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Abstract: The asymmetric hydrogenation of a-ketoesters on cinchona-modified supported platinum particles
is a prototype reaction in heterogeneous chiral catalysis. The catalysis literature shows that the reaction is
highly metal-specific, that it displays rate-enhancement with respect to the racemic reaction on the
nonmodified surface, and that the observed stereoselectivity is a sensitive function of substrate and modifier
structure. This set of observations has proven difficult to rationalize within the context of existing models
for the mechanism of the Orito reaction. The most widely discussed mechanistic models are based on the
formation of chemisorbed 1:1 complexes through H-bonding between the quinuclidine function of the
cinchona modifier and the prochiral, keto-carbonyl, function of the substrate. Recent surface science studies,
as well as advances in the area of C—H---O hydrogen bonding, suggest that chemisorption-induced
polarization may lead to an aromatic-carbonyl H-bonding interaction between the aromatic anchor of the
modifier and the coadsorbed substrate. By specifying that the aromatic C—H---O interaction is to the prochiral
carbonyl and that it is accompanied by a H-bonding interaction between the ester carbonyl and the
quinuclidine function, we show that it is possible to rationalize essentially all of the catalysis literature for
the Orito reaction in terms of a single molecular mechanism. The generality of the proposed mechanistic
model is demonstrated by addressing data from the literature for a representative range of substrates,
modifiers, solvents, and metals. Results of catalytic tests on an asymmetric diketone substrate are presented
in support of the model.

Introduction intramolecular, intermolecular, and chemisorption interactions
inherent to catalytic stereoselective synthesis on metal surfaces.
t manifests itself in several intriguing phenomena such as
extreme metal specificity, substituent-dependent stereochemical
inversion®? significant rate acceleration with respect to the
racemic reaction on nonmodified platinum, and pronounced
changes in the enantioselective excess arising from minor
modifications in the structure of the activated keténge show

that a comprehensive range of phenomena reported in the

The continually increasing need for enantiomerically pure
chemicals has driven numerous major advances in the area o
homogeneous chiral catalysisThere is a parallel need for
heterogeneous chiral catalysts, systems that may offer man))
advantage3 The asymmetric hydrogenation of prochiral keto-
carbonyls may be performed using chirally modified supported
platinum catalysts. This reaction, first reported by Orito €t al.
selectively converts methyl pyruvate tB){methyl lactate on
cinchonidine modified Pt (Scheme 1). The reaction is typically
carried out at room temperature and at low surface coverages ©) §?5E)1(2§5’_%'2;gg?|(%)‘ gigggﬁ,dﬁr_’M';;?;%?rhﬁﬁﬁb?éﬂtgéﬁt\?\lf;o g?uder,
of the modifier, using toluene or acetic acid as a solvent. Three M. J. Am. Chem. So@00Q 122, 12682-12682.

. . X . . (6) Studer, M.; Blaser, H.-U.; Exner, @dv. Synth. Catal2003 345, 45—65.
decades of investigation of the Orito reaction have revealed a (7) von Arx, M.; Mallat, T.; Baiker, A.Top. Catal.2002 19, 75-87.

i i (8) (a) Wells P.B; Wllklnson A. GTop Catal.1998 5, 39-50. (b) Simons,
set of complex, and sometimes apparently contradictory, data Mo B A Qithe O R e L M - e o

