 99.5%) were used as receivednchoring group 1(S)-(4-quinolinylethanol. The rotational anglesind >
(Fig. 3) are the degrees of freedom that account for the conformational flexibil-

ity of the alkaloid.

3. Results

C(10)=C(11) double bond, occurring experimentally within the
first few minutes after the start of the reactifB8]. Fig. 4,

The study of the adsorption of the anchoring group of cDPased on cluster calculations from our previous WG&, was
1(S)-(4-quinolinyl)ethanol (QUE) on platinum showed that Op_obtalned not by complete optlmlza_tlo_n of the alkaloid on the
timum adsorption was reached when all carbon atoms and tH8€tal, but rather by separate optimization of the anchoring
quinoline nitrogen were interacting with platinui@s]. In the ~ 9roup and th_en of the quinuclidine moiety at different Ieve_ls
present work the use of larger platinum clusters allowed us t§f theory. This procedure was used to make the computation
calculate the interaction of the whole alkaloid with the metalféasible.
and thus completes our view of the constraints set by the sur- In the present work we could instead use the same level
face to the conformational flexibility of the quinuclidine moiety. of theory to calculate the entire alkaloid on a cluster of 38
This is an important issue because the most accredited modelatinum atoms and study the effect of the rotations about the
for this reaction[2,4,8] postulates an interaction between the anglest: andzy, therefore addressing the problem of the con-
quinuclidine tertiary nitrogen and the incoming substrate via gormational analysis of the adsorbed alkaldtly. 5shows the
hydrogen bond with the quinuclidine ring. This interaction hasadsorption modes surface open(4) [SOfys. %—b] and sur-
been interpreted as the critical one for rate acceleration and geffce open(3) [SO(3)igs. £—d]. These names derive from the
eration of an enantiomeric excd84—53] and its existence has close resemblance to the open(3) and open(4) conformations
been supported by spectroscopic evidebed. found in vacuum and in solutidi5,55-57] SO(3) is more sta-

Fig. 3 shows the 2 degrees of freedom and 7> of CD, ble than SO(4) by 9.2 kinol at this level of theoryTable 1.
through which its conformational complexity has been extenBoth surface conformations allow for rotation around the an-
sively described in vacuum and in solutifi5—-57] It was pre-  gle 2, so that the tertiary nitrogen can formeabond to the
viously noted35] that when CD is adsorbed via the quinoline metal surface. This rotation generates the conformations shown
ring, rotation around the C(#-C(9) bond leads to the decreas- in Fig. 6. These two conformations are termed surface quinucli-
ing of the distance of the quinuclidine moiety from the metaldine bound(1) [SQB(1)Figs. a—b] and surface quinuclidine
(Fig. 4). It also has been observ¢d5] that this approach to bound(2) [SQB(2)Figs. &—d]. SQB(1) is 15.5 kdmol more
the surface is consistent with the rapid hydrogenation of thetable than SO(4), whereas SQB(2) is 20.5nkdl less stable

3.1. Conformations of cinchonidine on the surface
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Fig. 6. Adsorption of CD on a Pt 38 cluster. Top and side views of Surface

Quinuclidine Bound(1) (SQB(1)) (a—b) and Surface Quinuclidine Bound(2)

C) d) (SQB(2)) (c—d). The quinuclidine moiety is chemisorbed to the metal by the
tertiary nitrogen.

