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Abstract

The effect of the structure of C9-O-substituted cinchona alkaloids as chiral modifiers of Pt on the enantioselectivity of the Pt-alumina-catalyzed
hydrogenation of ethyl pyruvate under mild experimental conditions (room temperature, hydrogen pressure of 1 bar, mainly toluene and tetrahydro-
furane as solvents) was investigated. Although C9-O-substituted bulky chiral modifiers also have the open3 conformation, which is a prerequisite
of high ee, the ee values observed were still low and even opposite to that expected. Based on the experimental data of a great variety of experi-
ments (ESI-ion-trap-MS, modifier mixtures, selective hydrogenation of chiral modifiers, computational studies) the inversion can explain by tilted
adsorption of chiral modifier, namely by a conformational change in the adsorbed chiral modifier and reactant 1:1 intermediate complex.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays it is no more necessary to underline the signifi-
cance of asymmetric syntheses for a readership of professionals
well versed in chemistry and biology. Due to its well-known
advantages, the preparation of chiral compounds using hetero-
geneous catalytic methods is a synthetic method of outstanding
significance. The Orito-reaction also is a heterogeneous catalytic
hydrogenation procedure, serving for hydrogenation of activated
ketones on Pt-alumina catalysts modified with cinchona alka-
loids [1]. Orito and coworkers recognized this reaction in the
course of studying the hydrogenation of EtPy and EBF (Fig. 1).
The main objective of the recent studies on the Orito-reaction
has been to expand its field of utilization, to elucidate the reac-
tion mechanism and to interpret chiral induction in this context.
Progress in this direction has been reported in several reviews
[2-6].
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The most frequently used experimental model for studying
the mechanism of the Orito-reaction is the EtPy hydrogenation, a
reaction producing high enantioselectivities (ee) (97% ee). Var-
ious research strategies and methods have been employed [2-6].
Since it has been concluded from these studies that the structure
of the chiral modifier plays a decisive role in enantioselection,
manifold experiments have been conducted and are in progress
to get a better understanding of the relationship between ee and
the structure of the chiral modifier. Our results in this field, pub-
lished over the years [7—13] and very significant new results of
Baiker’s group [14—16] encouraged us to study the role of C9-O-
substituted derivatives (Fig. 2) of the parent cinchona alkaloids
in Orito-reaction.

2. Experimental
2.1. Materials
CD, 13-22 (Fig. 2) and solvents were purchased from Fluka

and Aldrich and used as received. DHCD was prepared by
hydrogenation of CD (Pd/C, 1 N H>SO4/H>0, 1bar hydrogen
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Fig. 1. The Orito-reaction (R =Me (ethyl pyruvate = EtPy, R =Ph (ethyl benzoylformate = EBF).

pressure, 298 K) and used after crystallization. EtPy (Aldrich)
was distilled before use to 99.5% purity. The compounds 1-3
[17], 4 [14], 5 [18], 6-12 [19,20] (Fig. 2) were prepared
using literature procedures. The crude products were purified
by column chromatography: Fluka 60741 Silica gel 60, eluent
CH,Cl1,/MeOH 85:15. It was found in the course of the enantios-
elective hydrogenation of EtPy that the individual modifiers pur-
chased as well as the silyl ethers synthesized also contained the
parent cinchonas used for modifier synthesis and these affected
ee values (13, 0.4%; 14, 0.7%; 15, 0.4%; 21, 2.5%; 22, 1.3%).
Silyl ethers proved to be sensitive to purification conditions
(hydrolysis on silica gel) and were contained by 0.1-0.8% par-
ent cinchonas. Some of the experiments were performed using
these materials; subsequently, the strongly adsorbable parent
cinchonas were removed under conditions similar to those of
the hydrogenation reaction by stirring for 5 min with Pt-alumina
catalyst and the filtrate was used for the Orito-reaction.

Based on the data in the literature [2—4], from several cata-
lysts the one most often used is Engelhard 4759 (E4759). E4759

was pretreated before use in a fixed bed reactor by flushing with
30mI min~! helium at 293-693 K for 30 min and 30 ml min~!
hydrogen at 693 K for 100 min. After cooling to room tempera-
ture in hydrogen, the catalyst was flushed with helium for 30 min
and was stored under air before use.