that are difficult to rationalize in terms of a single molecular- Weus P. B.; Carley, A. F.; Rajumon, M. K.; Roberts, M. W.: Ibbotson, A.
12 Recl. Tra/ Chlm Pays- Basl994 113 465—474.
level mechanism: 12 This complexity arises from the multiple © Vayner G Houk, kN Sun. Y.-K>: Am. Chen. So@004 126 199
(1) Trost, B. M.Proc. Nat. Acad. Sci. U.S./&2004 101, 5348-5355. (10) Jenklns D. J.; Alabdulrahman, A. M. S.; Attard, G. A.; Griffin, K. G.;
(2) (a) Davis, M. ETop. Catal 2003 25, 3—7. (b) Stacchiola, D.; Burkholder, Johnston, P.; Wells P. B. Catal. 2005 234 230-239.
L.; Zheng, T.; Weinert, M.; Tysoe, W. Td. Phys. Chem. R005 109, (11) Bartok, M.; FeIfoIdi, K.; Torok, B.; Bartok, TChem. Communl1998
851. (c) Humblot, V.; Hag, S.; Muryn, C.; Hofer, W. A.; Raval, R.Am 2605-2606.
Chem. Soc2002 124, 503-510. (d) Bonello, J. M.; Williams, F. J.; (12) (a) Lavoie, S.; LalibefteM.-A.; McBreen, P. HJ. Am. Chem. So2003
Lambert, R. M.J. Am. Chem. So®003 125, 2723-2729. (e) Ma, J,; 125 15756-15757. (b) Lavoie, S.; Laliberté.-A.; McBreen, P. HCatal.
Lee, I.; Kubota, J.; Zaera, B. Mol. Catal. A Chem 2004 216, 199- Lett 2004 97, 111—-114. (c) Lavoie, S.; McBreen, P. K. Phys. ChenB
207. (f) Scholl, D. SLangmuir1998 14, 862-867. (g) Horvath, J. D.; 2005 109 11986-11990.
Gellman, A. JJ. Am. Chem. So@002 124, 2384-2392. (h) Baddeley, (13) (a) Diezi, S.; Mallat, T.; Szabo, A.; Baiker, A. Catal.2004 228 162—
C. J.Top. Catal 2003 25, 17—28. 173. (b) Bonalumi, N.; Vargas, A.; Feri, D.; Burgi, T.; Mallat, T.; Baiker,
(3) Orito, Y.; Imai, S.; Niwa, SJ. Chem. Soc. Jpri979 8, 1118-1120. A. J. Am. Chem. So@005 127, 8467-8477. (c) Cserenyi, S.; Felfeldi,
(4) (a) Burg) T.; Baiker, A.Acc. Chem. Re2004 37, 909-917. (b) Vargas, K.; Balazsik, K.; Szollosi, G.; Bucsi, |.; Bartok, M. Mol. Catal. A: Chem.
A.; Burgi, T.; Baiker, A.J. Catal 2004 226, 69—82. 2005 247, 108.
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Scheme 1. Heterogeneous Enantioselective Hydrogenation of Methyl Pyruvate on Chirally Modified Pt
(R)-Methyl Lactate
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catalysis literature on the Orito reaction may be explained in Chart 1. Substrates for the Orito Reaction Divided into Three
the context of a simple two-point attractive interaction between Categories According to the Highest Enantioselectivities Reported
coadsorbed chiral-modifiers and prochiral substrates. in the Literature

Experimental Section high ee

high rate
Measurements on the hydrogenation of an asymmetric diketone were
carried out using the following materials: 1% P%®4 (Aldrich), 2,3-

H
R

pentanedione (Aldrich, 97%), acetic acid (Fisher Scientf9.7%) 0 0
and cinchonidine (Fluka: 98%). The hydrogenations were carried out R o A R
in a mechanically stirred reactor (Parr 3911) using 77 mg of the Pt 0 Ph CF3
(8]

200 mL of the solvent, acetic acid, at 2.1 bar and-28 °C for 6 h.
The enantiomeric excess was determined by gas chromatography in .

[s] [+]
dimethyl (B-DM type; 30 mx 0.25 mm) column. The products were j\’ﬁ\o’\
identified by GC/MS (5890 Series Il Gas Chromatograph/ HP 5989A Ph Et Ph CF3
Mass Spectrometer) and by NMR. The observed ee values were 17%

catalyst, 3.0 mg of the modifier, 40 mmol of 2,3-pentanedione, and
CH.CI, at a constant temperature of 8C using a beta-cyclodextrin
(R)-2-hydroxy-3-pentanone, and 9%)¢3-hydroxy-2-pentanone.

medium ee
medium rate

Discussion

A representative range of substrates for the Orito reaction
may be divided (Chart 1) into three categories displaying high @
ee, medium ee, and low ee, respectivielylhe categories high, (] [+]
medium, and low represent optimal values in the rarggs%, )klll J\g/\ )L!/\/
31-64%, and<30%, respectively. Since enantioselectivity is o
very dependent on reaction conditions, Chart 1 is organized on
the basis of the maximum reported enantioselectivity. Effective

low ee
substrates include aliphatic and cydlieketoestersq-dicarbo- low rate
nyls, and certaifp-ketoesters. In each case, the prochiral ketone
group (p-CO), shown in red in Chart 1, is activated by a group . . .