Fig. 5. Adsorption of CD on a Pt 38 cluster. Top and side views of Surface o
Open(4) (SO(4)) (a=b) and Surface Open(3) (SO(3)) (c~d). The quinuclidin@5 cluster, were frozen to the equilibrium values, so that edge
moiety is detached from the metal and does not contribute to the anchoring @ffects should not disturb the optimal adsorption. Only the quin-

the alkaloid. uclidine moiety, C(9), and its substituenEd. 3) were set free
to optimize.
Table 1 _ _ Fig. 7 presents three representative geometries taken from
Relative energies of the surface conformations . . . . . .
: this simulation. The first of these shows the starting point
Conformation SO SO@) SQB(1) SQB() (Fig. 7a); the second shows an intermediate pofit( 7b),
Energy (kJmol) 155 6.3 0 26.8

characterized in what follows; and the third shows the final
geometry Fig. 7c). The top right graphic oFig. 7 shows the
energy profile of this transformation, while the bottom graphic
shows the variation of the charges (quadrupole-derived charges
than SO(3)Table 1summarizes the relative energies of these[59]) on the transferred hydrogen atom and on the platinum
surface conformations, taking as zero the energy of the mogtom to which hydrogen is bound at the beginning of the simu-

SO(4) refers td-igs. 5 and b. SO(3) refers teigs. & and d. SQB(1) refers to
Figs. @ and b. SQB(2) refers teigs. & and d. Zero value is set to the lowest
energy structure.

stable surface conformer. lation. In the starting geometryig. 7a), the distance between
the tertiary nitrogen and the adsorbed hydrogen was 1.60 A,
3.2. Hydrogen uptake from the surface whereas the distance between hydrogen and platinum (binding

on a top site) was 1.58 A. At this point, the hydrogen is bound

The structures irFig. 6 were obtained for a clean surface, to the cluster and bears a negative charge, whereas the plat-
but the catalyst obviously is active only in presence of surfacénum atom has a positive charge. At point b, corresponding to
hydrogen. Therefore, we investigated the consequences of ethie intersect of the curves in the bottom graphid-af. 7, the
posing the quinuclidine moiety to surface hydrogen. N—H distance had shortened to 1.21 A and Pt—H had increased

First, a hydrogen atom was adsorbed on the Pt 25 clusteto 1.83 A Fig. 7). At this point, the charges are equal. When
For this system, the optimal spin wasg = 3, and this value the simulation ended and the minimum was foulidj( 7c), the
was used for the simulation. Then, using the calculated coordhydrogen had completely migrated to bind the tertiary nitrogen
nates obtained from the calculations on the Pt 38 cluster, CRnd had changed its charge from negative to positive, leaving
was placed on the metal as showrFilg. 7a. The coordinates the negative charge on the metal. This transformation followed
of the quinoline moiety of the alkaloid, at the edge of the Pta smooth monotonic path along the reaction coordinate.
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Fig. 7. Hydrogen uptake of CD from a platinum surface. The top right graphic represents the energy profile of the transfer process and shows tleesmeoth de
in energy from a to c. The bottom right graphic shows the behaviour of the calculated charges (Quadrupole Derived Charges) during the transfer process

3.3. In situ ATR-IR spectroscopy

ATR-IR spectroscopy was used to provide experimental ev-
idence of the proposed behavior of CD on Pt. The first point
to be verified was the flexibility of the quinuclidine moiety. In- (d)
frared spectroscopy demonstrated the ability to detect adsorbed
species of CD that differ depending on the orientation of the
quinoline ring with respect to the metal surfd8d]. Analysis
of the spectra of CD on platinum alone is not sufficient to re-
solve the orientation of the quinuclidine moiety. Comparison
with other modifiers of the cinchona family might reveal addi-
tional features. A nice example in which the quinuclidine moi-

ety can be seen to change its spatial arrangement is given by the (a)
ATR-IR spectra of CD and>-phenyl-cinchonidine (PhOCD)

adsorbed on Pt model film82]. The spectra were recorded

in the presence of solvent (GBI;) and hydrogenKig. 8).

