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Abstract

In the present work, the role of the pyroglutamic acid as a chiral auxiliary in the hydrogenation ofo-toluic acid and 2-methylnicotinic
acid on the Rh(111) surface has been investigated by using periodical density functional theory. The pyroglutamic acid, indeed,
adsorption of the aromatic ring by only one side of the ring plane. This effect is observed for both molecules. In the case of the ben
the selectivity should be high on a perfectly flat metallic surface. It is, however, limited in practice by the presence of edges, especi
case of small catalytic particles. On the other hand, in the case of a nicotinyl ring, the presence of a lone pair of the nitrogen atom
influence on the reduction of the diastereomeric excess. The NH group, formed from the partial hydrogenation of the nicotinyl ring,
strongly with the surface, preventing the influence of the chiral auxiliary.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Enantioselective catalysis is of great interest for the p
maceutical and agrochemical industry. Usually such as
metric synthesis is attained by soluble metal complexes.
efficient process has, however, a major drawback, wh
is the difficult separation of the catalyst from the reacta
products in the main stream.

The development of enantioselective heterogeneous
lysts has been receiving a great deal of attention in the
years. Starting from Orito’s discovery in 1979 [1], in whi
for the first time a chiral hydrogenation (ofα-ketoesters) ha
been obtained by the addition of cinchona alkaloids in
action medium, several different strategies have been
ployed to develop new heterogeneous catalysts for c
synthesis.

Some of them follow Orito’s original idea, i.e., to mo
ify the catalytic surface by adsorbing chiral modifiers. C
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chonidine derivatives [2–7] or even larger chiral molecu
[8–10] have been tested with relative success. The de
enantioselectivity originates from the interaction betwe
modifier and reactant, which allows only one reaction ch
nel that leads to the enantiomer.

In some cases, the chiral molecule has been shown to
ate chiral domains on the catalytic surface, under spe
conditions of temperature and coverage. Examples are b
taric acid [11–14], alamine [15] on Cu and Ni surfaces, a
in the study of adsorption of 2-bromohexadenoic acid
graphite [16]. In these cases each of the different optical
mer of the modifier creates its own chiral assembly, be
a mirror image of the other isomer assembly. The enan
electivity of the reaction is obtained because specific ch
points are formed on the surface, where the reactant ad
and reacts, again toward the desired product.

Chiral metal surfaces can be formed without adsorb
chiral molecules. The main idea is to use specific kin
sites of single crystals that are chiral. An example of s
a kinked chiral substrate is the{643} surface of a fcc crystal
The decomposition ofR- andS-2-butanol on Ag(643) [17
and the electro-oxidation ofD- and L-glucose on Pt(643
[18,19] are just few examples of such an approach.
eserved.

http://www.elsevier.com/locate/jcat
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The aim of these techniques is to create (in case
kinked surfaces) or induce (adsorbing modifiers) a ch
character on the metallic surface. The mechanisms o
chiral induction and of the reaction in these new chiral s
are, however, under continuous investigation.

In a different approach, chiral induction for heterog
neous catalytic systems may be simplified by modifying
reactant molecule and not the catalytic surface. This stra
consists of coupling a prochiral reactant with chiral au
iaries (chirons). The advantage of this method is that ch
ity of the product could be inverted by changing the c
figuration of the auxiliary without modifying the cataly
[20,22].

One recent application of this idea is the hydrogena
of disubstituted aromatics into the corresponding cycloh
derivatives. The reactant (o-toluic acid) is coupled with
a chiral auxiliary (pyroglutamates). For instance, the hyd
genation of the (S)-methylN -(2-methylbenzoyl)pyrogluta
mate on Rh/C or Rh/Al2O3 (achiral catalysts) results i
a diastereoselectivity of more than 70% [20].

In the present work this novel strategy has been inve
gated at a molecular level by applying first principle pe
odic calculations. For the first time some insights about
interaction of the modified moleculesN -(2-methylbenzoyl)
pyroglutamic acid and (2-methylnicotinyl)pyroglutamicac
with the Rh(111) surface are given and the influence of
interaction on the enantioselectivity of the hydrogenation
action is discussed.