in the a-position. In addition to (p-CO), all effective substrates o | ] 0
contain a group (R that is capable of forming H-bonds. With R/“TO ""\)'\cF )'\Ph
the exception ofs-ketoesters, (R also serves to activate (p- H 3
CO). For example, (R can be an ester, ether, keto, orCF . .
group.
Three representative chiral modifiers, cinchonidine (CD), o | j\g/""
napthylethylamine (NEA}# and naphthylethanediol (NEBY, R)kﬂo Ph
are illustrated in Chart 2. CD and its diastereomer cinchonine o
(CN), the most commonly used modifiers, induce right-handed .
and left-handed hydrogenation, respectively, on platinum cata- the (R)-product was reported for the hydrogenation of keto-
lysts®7 Baiker and co-workers have shown that NEA and NED, pantolactone on platinum modified using the primary amine,

as well as secondary amine derivatives of NEA, are effective NEA* All effective modifiers for the Orito reaction possess
modifiers for the Orito reactiof*!5An ee of 56% in favour of ~ the three molecular features labelled as (A), (B), and (*) in Chart
2. (A) is a group capable of conventional hydrogen bondfadt

(14) Orglmeister, E.; Mallat, T.; Baiker, AAdv. Synth. Catal2005 347, 78—
86. (16) Bonalumi, N.; Bugi, T.; Baiker, A.J. Am. Chem. So@003 125, 13342~
(15) Marinas, A.; Mallat, T.; Baiker, AJ. Catal.2004 221, 666-669. 13343.
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Chart 2. Representative Chiral Modifiers for the Orito Reaction?

a Cinchonidine (CD), naphthylethylamine (NEA), and naphthylethanediol (NED) are shown. Three molecular features common to all efficient modifiers
are labeled as (A), (B), and (*). (A) is a conventional H-bond donor, (B) is an extended aromatic group, and (*) is a stereogenic centre located)between (
and (B). (X) is the substituent at (*).

such as a hydroxyl or a primary, secondary, or protonated observed for asymmetria-diketones? are very difficult to
tertiary amine function. The tertiary amine group of the rationalize using the (p-C&)YA) H-bonding model. While there
quinuclidine ring of CD is assumed to be protonated in protic is a general consensu$? that a 1:1 substratemodifier
solvents®” Recent work shows that protonation can also occur prochiral adsorbed complex forms, there is no experimental
in aprotic solvents, presumably through interaction of the tertiary evidence for a (p-CO)(A) as opposed to an (R-(A) H-
amine group with surface hydrogéh(B) is a double, or triple, bonding interaction. The ester carbonyl of arketoester is
aromatic ring that serves, in part, to anchor the modifier to the predicted! to have a higher proton affinity than the (p-CO)
surface. Several groups have provided evidence, including in function; hence (B—(A) H-bonding is the expected interaction
situ spectroscopic data, showing that the aromatic anchor isin solution. Since the (R—(A) pair is located above the surface
oriented roughly parallel to the surfat&®In particular, an in in the chemisorbed complex, the interaction may be similar to
situ infrared and Raman study concluded that there is a strongthat for the solution phase.
z-type interaction between the aromatic ring of CD and the  Recent surface science studies indicate that a second H-
platinum surface at the low coverages typical of reaction bonding interaction may occur in the adsorbed 1:1 modifier
conditions!®¢ Finally, there is, in every case, a stereogenic substrate complex. Specifically, aromatics chemisorbed on
center, {), positioned between (A) and (B). Pt(111) form C-H---O interactions with carbonyl groups of
A number of mechanisms have been proposed for the Orito coadsorbed moleculé& Such an interaction is in line with
reaction’~12 The widely discussed 1:1 hydrogen-bonded modi- reécent reports on €H---O bonding in tetrafluorobenzene/
fier—substrate model developed by Baiker et ahd Wells et~ 0Xygenate clustetdand in benzene/oxyanion complexéss
al® assumes that H-bonding occurs between (p-CO) and (A). Well as chemisorption-induced--+-O bonding between &4
This interaction combined with steric repulsion betweefj (R~ @nd @ on Ag(111)** The H-bonding observed for coadsorbed
and (B) is suggested as the origin of stereoselection. Rate@romatics and carbonyls on platinum is attribéetb the fact
enhancement with respect to the racemic reaction is attributed that the redistribution of electrons involved in chemisorption
to a combination of chemisorption and H-bonding activation °ond format|0ﬁ5_renders the aromatic hydrogens more acidic.
of (p-CO) by (A). The latter two interactions are, however, Hydrogen bonding may be used to induce asymmetric reac-
optimized at separate positions in space, the former at the surfacdions® and it has recently been shown that8---O bonding
and the latter above the surface. A weakly constrained chiral €N induce stereoselection in an intermolecular Pauktand
pocket, .def!n.ed mOStly by stenc repulslltl)n between (B) and (R )’ (20) Toukoniitty, E.; Nieminen, V.; Taskinen, A.;"Rérinta, J.; Hotokka, M.;
makes it difficult to explain the sensitive dependence on the Murzin, D. Y. J. Catal. 2004 224, 326-339.
substrate molecular structure. Effects such as stereoinvétsion (@1) I;jéﬁ:g;oﬁébé“éeg”gl”d&/élTlgf’k‘)”"“yy E.; Y., M. D.; Hotokka, M.
resulting from substitution at (*), and the regioselectivity (22) (a) Venkatesan, V.; Fujii, A.; Ebata, T.; Mikami, Kthem. Phys. Lett.