2.2. Hydrogenation

Hydrogenations were performed in an atmospheric batch
glass reactor with volume of 10 ml [21]. The agitator speed was
1000-1200 rpm to avoid the diffusion range. The catalytic sys-
tem including catalyst and 2.5 ml solvent was purged three times
with hydrogen and after re-reduction (30 min), the calculated
amount of modifier and after 1 min 0.06 ml of EtPy was intro-
duced and stirred in the presence of hydrogen for the required
reaction time. Standard conditions are: 25 mg E4759, 2.5 ml sol-
vent, hydrogen pressure: 1bar, 293-296 K, 1200 rpm, 0.06 ml
EtPy. The quantification of conversion and ee are based on GC
data [21].

R Modifier X R Y Configuration
C8 C9
X— SN 1 MeO-CD Me vinyl | H S R
9 2 MeO-DHCD Me Et H S R
Y. N 3 | EtO-CD Et vinyl | H s R
_ 4 PhO-CD Ph vinyl | H S R
N 5 AcO-CD Ac vinyl | H M R
6 Me;SiO-CD Me;Si vinyl H S R
0 7 Et;SiO-CD Et;Si vinyl H M R
ClBz: Cl—@—ﬁ?— 8 | MePhSiO-CD | MePhSi | vinyl | H 5 R
9 MePh,SiO-CD MePh,Si vinyl | H S R
10 | Ph3SiO-CD Ph;Si vinyl | H S R
11 Ph;SiO-DHCD Ph;Si Et H M R
12 Bn;SiO-CD Bn;Si vinyl H S R
Phn: OQQ 13 | CIBz-DHQ ClBz Et OMe [S§ R
14 | CIBz-DHQD CIBz Et OMe [R S
15 Phn-DHQ Phn Et OMe | S R
16 | Phn-DHQD Phn Et OMe [R S
N—N 9—0 (0] 0—-C9
O-0— d»>—0- N
{77 e OO0
=N
-0
o 00
17 (DHQ), Phal 19 (DHQ), Pyr 21 (DHQ); AN

18 (DHQD), Phal 20 (DHQD), Pyr

22 (DHQD); AN

Fig. 2. Chiral modifiers studied in Orito-reaction (for abbreviations, see Fig. 1, DH =dihydro, Bn =benzyl).
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2.3. Measurements using mixture of modifiers

These hydrogenations were carried out as in 2.2 (25mg
E4759, 273 K, modifier 0.1 mmol/l in THF) with the exception
that the reactions were continued after the addition of a second
modifier to the mixture containing a first modifier. The procedure
was the following: hydrogenation was performed at a modifier
concentration of 0.1 mmol/l until 5-15 min; at this point, stirring
was stopped and after 1 min a sample was taken. The second
modifier was next added and hydrogenation and sampling were
continued. ee was measured as described in [21].

2.4. ESl-ion-trap-MS measurements

The ESI-MSD-ion-trap (AGILENT (Palo Alto, CA, USA)
1100 LC-MSD TRAP SL ion-trap MS) was operated under posi-
tive ion and auto MS-MS mode using following parameters: ESI,
capillary (needle) voltage 3.5kV, capillary exit voltage 136V,
drying gas (N2) 9L min~!, drying gas temperature 623 K, neb-
ulizer gas 40 psi; Ion-trap: scan range 80-350 m/z, trap drive 60,
max accumulation time 300 ms, fragmentation amplitude 1.5V,
fragmentation time 40 ms.

3. Results and discussion

Preparation and utilization of C9-O-substituted CD-
modifiers attracted the attention of researchers as early as the
beginning of the nineteen-nineties. Blaser et al. used MeO-
DHCD modifier and achieved 95% ee at a hydrogen pressure
of 100 bar [22]. AcOH was found to be the best solvent. Nearly
10 years later, in their comprehensive study on the relationship
between ee and modifiers Blaser et al. summarized their exper-
imental data on CD-O-derivatives, obtained at hydrogen pres-
sures of 70—100 bar [23]. In recent publications, Baiker et al. pro-
posed an explanation for lower ee values and inversion observed
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in the case of CD derivatives with bulky C9-substituents
[15,16].