2. Methods and model systems

In the work reported here all calculations were perform
using the Vienna Ab Initio Simulation Package (VAS
[23,24]. This code carries out periodic density functio
calculations (DFT) using pseudopotentials and a plane w
basis set. DFT was parameterized in the local-density
proximation (LDA), with the exchange-correlation fun
tional proposed by Perdew and Zunger [25] and corre
for nonlocality in the generalized gradient approximati
(GGA) using the Perdew–Wang 91 functional [26]. The
teraction between the core and electrons is described u
the ultrasoft pseudopotentials introduced by Vanderbilt [
and provided by Kresse and Hafner [28].

In the calculations performed here the Rh(111) surf
is modeled by a periodic three-layer slab with the ad
bate placed on one side of the slab. The choice of a
ited number of metallic layers in the model is imposed
the large size of the molecule. A test has been perform
the adsorption mode ofN -(2-methylbenzoyl)pyroglutami
acid that gives the lowest adsorption energy has been
culated using three and five metal layer slabs. The en
difference between these two calculations is only 6 kJ/mol;
thus a three-layer slab brings a reasonable convergence
adsorption energies, especially in the relative energies
tween different adsorption structures. One slab is sepa
;

-

e
-

from its periodic image in thez direction by a vacuum spac
which is equivalent to 7 metallic layers. All atoms have be
maintained free in all optimizations.

In order to reduce the effect of the stress that occurs
to the use of a slab model, an optimal bulk Rh–Rh dista
was used [29]. This optimized value of 2.72 Å is in go
agreement with the experimental Rh–Rh bulk distance
2.69 Å [30].

All molecules have been ordered on the surface in
following structure: (4× 4) 1/16 ML, which corresponds t
16 metallic atoms per metal layer and one substrate mole
in the unit cell. This large unit cell was used to prevent late
interactions between the periodic images of the molec
All calculations have been performed at the	 point of the
Brillouin zone, which is adequate due to the large size of
unit cell.

3. Results and discussion

3.1. N -(2-Methylbenzoyl)pyroglutamic acid adsorption

The substrateN -(2-methylbenzoyl)pyroglutamic aci
(pyro) has four possible conformations in the gas phase.
two most stable conformations are shown in the Figs.
and 1B. The main difference between these structures i

Fig. 1. Different stable conformers of aromatic substrates: (A) conform
(2-methylbenzoyl)pyroglutamic acid; (B) conformer 2, (2-methylb
zoyl)pyroglutamic acid; and (C) conformer 1, (2-methylnicotinyl)py
glutamic acid.
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position of the acid and methyl groups with respect to
pyroglutamic ring plane.

Conformer 1 (Fig. 1A) is the most stable configuratio
The energy difference between these two isomers (
formers 1 and 2) is very subtle: 1 kJ/mol. Previously, the
same trend has been noted with force-field calculations [
The barrier for interconversion between conformers 1 an
is very large (more than 1000 kJ/mol) [21], due to the
steric hindrance between the methyl group and the oxy
atom. The other two isomers of this molecule can be
tained by rotation of the amide bond (C–N) in both is
mers 1 and 2, respectively. This rotation barrier was e
uated to be about 210 kJ/mol [21]. Moreover, X-ray analy
sis and H NMR spectrum at 278 K of the (S)-methyl-N -(2-
methylbenzoyl)pyroglutamate, which is the methyl este
pyro, indicated just one structure for this compound tha
very close to conformer 1 [21].

With such a structure the molecule presents a diffe
accessibility for adsorption on the two different sides of
benzene ring. In Fig. 1A, the upper side is more hinde
than the lower side.

Adsorbing this most stable conformation of the subst
on the Rh(111) surface, three different structures have b
revealed by the calculations. In the first one (position
Fig. 2A) the aromatic ring interacts with the surface fro
its lower face and has a parallel orientation to the surf
plane.

Experimentally it was shown that benzene chemiso
parallel to the Rh(111) surface occupying a 3-fold site [3
In the Ni(111) surface the same adsorption geometry
been found by DFT calculations [32]. The aromatic ri
of pyro is slightly displaced from the 3-fold position (s
Fig. 2A) and the C=C bonds are elongated by 0.05 Å,
average, compared to the gas-phase structure (see Tab
This elongation is in agreement with the results reported
benzene on Ni(111) [32]. The geometric deviation from
3-fold position is due to the extra interaction of the C=O of
the amide group with the surface (Fig. 2A). The molec
translates along the surface to reach a top position for
oxygen atom. This interaction can be also seen by the ch
of the C=O bond length in the amide group, elongated
0.04 Å from the gas-phase value, and by the chang
the dihedral angle (D) between both rings, which decreas
from 71◦ (gas phase) to 44◦.

