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Abstract

Sixteen chiral catalyst modifiers including the natural cinchona alkaloids cinchonidine, cinchonine and quinine together with their several
analogues were studied in the hydrogenation of 1-phenylpropane-1,2-dione over a 58oft&dlyst at 10 bar Hand 15°C. The influence
of the different functional parts of the cinchona alkaloid on the reaction rate, enantio and regioselectivity and diol distribution was idvestigate
The modifier hydroxyl group in C-9 position is crucial for achieving high enantioselectivity. Replacement of the 9-OH group with a methyl
ether results in a complete loss of enantioselectivity for cinchonidine and quinine, whereas an inversion of enantioselectivity was observed
for the cinchonine-based modifiers. The role of the absolute configuration at C-8 and -9, the bicyclic quinuclidine part and aromatic system
of the cinchona alkaloid on the reaction kinetics was studied as well. Acetic acid is detrimental for enantioselectivity in the hydrogenation
of 1-phenylpropane-1,2-dione to the corresponding hydroxyketones whereas in the second hydrogenation step from hydroxyketones to diols,
high enantiomeric excesses are observed. The results obtained demonstrate the principal dissimilarity in the enantiodifferentiating mechanism
between the well-investigatedketo esters and vicinal diketones.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Enantioselective hydrogenation; Chiral modifiers; Cinchonidine; 1-Phenylpropane-1,2-dione; Platinum catalyst

1. Introduction do not yet exist. Thus, empirical determination of modifier
structure—selectivity correlations is still the most frequently
The mechanism of asymmetric induction over chirally pursued approach for investigating the mechanism of hetero-
modified metal surfaces has been extensively studied.geneous enantioselective hydrogenaf{ionl0]. Studies on
Most of the hitherto-reported investigations have focused the influence of modifier structure on reaction rate and enan-
on supported Pt and Pd catalysts modified by cinchonatioselectivity provide valuable information for understanding
alkaloids [1-6]. Despite the recent progress in the field, and construction of experimentally feasible reaction mecha-
the nature of the chiral site and the enantiodifferentiating nisms. Hydrogenation of vicinal diketones including butane-
reactant—-modifier—metal interactions remain largely un- 2,3-dione[11-13] hexane-3,4-dionfL1], cyclohexane-1,2-
known and speculative. Suitable experimental techniques anddione [14], 1,2-diphenyl-1,2-diong15], hexane-2,3-dione
theoretical methods for in situ monitoring and description [11], and 1-phenylpropane-1,2-dione (f9)6,17] over chi-
of asymmetric hydrogenation over a real chirally modified rally modified Pt catalysts represents an extension to the Orito
supported metal catalyst under actual operating conditionset al. reactiorf18] providing in some cases high enantiomeric
excesses (ee) of the corresponding chiral alcohols. For
- asymmetrically substituted vicinal diketones, such as A, the
" Corresponding author. Tel.: +358 2 215 4985; fax: +358 2215 4479. o5 tion s inherently complex as the presence of two reactive
E-mail addresseseko.leino@abo.fi (R. Leino), dmurzin@abo.fi . . . . L
(D.Yu. Murzin). keto groups raises issues of both regio and enantioselectivity.
1 Fax: 358 2 2154866. At high conversions, a product mixture consisting of four
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different hydroxyketones and four diols may be obtained, coworkers by use of several structurally modified cinchona
as illustrated inScheme 1Some of the products obtained alkaloid derivative$9,10].

in the hydrogenation of A, are important as chiral building The aim of the present study was to investigate the ef-
blocks for the synthesis of pharmaceutically active sub- fect of chiral modifier structure on the enantiodifferentiation

stances, e.g. the main produ&){1 (phenylacetylcarbinol, in 1-phenylpropane-1,2-dione (A) hydrogenation over chi-
PAC) (Scheme }is utilized in the synthesis of ephedrine rally modified Pt. Sixteen different chiral modifiers including
[19]. Cd, Cn, quinine (Qn) and their closely related analogues or