Our experimental results obtained under mild conditions
(hydrogen pressure 1 bar, room temperature or below, occasion-
ally low modifier concentrations) will be presented below in
three groups, i.e. ethers and esters (group 1), ethers developed
by Sharpless for the asymmetric dihydroxylation of olefins [24]
(group 2) and silyl ethers (group 3).

Selection of the experimental conditions of enantioselective
hydrogenation was based predominantly on previous optimiza-
tion studies using CD and CN chiral modifiers [21,25-27]. Con-
sequently, of the C9-O-substituted cinchona alkaloids shown in
Fig. 2, measurements of various types were only conducted in the
case of 2 and, for unexpected reasons, 10 and 11. For these inves-
tigations we selected one of the most commonly used catalysts
(E4759), toluene, AcOH (these solvents have allowed the high-
est ee values) and THF (because of UV-detection in HPLC-MS).

3.1. CD, DHCD ethers (14, 15, 16) and esters (5, 13, 14)
(Fig. 2)

The pertinent experimental data are summarized in Table 1,
leading to the following main conclusions: (i) In the case of
Me and Et as substituents (entries 1, 2), ee is not decreased as
compared to CD, also suggesting—in agreement with earlier
investigations [3—6]—that C9-OH does not have a significant
role in enantioselection; (ii) as bulkiness of the C9-substituent
is increased, ee decreases but the sense of chiral induction is
unchanged (entries 3-5; in the case of 4 formation of (R)-EtLt
is probably due to the presence of CD); (iii) in the case of 16
(entries 6-10), not only is ee significantly decreased, but also
the configuration of the product is opposite to that expected
(R)-EtLt was formed in excess; inversion can be attributed to
the effect of steric factors on the adsorption of the chiral mod-
ifier, such unexpected inversion was observed in the case of

Table 1
Enantioselective hydrogenation of EtPy on Pt catalyst modified by C9-O-substituted ethers and esters of cinchona alkaloids
Modifier (mmol/l) Solvent Temp. (K) Catal. (mg) Time (min) Conv. (%) ee (%) R
tw Ref.
1 MeO-CD 1 (1) T 293 12.5 15 100 72 74 [15]
2 EtO-CD 3 (1) T 293 12.5 15 100 73 76 [15]
3 PhO-CD 4 (1) T 293 12.5 45 47 14 78[15]
4 Phn-DHQ 15 (0.1) THF 293 12.5 60 76 11 T 4 [23]
5 Phn-DHQ 15 (0.1) THF 273 12.5 60 43 25 -
6 Phn-DHQD 16 (0.1) THF 293 12.5 60 95 19 T 2[23]
7 Phn-DHQD 16 (0.1) THF 293 12.5 2 9 33 -
8 Phn-DHQD 16 (0.1) THF 293 12.5 15 42 27 -
9 Phn-DHQD 16 (0.1) THF 293 12.5 30 70 26 -
10 Phn-DHQD 16 (0.1) THF 273 12.5 60 54 29 -
11 MeO-DHCD 2 (0.1) AcOH 296 25 10 100 96 93 [23]
12 AcO-CD 5 (0.1) T 296 25 16 100 42 63 [23]
13 AcO-CD 5 (0.5) T 296 25 13 100 46 81 [23]
14 AcO-CD 5 (0.1) AcOH 296 25 70 100 75 67 [23]
15 AcO-CD 5 (0.5) AcOH 296 25 50 100 81 -
16 CIBz-DHQ 13 (1.6) T 293 25 30 100 26 22 [23]
17 CIBz-DHQD 14 (1.6) T 293 25 30 100 0 2 §[23]

Standard conditions: 1 bar Hy, T toluene; tw: this work.
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Fig. 3. Enantioselective hydrogenation of EtPy on MeO-DHCD (2) modified
platinum (25 mg E 4759, 1 bar Hp, 2ml AcOH, 0.1 ml EtPy, 296 K).

C9-phenoxycinchonidine [14,15]; (iv) in the case of modifiers
15 and 16, competition of Phn and quinolyl groups for adsorption
sites plays an important role, similarly to the anthryl-naphthyl
competition [28]; (v) in accordance with the well-known empir-
ical rule [29], low ee values are associated with low reaction
rates (see entries 3—7); also, a decrease in temperature results in
an increase in ee, similarly to CD [21].