The assignment of the signals in the 1700-1500 tnegion

Absorbance units
T (@

is known[32,34,60]and is consistent with the interaction of wo @ 9o 0.001 I
the quinoline ring with the metal surface. The signal at 1458 e re ¥

cm?! corresponds t6(C—H) deformation modes of the quinu- —
clidine skeleton. The most striking observation is that the signal 1600 1500 1400 1300

is much weaker in the case of PhOCD (b) than in the case of
CD (a), in contrast with spectra in the liquid phase. To further

confirm this observation, spectrum (c) shows that adsorption ofig. 8. ATR-IR spectra of (a) CD, (b) PhOCD and (d) CD hydrochloride ad-

CD on a surface pretreated with PhOCD results in the enhanceerbed on Pt/AlO3 model catalysts. Spectrum (c) corresponds to CD adsorbed
ment of this signal due to formation of a mixed chiral layer onon a Pt surface pre-equilibrated with PhOCD (details in f&]). The solid

Pt dominated by CD. This change in intensity is interpreted agars give a pictorial of the position and approximate relative intensity of the

h A it f th . lidi et ith signals of the quinoline moiety typically observed on Pt. The two open bars
a change of posiion o € quinuclidine moiety wi reSpeCtrepresent the position and intensity of the additional signals of the phenyl ring

to the surface and to the quinoline moig82]. Due to the  ofPhocD (1598 and 1495 cn). The negative signals at 1400 and 1339dm
critical role of the quinuclidine moiety in the enantiodiscrim- indicate removal of hydrocarbon species from the metal surface upon adsorp-

inating process observed for some substrfi8§ this may be  tion of the cinchona modifiers.

Wavenumber (cm-')



6 A. Vargaset al. / Journal of Catalysis 236 (2005) 1-8

one cause of the inversion of enantioselectivity observed whetihe STM tip, attributed to the flexibility of the quinuclidine. It
CD replaces PhOCD as surface modifi&t]. was also observed that introducing hydrogen on the platinum
The second aspect and the topic of the present work—surface increased the mobility of the alkaloid. This is indeed
obtaining experimental information on the hydrogen uptakeconsistent with the partial hydrogenation of the quinoline ring
on platinum under the conditions applied in ATR-IR measure{65,66], and also with the surface-mediated protonation of the
ments—is challenging. Recently, we showed that CD adsorbeguinuclidine moiety, which leads to the loss of an anchoring
on Pt interacts with ketopantolactone in toluene by formatiorpoint of the alkaloid to the surface. The calculations also show
of a hydrogen bond54]. The presence of a signal at about that CD can be protonated by the surface hydrogen. Analysis
2580 cn! indicated that CD is protonated in the absence ofof the surface spectra of adsorbed CD and its hydrochloride
an acidic solvent, but no information was obtained in the reimight suggest the experimental evidence for this process. The
gion of the ring-skeleton modes of quinuclidiriég. 8 shows implications of this behavior are related to the interpretation
the spectra of (a) CD and (d) CD hydrochloride adsorbed omf the reaction mechanism of the enantioselective hydrogena-
Pt under identical experimental conditions. CD hydrochloridetion of activated ketones on cinchona-modified supported Pt
displays similar adsorption behavior to CD. Except for possiblecatalysts. It had been proposed that the promoter of hydrogen
differences in the relative abundance of the adsorbed specigsansfer should be a protonated CD molecule when the reac-
no important differences in the ATR-IR spectra of the two par-tion is performed in acetic acid as a solvent. But the reaction
ent modifiers can be detected. This observation suggests that@tcurs with little loss of enantioselectivity (and in some cases
the metal surface, the quinuclidine moiety of CD has the sameith higher rate) with toluene as the solvd656], although in
structure as in the protonated quinuclidine of CD hydrochlo-this case a protonation of the CD did not seem possible on
ride. This may mean either that the quinuclidine of CD is pro-the basis of the classical standpoint of acid-base reactivity in
tonated on the surface or that the quinuclidine of CD hydrochlosolution, although it has been reported spectroscopi§adly
ride is deprotonated by the surface, and the computational studg the literature this inconsistency had been overcome by call-
here presented shows that the former process is energetically fimg in existence a half-hydrogenated state of the reactant, able
vored. Although this conclusion is tempting, further studies ardo interact with the tertiary nitrogen of quinuclidine through a
needed to confirm its validity. Doubts may arise from the preshydrogen-nitrogen interactiof67]. The present results show
ence of HCI originating from CbCl, solvent decomposition that the half-hydrogenated state is unnecessary for a consis-
on Pt[13]. Note, however, that similar spectra were reportedtent reaction mechanism in which a hydrogen bond is formed
for CD adsorption from cyclohexane solvdB4] and that ex-  between the quinuclidine tertiary nitrogen and the adsorbed ac-
periments are realized in a flow-through mode, which enabletivated ketone. The hydrogen necessary for the formation of the