In the second position the pyroglutamic ring intera
with the surface via oxygen atoms (position B, Fig. 2
The strongest interaction for these oxygen atoms is f
the C=O of the pyroglutamic acid ring, which lays parall
to the surface and suffers a large elongation (0.14 Å),
in Table 1 the entry for pyroglutamic ring and the oxyg
atom O2 in Fig. 2B. The other strong interaction is from t
C=O of the amide group, bond length of which increa
by 0.03 Å. The aromatic ring stands up off the surfa
There is no activation of the C=C bonds of the ring (se
Table 1); therefore, it is clear that this adsorption mode
not lead to the desired hydrogenation reaction. However,
).

Table 1
Geometric results for the adsorption positions of the (2-methylbenzo
pyroglutamic acid

Adsorption moded̄(C=C) d̄(Ar–surf) d̄(C=O) D

Conformer 1
Gas phase 1.40 – 1.23 71.4
Position A 1.45 2.2 1.27 71.4
Position B 1.40 – Amide: 1.26 62.4

– Pyroglutamic ring: 1.37
– Acid group: 1.23

Position C 1.40 4.6 Amide: 1.23 64.8
Pyroglutamic ring: 1.23

Values in Å and degrees.̄d(Ar–surf) = average distance between t
aromatic ring and the surface.D = dihedral angle between the aroma
and pyroglutamic rings.

configuration may be the starting point for the hydroly
reaction of the amide bond, which has been observe
occur experimentally [20].

The last position is similar to position A. The aroma
ring is parallel to the surface plane but facing its ot
side (“concave” side—the previously noted “upper side”
the molecule) to the surface (position C, Fig. 2C). Beca
this is the bulky side of the molecule, the interaction w
the surface is much different and only the oxygen atom
the C=O group of the pyroglutamic ring interacts with th
surface. The C=O bond is not activated, meaning a ve
weak interaction. This can also be observed by the la
distance between the aromatic ring and the Rh(111) sur
(about 4 Å) and also the unmodified values for the C=C
bonds (see Table 1). The latter results show the influenc
the chiral auxiliary (pyroglutamic acid), which favors on
one possible adsorption mode for the aromatic ring.

A more precise view of this effect is shown in th
Table 2, in which the adsorption energies of the th
modes are displayed. For position A this value is ab
95 kJ/mol, whereas it is only 13 kJ/mol for position C.
Adsorption by the aromatic ring on a specific side
indeed, clearly favorable, in total agreement with the sim
steric argument. The calculations additionally show t
adsorption by the auxiliary (position B) is also markedly le
stable than adsorption by the aromatic ring.

Table 2
Adsorption energies for all adsorption modes on the Rh(111) surface

Adsorption mode Adsorption energy (kJ/mol)

(2-Methylbenzoyl)pyroglutamic acid

Position A 95
Position B 22
Position C 13
Cyclohexenic product—position A 38

(2-Methylnicotinyl)pyroglutamic acid

Position A 61
Position C 19
Position D 36
Enamine product—position A 28
Enamine product—position D 79
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Fig. 2. Different adsorption modes of conformer 1 of (2-methylbenzoyl)pyroglutamic acid. The surface unit cell is shown. (A) Position A—adsorvia
aromatic ring (parallel to the surface plane): “convex” side of the molecule. (B) Position B—absorption via pyroglutamic acid. (C) Position C—adsoption via
the other side of the aromatic ring plane: “concave” side of the molecule. (D) Position D—adsorption via the lone pair of the nitrogen atom of thenyl
ring.
the
of
nce
far

ster
on
tion
e

este

lo-

h

een

was
the

be
ne
tion
e-

g is
Another interesting point can be observed from
optimized structure of the position C. The acid group
the pyroglutamic acid does not add any steric hindra
for the chiral auxiliary, because this group stands up
from the surface. This explains why the nature of the e
group in the chiral auxiliary has only a small effect
the diastereoselectivity of the asymmetric hydrogena
of (S)-alkyl-N -(2-methylbenzoyl)pyroglutamates [20]. Th
acid group can hence be also viewed as a model for
groups.