The outstandingly high ee (96%) observed in hydrogenation
in AcOH using chiral modifier 2 urged us to compare the data
with those obtained with DHCD under identical experimental
conditions [21]. We chose the most important parameter, i.e.
modifier concentration versus ee (Figs. 3 and 4) as basis for
comparison. The figures show that hydrogenation reactions per-
formed in the presence of these two modifiers run somewhat
different courses. In the case of 2, a higher reaction rate results
in a higher ee. Maximal ee is attained at a lower modifier/Ptgf

1.2 7 100

0.8
r 60

ee %

TOF (s

- 40
0.4

—&— TOF - MeO-DHCD

R
- —a— TOF - DHCD R

—o— ee - MeO-DHCD

—&— ee - DHCD
0 T T T T ]

0.001 0.01 0.1 | 10 100
Modifier/Pt

surf

Fig. 4. Initial rate and enantioselectivity as function of Modifier/Ptgyrface for
hydrogenation of EtPy (for conditions and abbreviations, see Fig. 3).

ratio in the presence of DHCD than in that of MeO-DHCD,
which may have to do with the effects of the solubilities of the
two modifiers on the adsorption—desorption equilibrium [30,31].

As regards cinchona alkaloid esters, we conducted experi-
ments to study the effect on ee of one modifier with a small-size
(5) and two with bulky substituents (13, 14) (entries 12—17).
When EtPy was hydrogenated in toluene, hydrogenation on Pt
modified with AcO-CD at 100bar allowed a higher ee to be
attained [23] than that performed at 1bar (entries 12, 13). In
AcOH, however, ee was higher at 1 bar (81%) than the value
published for 100 bar [23] (entries 14, 15). Moreover, ee was
not decreased significantly by the small substituent (Ac) rela-
tive to DHCD in the case of the CD-ester either, even though the
experimental conditions on Pt modified with AcO-CD had not
been optimized.

In the presence of modifiers 13 and 14 with bulky CIBz sub-
stituents (entries 16, 17) ee was considerably decreased, again
as a consequence of hindered adsorption. In the case of 14, 0
and 2% S was formed, respectively [23], with only a less signifi-
cant decrease in rate (it has to be noted that 13 and 14 contained
~0.4% DHQ and ~0.7% DHQD, respectively). There is a differ-
ence between the effects of 13 and 14 on ee (ee|3 >ee4) similar
to that observed for CD and CN (eecp >eecn). In the case of
CN this phenomenon was attributed to tilted adsorption due to
the surface proximity of the C3-Et group [27].

3.2. DHQ and DHQD derivatives with large substituents at
C9 (17-22) (Fig. 2)

These chiral modifiers were also tested in EtPy hydrogena-
tion in toluene, at 1bar as compared to 70—100-bar hydrogen
pressure [23]. The experimental data are listed in Table 2. When
derivatives of 17-20 were used (entries 1-4), ee values obtained
are as low as those in [23]. The data in Table 2 also reveal that in
the case of chiral modifiers 18 and 20, the major enantiomer was
opposite to what was predicted from the absolute configuration
of the C8 and C9 atoms, i.e. inversion happened (entries 2, 4).

The data obtained using modifiers 21 and 22, studied now for
the first time, are especially remarkable. The difference between
these and the previously discussed modifiers is not only the
induction of (R)-EtLt with an unexpectedly high (47%) ee, but
also the fact that, unlike compounds 18 and 20, the presence of
22 led to the formation of the product with the expected configu-

Table 2
Enantioselective hydrogenation of EtPy on Pt catalyst modified by cinchona
derivatives with large substituents at C9

Modifier (mmol/l) Time (min)  Conv. (%) ee(%)R
tw Ref.

1 (DHQ),-Phal 17 (1.6) 40 100 25 16 [23]
2 (DHQD),-Phal 18 (1.6) 60 98 0 3[23]
3 (DHQ);,-Pyr 19 (1.6) 50 100 10 5[23]
4 (DHQD),-Pyr 20 (1.6) 45 100 7 9[23]
5 (DHQ),-AN 21 (1.6) 30 100 47 -
6 (DHQD),-AN 22 (1.6) 45 100 138 -

Conditions: see Table 1, 25 mg E4759, 293K, T.
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Table 3
Enantioselective hydrogenation of EtPy on Pt catalyst modified by C9-O-silyl
ethers of CD and DHCD

Modifier* (mmol/l)  Solvent Time (min) Conv. (%) ee (%) R

tw Ref.