2004 394, 45—48. (b) Venkatesan, V.; Fuijii, A.; Mikami, NChem. Phys.
Lett. 2005 409 57-62. (c) Venkatesan, V.; Fujii, A.; Ebata, T.; Mikami,

(17) Vargas, A.; Ferri, D.; Baiker, Al. Catal 2005 236, 1-8. N. J. Phys. Chem. 2005 109, 915-921.

(18) Evans, T.; Woodhead, A. P.; Gutiez-Sosa, A.; Thornton, G.; Hall, T. J.; (23) (a) Bryantsev, V. S.; Hay, B. B. Am. Chem. SoQ005 127, 8282
Davis, A. A.; Young, N. A.; Wells, P. B.; Oldman, R. J.; Plashkevych, O.; 8283. (b) Bryantsev, V. S.; Hay, B. Rrg. Lett 2005 7, 5031-5034.
Vahtras, O.; Agrend, H.; Carravetta, Surf. Sci 1999 436, L691—L696. (24) (a) Gao, S. W.; Hahn, J. R.; Ho, W. Chem. Phys2003 119 6232-

(19) (a) LeBlanc, R. J.; Chu, W.; Williams, C. T. Mol. Catal. A: Chem 6236. (b) Hahn, J. R.; Ho, W.. Phys. Chem. B005 109, 20350-20354.
2004 212, 277-289. (b) Kubota, J.; Ma, Z.; Zaera, Eangmuir2003 19, (25) (a) Morin, C.; Simon, D.; Sautet, B. Phys. Chem. B004 108 12084~
3371. (c) Chu, W.; LeBlanc, R. J.; Williams, C. T.; Kubota, J.; Zaera, F. 12091. (b) Tan, Y. P.; Khatua, S.; Jenkins, S. J.; Yu, J.-Q.; Spencer, J. B;
J. Phys. Chem. R003 107, 14365. (d) Ferri, D.; Burgi, T.; Baiker, A. King, D. A. Surf. Sci 2005 589 173-183.

Chem. Commur001, 1172. (e) Ferri, D.; Brgi, T. J. Am. Chem. Soc (26) (a) Pihko, P. MAngew. Chem., Int. EQ004 43, 2062-2064. (b) Huang,
2001, 123 12074-12084. Y.; Unni, A. K.; Thadani, A. N.; Rawal, V. HNature 2003 424, 146.
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Chart 3. A Generic Prochiral Complex? et al’®ab ysing a range of CD modifiers substituted at (*).
Hydrogenation to yield (R)-products is observed for 6&X0H,
OCHs;, and OCHCHg substituents, whereas (S)-products are
formed for O-phenyl substitution. The stereochemical inversion
can be explained by noting (Chart 4a) that a competing (p-€O)
(B") interaction may be formed to the phenyl YBubstituent.
The highest stereoinversion is observed for cyclic substrates,
whereas the more flexible aliphatic ketoesters give essentially
racemic products due to the small difference in the competing
R (p-CO)—(B) and (p-CO}-(B') interactions-32 The above analy-

sis can also be used to interpret the stereoinversion observed in

a recent study, by Cserenyi et'dt.of the effect of various

) ) o substituents (X) at the stereogenic center, (*).
aTaking the example of methyl pyruvate and cinchonidine coadsorbed . b | il di
on platinum, (A) is the protonated tertiary amine group, (B) is the activated ~ R€Presentative substrat€D complexes are illustrated in