In the latter hydrogenation reaction four different cyc
hexane diasteroisomers can be formed: twocis and twotrans
r

(see Ref. [20]), being thecis product being formed in hig
probability. The diastereomeric excess (de) of the reaction is
defined as the normalized concentration difference betw
these twocis isomers.

Although the hydrogenation reaction of the substrate
not explicitly studied here, it is possible to understand
diastereomeric excess found experimentally.

The aromatic hydrogenation on metallic surfaces can
described by two different mechanisms [34]. In the first o
a planarπ -complex undergoes a step by step hydrogena
via a successiveσ -bonded partially hydrogenated interm
diaries, while in the other mechanism the aromatic rin
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hydrogenated in one single step. Both mechanisms ass
that the molecular hydrogen has been dissociated and h
gen atoms are present on the surface. The first mechani
predominant at a low molar ratio of the aromatic ring.

Regardless of the mechanism, position A, which is
most favorable on the (111) surface, would lead to only
cis stereoisomer, in agreement with the experiments,
thus a highde. Indeed the favoredcis product correspond
to the one obtained from Fig. 2A by transferring 6 hydrog
atoms from the surface.

Real catalysts are, however, formed of particles with v
ious sizes and shapes. It is clear that the difference betw
these calculated adsorption energies will be strongly m
fied if the adsorption site is not on a flat terrace but at an e
or a corner of a particle. Such edges could favor the ads
tion of the molecule by the “concave” side, hence stabi
position C. Such argument has been already proposed
in order to explain the lowerde obtained for small particle
of Rh on carbon, compared to more flat particles found
an alumina support.

Another interesting point is that the cyclohexenic co
pound is formed during the hydrogenation ofS-methyl-N -
(2-methylbenzoyl)pyroglutamate [20]. This seems to in
cate that the step-by-step hydrogenation mechanism d
nates the process and that the hydrogenation of substi
carbon atoms is the most difficult one. In order to stu
the influence of the presence of this by-product, calculat
have been done with the cyclohexenic product of pyro. S
only the adsorption mode related to position A leads to
hydrogenation of the remaining double bond, this configu
tion was the one studied here; see Fig. 3A.

In Table 2, the adsorption energy of the cyclohexe
compound is compared to that of the pyro molecule. T
adsorption energy is strongly reduced compared to tha
the reactant (pyro). Hence the cyclohexenic molecule
desorb from the surface, by a competitive adsorption of
reactant. This explains its presence in the product stream

Taking into account that the real catalysts are formed
small particles, their edges can also favor the adsorptio
the cyclohexenic molecule by the concave side, similarl
the reactant at position C. This may be the reason tha
hydrogenation of the cyclohexenic product decreases thde
as seen experimentally [20].

3.2. (2-Methylnicotinyl)pyroglutamic acid adsorption

(2-Methylnicotinyl)pyroglutamic acid (pyro(N)) also ha
four different conformations. Similarly to the pyro substra
the most stable conformation is the one in which the a
and methyl groups are on opposite sides of the pyrogluta
ring plane (conformer 1); see Fig. 1C. In this case
energy difference between conformers 1 and 2 is ab
3 kJ/mol and between conformer 1 and the other t
isomers about 30 kJ/mol. The interconversion activatio
barrier has been evaluated by force-field calculations
to be about 120 kJ/mol for the rotation through the amid
e
-
s

]

bond (C–N) and to be more than 1000 kJ/mol to convert
configuration 1 to 2. Moreover, H NMR spectra at 278
have also demonstrated the presence of one isomer o
molecule [33].

The pyro(N) molecule can adsorb on the surface, s
larly to the previous molecule, i.e., in positions A, B, and
(not shown here). In addition there is a new configura
(position D, Fig. 2D), in which the molecule interacts w
the surface by the lone pair of the nitrogen atom of the a
matic ring. This type of adsorption has also been found
pyridine on Pt(110) [35], Cu(110) [36], and Cu(100) [37].
this case, the molecule is more or less vertical (see Fig.
and the interaction with the hydrogen atoms on the sur
can happen on both sides of the ring with approximately
same probability. This would lead to a nonenantioselec
hydrogenation.