1 MesSiO-CD6(1) T 22 100 17 26[15]
2 Et38i0-CD 7 (1) T 20 100 13 -
3 Me,PhSiO-CD8(1) T 15 100 38 -
4  MePh,SiO-CD9(1) T 15 100 53 -
5 Ph3SiO-CD10(1) T 25 100 62 -
6 Ph3SiO-CD10(1) THF 10 52 71 -
7 Ph3SiO-CD10(1)  EtOAc 50 100 55 -
8 Ph3SiO-CD10(1) DMF 60 23 38 -
9 Ph3SiO-CD10(1) Clb 10 3 13 -

10 Ph3SiO-CD10(1) Ch 16 96 43 -

11 Ph3SiO-DHCD11 THF 40 100 17 -

0.1)°
12 BmSiO-DHCD12 THF 20 50 378 -
(0.01)

13 BmSiO-DHCD12 THF 20 60 10 -
0.1

14 BmSiO-DHCD12 THF 20 88 30 -

()]

Conditions: see Table 1, 293 K, Ch cyclohexane, Clb chlorbenzene.
4 Used as prepared, 12.5 mg E4759.
b 25 mg E4759.

ration (S)-EtLt (entries 5, 6). This unexpected phenomenon may
be attributed to the presence of Q (~2.5%) and QD (~1.3%) in
21 and 22, respectively.

3.3. C9-O-silyl ethers (6—12) (Fig. 2)

The highest number of tests was done with silyl ethers of
group 3, because the first measurements yielded highly unex-
pected results (Table 3). Namely, silyl ethers containing phenyl
and benzyl groups, never before studied as chiral modifiers
(8-10, 12) produced relatively high ee values in EtPy hydro-
genation (entries 3—10), whereas the less bulky compounds 6
and 7 induced low ee values as expected. The presence of 12 in
0.01 mmol/l concentration led to the formation of (S)-EtLt, i.e.
inversion happened (entry 12). The unexpected observation was
followed up by detailed studies (Fig. 5).

In addition to reproducibility problems regularly arising in
enantioselective hydrogenations, high ee made necessary (i) fur-
ther purification of 10 and 11 and (ii) the development of a
suitable analytical procedure for the determination of CD and
DHCD, both of which were expected to induce high ee, because
data obtained by NMR and TLC were inadequate for the verifica-
tion of the presence of a few tenths of a percent of DHCD (in the
course of hydrogenation, CD is rapidly converted to DHCD). On
the other hand, the stability of 10 and 11 had to be tested under
the conditions of enantioselective hydrogenation. HPLC-ESI-
ion-trap-MS proved to be suitable for solving both problems.
10 and 12 was found to contain 0.7-0.8% and 0.3-0.4% CD,
respectively, and 11 was shown to contain 0.2-0.3% DHCD.
These amounts of CD and DHCD correspond to molar concen-
trations of 0.0003-0.0008 mmol/l, respectively, under the given
experimental conditions. It is therefore highly probable that the
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40 4

ee (%) R

30 11,273K

11,293
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Fig. 5. Enantioselective hydrogenation of EtPy on Pt-alumina catalyst modified
by 10 (containing ~ 0.7% CD) and 11 (containing 0.2-0.3% DHCD) cinchona
derivatives: effect of conversion and temperature on ee (standard conditions,
solvent THF, [10, 11]: 0.1 mmol/1).

relatively high ee values shown in Table 3 and Fig. 5 are due to
the presence of DHCD rather than 10, 11 and 12, a conclusion
that is in agreement with earlier results obtained at a DHCD
concentration of 0.001 mmol/l1 [21].

Studies on the hydrogenation of 10 under the conditions of
EtPy hydrogenation (1 bar Hp, 2.5 ml THF, [10]=0.1 mmol/l,
293 K) was performed using 10 that contained ~0.5% CD
(Table 4). Upon increasing hydrogenation time, hydrogen uptake
could be followed conveniently by ESI-MS. The site of hydro-
genation could be determined by ESI-MS2. Assumable hydro-
genation sites are vinyl and phenyl groups and the quinoline
skeleton. On the basis of ESI-MS2 spectra, at the time of the
formation of the ion at m/z=1555 the vinyl group was hydro-
genated, whereas in ions at m/z=557 and 559, hydrogen was
added mostly to the quinoline skeleton (Fig. 6), although some
MS2 records suggest hydrogenation of phenyl groups [32].