aromatic anchor, (X) is an OH group, and Y& the COOCH moiety of Chart 4b. For each pair, the two-point model can be used to
methyl pyruvate. The chemisorption interaction between (B) and platinum rationalize the ee range indicated in Chart 1. The adsorption

activates the ring towards H-bond formation. The ester carbonyl n (R . . . e
forms a H-bond to (A), and the keto-carbonyl, (p-CO), forms-BC bonds geometry of the substrate is evidently a key factor in facilitating

to (B). The substituent (X) imposes a unique directionality on the (p-c0)  the two-point interaction. As illustrated next, small changes in
(B), (R)—(A) two-point interaction, thereby defining the chiral pocket. substrate structure can lead to large changes in adsorption
geometry and hence large changes in the observed enantiose-
reaction?” By taking into account a chemisorption-induced |ectivity. The arguments are made on the basis of plausible
C—H:---O attractive interaction between (B) and (p-CO), we adsorption geometries, as experimental data are not available
propose a two-point H-bonding mechanism for the Orito reaction for most of the substrates under discussion. Subsiiaie a
and successfully test it against a comprehensive range Oftyiyial example in that it does not possess ar) @oup and,
literature data which were measured under catalytic conditions. hence, cannot form two-point bonding to the modifier. The small
The proposed mechanism specifies that the requirement foree ghserved may then be attributed to the difference in steric
efficient asymmetric induction is that the prochiral complex, repulsion of the phenyl and alkyl substituents in the chiral
as shown in Chart 3, forms by pairing'jRo (A) and (p-CO) pocket. In contrast, substrat8sand 12 possess two functions
to (B). capable of H-bonding. Flat-lying chemisorption of the phenyl
Several examples of two-point bonding prochiral complexes group of3 places (p-CO) close to the surface, at (B). H-bonding
are illustrated in Chart 4 and discussed below. Taking CD as of the CR group to (A) completes the two-point attachment to
an example, it can be seen that steric hindrance due to thefgrm a pro-(R) complex. The simple addition of a methylene
substituent (X) at (*) imposes a unique directionality to the two- spacer between (p-CO) and the phenyl group, as in substrate
point modifier—substrate interaction, thereby p.reventirllg the 12, removes the constraint forcing (p-CO) close and parallel to
formation of a pro-(S) complex. The (p-CE{B) interaction the surface. As a result, a competing geometry in which the
depopulgtes intrinsic adsorption statesxefetoesters, such as  phenyl group bonds to the surface and the (p-CO) bonds to (A)
the enediolate dransstates of methyl pyruvate on nonmodified g failitated. The resulting lack of a strongly preferred (p-€0)
P(111);? leading to adsorption geometries in which (p-CO) () interaction leads to a reduction in enantioselectivity. In
is oriented towards the aromatic anchor (B) close to the metal contrast, replacing the GFgroup with an ester group in a
surfacet?¢ The metal surface is a key activating and directing substrate with a similar alkyl spaces, re-establishes a strong

agent in the reaction. Along with (R it serves to activate (- (ry—(a) interaction and leads to high stereoselectivity. The
CO) towards hydrogenation, it serves to activate function (B) tact that substraté5 displays zero &8 may be explained by
towards H-bonding to (p-CO), it permits an adsorption geometry ¢ jnteraction of both PhCO groups with the surface, thereby
that could form the two-point contact, and it furnishes atomic preventing (R—(A) bonding. The poor stereoselectivity ob-
hydrogen at the enantioface determined by the resulting gopeq for11is due to bonding of the ether group to the surface
substrate-modifier complex. We assume that hydrogenation ;. competition with the formation of an (R-(A) interaction.
does not require a strongly chemisorbed prochiral carbonyl, SinceSubstrat@,, in contrast, possesses two ether groups, one of which
the formation of a relatively immobilg?-(p-CO) state would is free to form an (R—(A) interaction. Steric repulsion, as by
inhibit the (p-CO)-(B) interact_ion required to form_the Wo- ihe methyl group in substratk4, can hinder the formation of
point complex. The surfacg science data for.aromaigrbon.yl an effective (R—(A) contact. Asymmetric hydrogenation of
complexes are more consistent withraype interaction with the f-ketoestef? can be performed since the §roup activates
the surfacé?¢Interestingly, Loffreda et &8 calculated that the (p-CO) and the ester carbonyl forms arl)RA) bond.
hydrogenation of the carbonyl group of acrolein on Pt(111) The two-boint bonding model predicts that svmmeteidike-
involves a precursor state in which the carbonyl group is not tones suchpaS will givega single%roduct the ()I/?)-enantiomer

strongly chemisorbed. CD-modified Pt. | trast tiediket "
The importance of the (p-CO)B) interaction for stereose- on tw_mdo'ffl i N ) (;] c:)n rasr,] afsyr;]].mr(]e ulc”; e.oafsh W'd d
lection is directly manifested in experiments performed by Diezi give fwo difierent products, €ach ot which Wit be fight-handed.
This prediction was confirmed by experiments performed in our