Some evident mechanistic analogies exist between the hy-derivatives §cheme 2, many of which were recently eval-
drogenations of vicinal diketones aseketo esterfl—6] over uated ina-keto ester hydrogenatiori8] were employed in
chirally modified catalysts. In both cases, the dependence oforder to clarify the modifier structure—selectivity-activity re-
rate and enantioselectivity on the catalyst properties (pre-lationships in toluene and/or acetic acid.
treatment, activation, structure) and modifier concentration
are similar. However, there are also significant differences,

e.g. the lack of overall rate acceleration in the enantioselec-2. Experimental

tive hydrogenation, the detrimental role of acetic acid and the

influence of C-9 OH group of cinchonidine are characteris- 2.1. Catalyst and chemicals

tic for the diketone hydrogenation while not observed in the

hydrogenation of keto esters. A commercial 5wt.% Pt/AlO3 catalyst (Strem Chemi-

In previous work, we observed slightly improved cals, 78-1660) was used in the hydrogenations (BET spe-
enantiocontrol in the hydrogenation of A t®)¢1 by use cific surface area 95fg~1, the mean metal particle size
of a cinchonidine derivative with sterically demanding 8.3 nm (XRD), dispersion 40% @themisorption), the mean
substitution in the 11-position of the modifig20]. In ethyl catalyst particle size 18;2m (Malvern)). Catalyst char-
acetate, the hydrogenation of A over P#@k modified acterization has been described in detail previojsB).
by 11-(triethoxysilyl)-10,11-dihydrocinchonidine resulted 1-Phenylpropane-1,2-dione (Aldrich, 22303-4, 99%) was
in an increase of ee from 56 to 70% in comparison to vacuum-distilled before using. Toluene (J.T. Baker, 8077,
cinchonidine, indicating that distal modifier substitution in  >99.5%), acetic acid (J.T. Baker, 6052, 99.9%), cinchoni-
the C10-11 region may influence both the enantioselectivity dine (Fluka, 27350, 98%), quinine (Aldrich, 14,590-4, 90%,
and hydrogenation rate. Also, we were able to obtain higher remainder hydroquinine), hydroquinine (Aldrich, 337714-
enantioselectivities than observed for the parent modifier 1G, 98%), cinchonidine hydrochloride (C-0894), cincho-
Cd. Ina-keto ester hydrogenation, the influence of modifier nine (Fluka, 27370, 85%, remainder 15% dihydrocinchonine)
structure has recently been elucidated in detail by Blaser andwere used as received. The synthesis and characterization of
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Scheme 1. Reaction scheme of 1-phenylpropane-1,2-dione (A) hydrogenation.
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STRUCTURES OF CINCHONA-BASED MODIFIERS
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(‘inchonine(‘Cn): X=H: Cinchonidine (Cd): X=H, Y =H, Z = vinyl;
MeOCn: X=Me. Quinine (Qn): X =H, Y = OMe, Z = vinyl;

MeOHCd: X =Me, Y = H, Z = ethyl;
MeOQn: X = Me, Y = OMe, Z = vinyl;
HQn: X =H, Y = OMe, Z = ethyl;
isoCd: X =H, Y = H, Z = ethylidene;
isoQn: X =H, Y = OMe, Z = ethylidene:
Cd-acid: X =H, Y =H, Z=COOH;
Qn-acid: X =H, Y = MeO, Z = COOH.

SYNTHETIC ANALOGUES OF CINCHONA-ALKALOIDS

1-naphtyl 9-anthryl 1-anthryl

Scheme 2. Structures and functional parts of modifiers.

the other modifiers used in the present work have been de-dissolved modifier (3.4 10~°mol, corresponds to a 10 mg

scribed elsewher§8,9]. of cinchonidine) were loaded into the reactor and flushed
with hydrogen for 20min at 1bar. The reactant solution
2.2. Hydrogenation experiments (50cn?) was saturated with hydrogen for 10min in a

separate injection chamber and injected into the reactor after

1-Phenylpropane-1,2-dione (A) was hydrogenated in a which the reaction was commenced immediately by starting
pressurized batch reactor (Parr, 30GgniThe hydrogen  the agitation. In this way contact of the modifier with the
(AGA, 99.999%) pressure and temperature were 10 bar andreactant could be eliminated prior to the reaction. Despite
15°C, respectively. The catalyst mass and liquid volume careful cleaning of the reactor system, sometimes residues of
were 100mg and 100 cin respectively, and the stirring the modifier remained in the reactor inducing enantioselec-
velocity was 2000rpm. The catalyst was activated under tivity during racemic hydrogenation. Therefore, a common
hydrogen flow (50 cmin) for 2h at 400C and cooled practice was to carry out a racemic reaction between two
down to the reaction temperature. The pre-activated catalystmodified reactions in order to verify that no modifier
could be stored under air minimum 3 days without loss of contamination remained in the reactor system. The initial
activity or selectivity. The start up procedure was as follows: concentrations of 1-phenylpropane-1,2-dione and modifier
the pre-activated catalyst and solvent (5Gfmontaining ~ were 0.05 mol dm? and 3.4x 10-4 mol dm™3, respectively.
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2.3. Definitions of selectivities