Since silyl ethers are sensitive to moisture and water is always
formed in the course of re-reduction of the catalyst, the addition
of 100 .l of water under conditions similar to the above led to
the results shown in Table 5. Unlike experiments without the
addition of water, hydrogenation in the presence of water was
faster and the formation rate of the ion at m/z =559 was reduced
with increasing hydrogenation time. It is quite remarkable that
the vinyl group is hydrogenated in less than 10 min in the pres-

Table 4
Degree of hydrogenation of 10 on Pt/alumina catalyst by measurement of data
of ESI-MS

Min Relative abundance (%)
553 555 557 559
30 100 60 50 43
60 77 100 78 91
120 7 61 79 100

Standard conditions: 12.5 mg E4759, THF, 293 K, [10]: 0.1 mmol/l.
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Fig. 6. Formed hydrogenated derivatives in the hydrogenation of Ph3Si-O-CD on Pt-alumina catalyst (standard conditions).

Table 5
Degree of hydrogenation of 10 on Pt/alumina catalyst by measurement of data
of ESI-MS in the presence of 100 .l water

Min Relative abundance (%)
553 555 557 559
10 2 12 100 29
30 2 7 100 29
70 2 4 100 36
120 2 3 100 42

Standard conditions: 12.5 mg E4759, THF, 293 K, [10]: 0.1 mmol/l).

ence of water. Most probably, hydrogenation in the quinoline
skeleton takes place, due to tilted adsorption, on the o—m bond
linking the N atom close to the surface with C2’ (see Fig. 1).
(The product ions of MS2, however, suggest a double bond shift
in the course of fragmentation in the ion-trap.) The CD content
(~0.5%) of 10 was also hydrogenated in both cases.

A further conclusion of these studies is that, in the course
of the hydrogenation of 10, Si—O is neither hydrogenated nor
hydrated, because the ratio of the hydrogenation products of
10 and CD is not changed relative to the initial composition
(10+0.5% CD). It is important to note that, according to spectra
recorded in the course of EtPy hydrogenation, it is already the
ion at m/z=>557 that is predominant in the liquid phase even
at reaction times shorter than 1 min (557/555 =100/27), which
naturally does not allow conclusions to be drawn regarding the
surface conditions [20,32]. These observations, furthermore the
data obtained on mixtures of chiral modifiers 10 and CN shown
in Fig. 7 support tilted adsorption of the quinoline skeleton of
10.

According to the “nonlinear effect” in heterogeneous enan-
tioselective hydrogenations [33] Baiker et al. obtained important
results using mixtures of chiral modifiers in the Orito-reaction
[14,34]. One of the most important conclusions of these studies
is the estimation of the relative adsorption strength of the mod-
ifiers, which is of importance for the elucidation of the reaction

Table 6

100
80 *F;i'—‘x 10-CN
CD-CN [27]
60
40 -
20 A _
= CN-CD [27]
Y
¢ 0 T T T T 1
( 10 20 30 40 50
-20 4 Time (min)
40 - CN-10
-60

-80 -

Fig. 7. Enantioselective hydrogenation of EtPy: effect of modifier mixtures
(standard conditions, 273 K, 3 ml THF, [CN] and [10] (containing 0.2% CD):
0.1 and 0.1 mmol/l, first abbreviation-modifier used first, second abbreviation-
modifier added afterwards).

mechanism. We also found it useful to use this approach for
studying the significantly divergent behaviours of 10 and CN in
the enantioselective hydrogenation of EtPy in THF. According
to P. Wells’ group results [33], adsorption of CD is stronger than
that of CN, a result which, in concert with H-D exchange mea-
surements, supported tilted adsorption of the latter compound
[27]. The value of ee (~77% R) obtained in the presence of
10 + 0.8% DHCD was hardly affected at all by CN, whereas the
value (~70% S) attained in the presence of CN was decreased
more pronouncedly by 10+ 0.8% DHCD. This effect was, of
course, caused by the DHCD content of 10 (0.8%) rather than
10 itself.