Generic Complex

Activated Ring

(27) Sola, J.; Riera, A.; Verdeguer, X.; Maestro, M.J\Am. Chem. So2005 laboratory on substrat@ under typical reaction conditions, as
117, 13629-1363. ;

(28) Loffreda, D.; Delbecq, F.; Vigne~; Sautet, PJ. Am. Chem. So2006 well ?‘S py Ilteratgre da?_é _for SUbStrat?SS and. :.LO' The
128 1316-1323. combination of regioselectivity and enantioselectivity observed
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Chart 4.2

Two-point bonding of an
activated B-ketoester

Asymmetric c-diketones can form
two distinct pro-(R) complexes

[b]

Good enantiodifferentiation requires Ether groups: competing chemisorption
correct two-point contact can hinder bonding of (R') to (A)

[c] [d]

Cinchonine Cinchonidine

a(a) Cinchonidine (CD) and phenyl-substituted CD. (b and c) Representative prochiral complexes. (d) Possible role of the vinyl' gimem@Ronine
(CN) adsorption.

for the hydrogenation of asymmetricdiketones is a key test  (B), thereby forming a pro-(S) complex (Chart 4c). Indeed, the
for the validity of the proposed two-point contact model. The (S)-product is formed in excess on palladihi®Furthermore,
two-point model predicts that hydrogenationoatliketones will the rate of the reaction is lower than that for the racemic reaction
occur at a slower rate at the'JR(A) pair because it is notin ~ on the nonmodified surface, presumably because the-¢Adl
optimal contact with the surface. Hence hydrogenation of a pro- interaction tilts the prochiral CC double bond away from the
(R) active complex is expected to display a lower activation surface.

energy than that for the racemic reaction on the nonmodified Although it is known that the Orito reaction can take place
surface, while the opposite is expected to hold for a pro-(S) in the absence of solvefft,the nature of the solvent is an
complex. For example, the hydrogenation of substatecurs important parameter under typical reaction conditibri$! The
with increased regioselectivity to the phenyl-substituted (p-CO) use of solvent polarity is exploited in heterogeneous diastereo-
group on the CD-modified surfade.Chemisorption of the selective synthesis to turn a specific face of the prochiral group
phenyl substituent forces a preferential (p-€(B) interaction. towards the solution phaséln the context of the two-point
Indeed, kinetics studies dhby Toukoniitty et a° show that model, the polarity of the solvent will play a role in determining
stereoselection derives from an increased rate of the (R)-the dihedral angle between (RJA) and (p-CO)-(B) pairs.
reactions and a decreased rate of the (S)-reactions. ThisToluene is the optimal solvent for cycliz-ketoesters such as
phenomenon may be further illustrated by considering data for 2, whereas acetic acid is the optimal solvent for aliphatic
the Orito reaction on CD-modified Pd catalysts. In contrast to ketoesters such &k® Acetic acid is a polar solvent and can
the chemistry of alkyl pyruvates observed on platinum, keto- solvate (A) and hence draw it away from the surface. The
enol tautomerisation occurs on palladium even in the presence(go) von Arx, M.: Dummer. N.: Willcock, D. J.: Taylor, S. H.: Wells, R. P. K.

of hydroger?® The enol group will bond to (A) rather than to Wells, P. B.; Hutchings, G. Lhem. Commur2003 1926-1927.

(31) Ma, Z.; Zaera, FJ. Mol. Catal. A: Chem2004 216, 199-207.

(32) de Vos, D. E.; Bruyn, M. D.; Parvulescu, V. I.; Cocu, F. G.; Jacobs, P. A.