For the molecular coverage of 1/16 that was studied
here, the adsorption form (the pyridine ring parallel
the surface—position A) is again the most stable struc
(Table 2). However, the adsorption energy of this form a
the difference in energy of the various adsorption mode
pyro(N) are smaller compared to the previous case (py
The new configuration D, by the N atom lone pair, is o
25 kJ/mol less stable. The situation might change at hig
coverages, since the adsorption by the lone pair in a m
or less vertical structure can lead to a better molec
stacking on the surface. This coverage effect has alre
been noted for the adsorption of pyridine [35]. Furthermo
it has been shown that there is a local attractive interac
force between a pair of pyridine molecules on Cu(110
high coverages [36]. Both points indicate that the prefere
for the form A can be less marked due to the good stab
of the nonselective D mode at high coverages, thus redu
thede.

A very interesting point is revealed when the adsorpt
of the partial hydrogenated product (enamine) is stud
There are two different adsorption modes for enamine
the surface. Similarly to the previous cyclohexenic molec
the enamine molecule can be positioned with its remain
double bond parallel to the surface, facing its less st
side to the surface, see the optimized structures (Figs
and 3B).

In the other position, the lone pair of the nitrogen at
of the saturated ring interacts with the surface. The nitro
group is a substituted amine, and has a similar adsorp
configuration (top position) as reported for ammonia on
same surface [38]. Since the molecule binds to the surfac
it N atom, this new position has been also called positio
(Fig. 3C).

The adsorption energy of these two different modes
enamine is shown in Table 2. The enamine molecule pre
to bind to the surface as shown in position D. The adsorp
energy is about 79 kJ/mol, which is very close to the
calculated adsorption energy found for ammonia on Rh(1
at a coverage of 0.11 ML (82 kJ/mol) [38]. This large energy
difference between the two positions D (of pyro(N) and
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yro. (B)
Fig. 3. Different adsorption modes for the hydrogenated products. (A) Position A—methylcyclohexenic from the partial hydrogenation of p
Position A—methylenamine from the partial hydrogenation of pyro(N). (C) Position D—methylenamine from the partial hydrogenation of pyro(N).
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enamine) is not surprising due to the difference of basicit
pyridine and alkyl-amine. The hybridization of the nitrog
atom in pyridine is sp2, whereas is sp3 in enamine. The mor
s character in the spn-hybrid atomic orbital, the less the lon
pair is available [39].

Comparing Figs. 3B and 3C one may note that the en
ine faces the convex side in the first case and the concave
in the latter one. Starting from pyro(N)—position A, the h
drogenation proceeds to the enamine, the configuratio
which is represented by Fig. 3B (convex side). The en
ine, however, can follow two different processes: the co
plete hydrogenation reaction or the desorption of the en
ine. If the enamine desorbs, its readsorption is strongly
vored by the concave side, due to strong interaction of
lone pair with the Rh surface (see Table 2—Position D)
this case, the hydrogenation reaction leads to the pro
tion of the other enantiomer. Thus, thede is expected to
decrease. This competition between the latter processe
plains what has been observed recently in the hydrogen
reaction of (S)-methyl-N -(2-methynicotinyl)pyroglutamat
on supported Rh catalyst [40]: no detection of enam
in the product stream and thede reaches a maximum
of 28%.
e

f

-

-

4. Conclusions

In the present work the influence of the pyroglutam
acid, as a chiral auxiliary in the hydrogenation ofo-toluic
acid and 2-methyl nicotinic acid on the Rh(111) surfa
has been investigated by using periodical density functi
theory.

The pyroglutamic acid auxiliary allows the adsorpti
of the aromatic ring by only one side of the ring pla
(“convex” side of the molecule). This effect is observ
for both molecules. In the case of the benzoyl ring,
selectivity should be excellent on a perfect flat meta
surface. It is, however, limited in practice by the prese
of edges, especially in the case of small catalytic particle

On the other hand, in the case of a nicotinyl ring,
presence of the lone pair of the nitrogen atom has a g
influence in the reduction of the diastereomeric excess.
NH group, formed from the partial hydrogenation of t
nicotinyl ring, interacts strongly with the surface, prevent
the influence of the chiral auxiliary.

In summary, the use of chiral auxiliaries is shown to
effective for the enantioselective hydrogenation of spec
target molecules, viz benzoyl-type rings. The presenc
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different functional groups in the target molecule can lea
a reduction ofde due to a formation of nondiastereoselect
strong adsorption modes on the metallic surface.
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