quick removal of nonadsorbing species. H-bond could be picked up by the quinuclidine-N from the sur-
face, forming an ammonium ion also in the absence of a classic
4. Discussion acidic medium, because the hydrogen-rich surface is able to

deliver a proton to the alkaloid. Also note that in the case of

Theoretical calculations have shown that the quinuclidinadihydrogen, the nitrogen-promoted charge separation is bound
moiety may contribute to the adsorption of CD on Pt. The flex-to generate a hydride that can readily react as a nucleophile
ibility around ther; andt; angles can generate conformationswith the keto-carbonyl. This viewpoint can explain the amine-
in which the quinuclidine-N is closer to the metal and chem-mediated rate acceleration observed for these catd{/&3].
ically bound to it. Experimental support for this result comesin general, a charge separation can have catalytic implications
from comparing the ATR-IR spectra of structurally different (e.g., acid catalyzed nucleophilic additions to ketones). A more
surface modifiers, which shows that the intensity of the sigformal interpretation scheme is that obtained by second-order
nals due to the quinuclidine moiety can be strikingly different.perturbation theory, from which it can be derived that the lowest
CD and PhOCD, although having almost identical quinolinereaction pathway can be (approximately) determined by either
adsorption pattern82], differ in terms of the intensity of quin- the charge on the reactants (charge-controlled mechanism) or
uclidine bands. This variation can be interpreted as a chand®y orbital superposition (orbital-controlled mechanisig].
in population of the conformers generated by rotation of thisHere we have shown that protonation generates charge sepa-
moiety. Conformations of adsorbed CD in which the quinucli-ration and thus can give rise to a charge-controlled lowering
dine is close to the surface have also been found in a classicaf the barrier. We have shown elsewhere that protonation can
molecular dynamics study of the adsorption of CD on plat-give rise to orbital-controlled lowering of the barrier (although
inum [61]. In this work, due to the classical Hamiltonian used,the model used neglected the effect of the surffigk)p2] In-
the adsorption energies were underestimated, whereas the PtteCestingly, both effects are acting in the same direction. From
bond distances were up to 50% longer than those found with mechanistic standpoint, another important consequence fol-
guantum chemical method85,62,63] but the results are in lows. Protonation of CD irrespective of the solvent used as
excellent qualitative agreement with our findings. More con-reaction medium implies that the nucleophilic activity of the
vincing experimental evidence of the conformational flexibility tertiary nitrogen is hindered under catalytic conditions, and
of quinuclidine moiety comes from STM data on the adsorp-calls into question those hypotheses of reaction mechanisms
tion and mobility of CD on a Pt(111) surfa¢e4]. One of the that imply a nucleophylic attack of the quinuclidine nitrogen to
adsorbed species was found to be conformationally sensitive the keto-carbony]69—72] Considering the literature that has
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been dedicated to the topic of the adsorption of CD on platinunmucleophilic attack of the quinuclidine-N atom on the activated
[34,73,74] the picture that results is that of a dynamic equilib- keto-carbonyl group.

rium of differently adsorbed species, either weakly (tilted) or

strongly bound (flat) to the metal. Under catalytic conditionsAcknowledgments
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