Enantioselective hydrogenation on E4759 catalyst modified by CD and DHCD free silylethers (6, 7, 10, 12)

First modifier 1st modifier

+2nd modifier (CD) after 1st

Time (min) Conv. (%) ee (%) Time (min) Conv. (%) ee (%) Time (min) Conv. (%) ee (%) Ref.
MesSiO-CD 6 3 6 158 12 57 28 S - - - SR [15]
2 7 178 - - - 8 75 56 R
Et3Si0-CD 7 3 12 138 18 52 208 - - -
Ph3SiO-CD 10 2 9 0 - - - 5 45 51R
Bn3SiO-CD 12 3 8 188 10 57 198 - - -

Conditions: 12.5 mg E4759, [6, 7, 12]: 0.01 mmol/l, [10]: 0.1 mmol/l, 293 K, 1 bar H,, 3 ml THF, 0.06 ml EtPy).
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In order to be able to clearly demonstrate the effect of silyl
ethers on ee, DHCD was removed by adsorption on E4759 cat-
alyst. Changes in the composition of the filtrate as a function
of adsorption time were monitored by ESI-MS. Data obtained
using filtrates containing the DHCD-free silyl ether (6, 7, 10,
12), followed by addition of CD are shown in Table 6. The evi-
dence shown in Table 6 suggests that, by inhibiting flat-lying
adsorption of the chiral modifier via the quinoline skeleton,
bulky groups decrease the adsorption strength of the modifier
(reviewed in [4] and [5]): on the surface forms a “chiral pocket”
of altered stereochemistry [35] that leads to the formation of a
product of the orientation opposite to that expected. In addition
to the non linear effect-type data presented in Fig. 7 and Table 6,
tilted surface conformation of chiral modifiers is also supported
by adsorption studies employing H-D isotope exchange [32]
and, in the case of 11, by selective hydrogenation of the N =C2’
bond of the quinoline skeleton.

4. Conclusion

CD derivatives 1, 2, 3 and 5 with small substituents at C9
produced ee values similar to that obtained using DHCD in the
enantioselective hydrogenation of EtPy, both in protic and apro-
tic solvents. The following experimental observations, using
bulky C9-O-substituted cinchona alkaloids 4 and 6—22 as chiral
modifiers in the enantioselective hydrogenation of EtPy need
explanations: (i) when the bulkiness of the substituents was
increased the ee decreased, and, what is more, in certain cases
even the EtLt of the configuration opposite to that expected was
formed; (ii) in the case of 16 and 20 (R)-EtLt was formed, i.e.
the enantiomer opposite to that expected (S)-EtLt; (iii) in the
case of CD-O-silyl ethers free of CD (S)-EtLt was formed, i.e.
the product opposite to that produced by DHCD; (iv) cinchona
alkaloids with C8(R) and C9(S) allow the realization of lower ee
values than do C8(S) and C9(R); (v) in the course of assessing
the stability of 10 under the conditions of hydrogenation, highly
selective hydrogen uptake (m/z 557(100)) was observed.

According to systematic studies [2-6] from three crucial
structural elements for the cinchona alkaloids as chiral modifiers
is an anchoring part represented by the flat extended aromatic
ring system. To sum up these studies, it appears highly probable
that the two most feasible adsorption modes of CD are adsorption
via the aromatic system of quinoline or adsorption via the lone
pair of quinoline N or C2’-quinoline bonded species. The former
results in a flat adsorption of the quinoline ring parallel to the
platinum surface, whereas the latter leads to an adsorption where
the orientation of the quinoline ring is tilted or even perpendic-
ular to the platinum surface [36,37]. Greater or lesser tilting has
already been proposed as possible explanation of the change in
behavior of the Pt-catalyst due to bulky substituents at C9-O-CD
[16]. Changes in ee in the case of bulky CD-derivatives relative
to DHCD may be explained in the way described in [13,15,16].
In this case the chiral modifier is bound to the Pt surface in some
kind of tilted conformation.

These investigations also call attention repeatedly to the
possibility that, in the course of experiments using cinchona
derivatives in the enantioselective hydrogenations, the presence

of parent cinchonas may lead to erroneous conclusions, since
they have a profound effect on ee even at concentrations of
1073-10~* mmol/l.
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