Enantiomeric excesses o0ofR)1-hydroxy-1-phenyl-2-
propanones andRj-2-hydroxy-1-phenyl-1-propanoneg)¢
1 and R)-2, respectively, are defined:

[(R)-1] — [($)-1]

egp.1 = ———————100%
=[R2+ [(5)-1]

_ [(R)-2] —[(5)-2]

[(R)-2] +[(5)-2]

The diol§ selectivity has been defined accordingly
_ [i]

[1S, 28] + [1R, 2R] 4+ [1R, 25] + [1S, 2R]
The regioselectivity (rs) is defined

_ [(®)-1]+ [(5)-1]

[(R)-2] +[($)-2]

€qRr)-2 100%

100%

S;

2.4. Analytical procedure

Samples were withdrawn from the reactor at different time
intervals and analyzed with a Varian 3300 gas chromatograp
(GC) equipped with a chiral columi{Dex 225). Details of
the analytical procedure, calibration and GC standard syn-
thesis can be found if16].

3. Results and discussion
3.1. General reaction scheme
The first stage of the hydrogenation of A produces

two regioisomers, 1-hydroxy-l-phenylpropanone and 2-
hydroxy-1-phenylpropanone, the former one being the major

product. Both regioisomers exist as pairs of enantiomers

((R-1+(9-1 and R)-2 + (9-2, respectively)Scheme 1 In

the presence of chiral modifiers, these intermediate hydrox-

yketones react further to diols with different rates causing

kinetic resolution and increase of the enantiomeric excess at'SoQn/toluene

high conversion. The main diols obtained ar&,(2R) and
(1R, 29), respectively. The predominant product distribution
can be controlled by changing the solvent and/or the chiral
modifier.

3.2. Modifier structure

Based on the earlier extensive studies on the hydro- Cn/AcOH

genation ofa-keto esters[7,9,10] three functional parts
of the cinchona alkaloid modifiers can be distinguished

having mechanistic relevance in the hydrogenation reaction

(Scheme P namely the stereogenic region, the bicyclic
quinuclidine part and the anchoring quinoline ring part.
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3.2.1. The stereogenic region

The absolute configuration of the stereogenic region,
embrasing C-9 and 8 determines the stereochemistry of
the product. The natural cinchona alkaloids contain five
asymmetric atoms (C-3, -4, -8, -9 and the quinuclidine-N);
however, they differ in configuration only at C-8 and
-9. While cinchonidine (Cd) and cinchonine (Cn) bear a
diastereomeric relationship, they are often called “near-
enantiomers” or “pseudo-enantiomers” as they induce an
excess of opposite product chirality in hydrogenations. How-
ever, the effect is non linear in toluene and the cinchonine
(Cn)-modified Pt/A}Og3 catalyst yields §)-1 in 27% egr).1,
which is 50% less than the 55%gge; of (R)-1 using Cd21]
(Table landFig. 1) in toluene. The reaction rate with Cd is
two-fold higher than with Cn, although the reaction without
any modifier was always faster. Significant differences in
regioselectivity were not observed for Cd versus Cn.

Considering the diastereomeric relationship of Cd and Cn,
the difference in the magnitude in ee is easily explained by
differences in transition state energies in the corresponding
enatiodifferentiating steps. Furthermore, the reactions with
the two modifiers may proceed by mechanistically different
reaction paths or by predominance of one out of different
competing paths. It has been observed with other substrates,

he-9- 2,2-diethoxyacetophenone that Cn also induces lower ee

than Cd, Table 9 [9,10].
It should be born in mind that the commercially available
Cd and Cn, commonly used as such are not analytically pure

Table 1
The initial reaction rate, enantiomeric excess ee over modified catalysts in
toluene