(29) Wells, P. B.; Wells, P. KChiral Catalyst Immobilization and Recycling Chiral Catalyst Immobilization and RecyclingViley-VCH: Weinheim,
Wiley-VCH: Weinheim, Toronto, 2000. Toronto, 2000.
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resulting large dihedral angle is energetically favourablelfor —aromatic-prochiral carbonyl €H---O interaction at the surface

in that it minimizes carbonytcarbonyl dipole repulsion. In and a substratemodifier H-bonding interaction above the
contrast,2 is less flexible, and the optimal conditions require surface. The latter interaction could involve, for example, @ CF
that (A) be located closer to the surface. This will occur in group of the substrate and OH, NH, Nbr NH* functions of
toluene, since as an apolar solvent it will not compete as strongly the modifier. The substrate must be sufficiently flexible to permit
as acetic acid with the adsorption forces on the modifier. A both H-bonding interactions simultaneously. The adsorption
further example of the importance of the distance of the geometry of the substrate is then a key factor in facilitating the
quinuclidine group from the surface is given by comparing the two-point interaction. Small changes in substrate structure can
ee yields obtained using the diastereomeric pair CD and CN. lead to large changes in adsorption geometry and hence large
While the vinyl, R" substituent of CD is held away from the changes in the observed enantioselectivity. Competing modi-
surface through flat-lying adsorption of (B), the same substituent fier—substrate interactions can induce stereoinversion, as in the
in CN can interact with the metal (Chart 4d) thereby forcing case of phenyl substitution at the stereogenic center or in enol
(A) away from the surface. This effect possibly contributes to formation in the Orito reaction on palladium surfaces.

the lower ees obtained using CN and rigid modiffelrs support For the case oti-diketones, substrates which possess two
of this proposal, we note that identical stereoselectivities are prochiral carbonyls, the rate of hydrogenation of the carbonyl
observed for CD and CN when'"Rs a hydrogen atorf? at the surface is expected to be accelerated with respect to the

racemic reaction on the nonmodified surface, whereas the
reverse is expected to hold for the carbonyl located above the
The proposed mechanistic model may be used as a guide tosurface. That is, the (p-CO) group in interaction with both the
understanding a comprehensive range of reported studies of thearomatic anchor and the surface is further activated towards
Orito reaction. The model permits a consistent analysis of a hydrogenation. In contrast, the second (p-CO) group, the pro-
complex, and sometimes apparently contradictory, set of data(S) carbonyl, is tilted away from the surface to make contact
for a wide range of substratenodifier pairs. In common with with (A), for example, with the quinuclidine group of cinchoni-
the majority of previous models, the proposed model is based dine. The consequent distancing of the pro-(S) carbonyl from
on the formation of coadsorbed 1:1 modifisubstrate H-  the surface results in a higher activation energy than that for
bonded complexes. It differs from previous models in three reaction on the nonmodified surface. This effect, which follows
respects, which may be illustrated, as follows, by considering directly from the proposed model, is clearly shown by the study
a 1:1 cinchonidinemethyl pyruvate complex. The prochiral  of Toukonitty et ak® of the hydrogenation of substrage
complex is formed by two separate H-bonding interactions; the  The two-point H-bonding model also provides an appealingly
prochiral carbonyl forms a €H-:-O bond, at the surface, to  simple stereodynamical description of the formation of prochiral
the chemisorption activated aromatic anchor of the modifier; complexes. The combination of the'{R(A) interaction and
the ester carbonyl forms a conventional H-bond, above the the preferential chemisorption of the keto-carbdrydptures
surface, to the protonated tertiary amine function of the modifier. the substrate into the chiral pocket defined by the stereogenic
The formation of the €&H---O interaction is entirely consistent  center (*). The second modifieisubstrate interaction, at (B),

Conclusion

with recent advances in the understanding of H-borfdiffgnd orients and further activates (p-CO) providing rate acceleration
in the chemisorption-induced formation of H-bonded coadsorp- with respect to the racemic reaction on nonmodified areas of
tion complexe$* The specific case of aromaticarbonyl the surface. The model may find application in the asymmetric

H-bonded complexes on platinum is supported by surface hydrogenation of olefin and CN functions in substrates capable
science dat#° The extreme metal specificity displayed by the of forming two-point contacts to modifiers.
Orito reaction is attributed, in part, to the ability of platinum to
activate the aromatic anchor towards H-bonding.

Itis shown, by addressing a comprehensive range of literature
data, that the model may be extended to a full range of effective
modifier—substrate pairs, by specifying, in all cases, an JA060504I
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