Modifier/solvent e@1? (%) egr2® (%) 1 Initial rate
Cd/ethyl acetate 49 —24° 3.8 122
CdHCl/ethyl acetate 58 —9° 5.0 74
Cd/toluene 55 12 45 18
Cn/toluene 27 14 4.4 75
Qn/toluene 35 12 3.8 .9
MeOHCd/toluene —2¢ 3 2.7 168
MeOCn/toluene 16 —-20° 3.0 158
MeOQn/toluene -3¢ -2¢ 27 177
isoCd/toluene 44 20 42 12
Cd-acid/toluene 0 0 43 2%
15 9 2.9 3
Qn-acid/toluene 0 0 48 33
HQnl/toluene 28 14 3.4 .8
1-Naphtyl/toluene 15 1 25 13
9-Anthryl/toluene —o° —11° 2.7 70
1-Anthryl/toluene —9° -3¢ 3.3 62
MeNCdl/toluene 0 0 29 28
-/Toluene 0 0 41 22
Cd/AcOH 7 12 4.1 15
CdHCI/AcOH 0 23 5.0 “
—g° 11 55 143
MeOHCd/AcOH -2¢ 28 45 186
MeOCn/AcOH -8 6 4.3 67

MeNCdI/AcOH 0% Conversion after 2h

a At 50% conversion of A.
b (1074 x molmin~1g~1cat).
¢ The excess of)-enantiomer.
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Fig. 1. The egy-1 as a function of reactant conversiol)(Cd in toluene,
(@) Cn in toluene, @) Cd in acetic acid and()) Cn in acetic acid.

containing variable amounts of other cinchona alkaloids
(see Sectior?) possibly influencing the outcome of the
hydrogenation reactions. Commercial Cn, used in the
present work, initially contains approximately 15% of
10,11-dihydrocinchonine (HCn). However, both Cd and
10,11-dihydrocinchonidine (HCd) give similar ee:s and reac-
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eqR)-z is negligible Table 1andFig. 1). Interestingly, the non
linearity of Cd and Cn disappears in acetic acid, both mod-
ifiers inducing 8% eg).1 (of opposite chirality) and same
reaction rate. The detrimental role of acetic acid is specific to
the hydrogenation of A, e.g. in ethyl pyruvate hydrogenation
acetic acid has a beneficial effect on ee.

3.2.2. Substituents at C-9

As shown earlier, the enantioselectivity in the diketone
hydrogenation is also influenced by the substituents at C-9
[20,23] Systematic studies in the hydrogenation of A using
three pairs of 9-OH versus 9-MeO substituted chiral modi-
fiers provide further evidences for the beneficial role of the
C-9 OH group. As the 9-hydroxyl group of Cd or Qn is re-
placed by a methoxy group theger and egr)-2 is practically
lost. With Cd the eg).1 decreased from 55 te2% (MeO-
HCd) and with Qn from 35 te-3% (MeOQn) in toluene. The
same was observed also with a bulkieD9trimethylsilyl)-
cinchonidine, which gave only 6% ee using ethyl acetate as
solvent[20].

The involvement of C-9 OH group is relatively complex
as indicated by the inversion of gg1 and egr)-» observed
with the Cn-based modifier when toluene was used as sol-
vent (Table 1andFig. 2). Utilization of MeOCn instead of

tion rates when used as chiral modifiers for hydrogenation of Cn switched the absolute configuration of the products with
Ain ethyl acetate, indicating that the saturation/unsaturation €gry-1 changing from 27% excess dg)t1 to 16% of R)-1

ofthe 10,11-region is insignificant for enantiocon{iil], as
observed also earlier i-keto ester hydrogenatighQ]. Also

it has been shown, that under typical hydrogenation condi-

tions, the 10,11-double bond of Cd is rapidly hydrogenated
to give HCd as the acting modifier specj2g]. Thus by anal-
ogy, it can be assumed that the 15% HCn impurity in Cn is not
the origin of the observed non linear behavior but more likely
the explanation is the diastereomeric nature of Cd and Cn.
In acetic acid, the gg).1 drops considerably (by 70-90%)
with both modifiers Cd and Cn whereas the influence on

Table 2

Comparison of ee with ethyl pyruvate, 2,2-diethoxyacetophenone and 1-

phenyl-1,2-propanedione

Modifier/solvent Dione (%) 2,2-Diethoxy Ethyl
acetophenonf®] pyruvate[9]
Cd/toluene 55 80 6F
Qn/toluene 35 34 75
isoCd/toluene 44 83 72
isoQn/toluene 15 32 79
MeOHCd/toluene —2° 0 71
MeOQn/toluene ~ —3° 0 58
Cn/toluene —27° —470:0 —652:¢
MeOCn/toluene 16 0 —31°
Cd/AcOH 7 48 882
Cn/AcOH —gb —10° —g4h.c
MeOHCd/AcOH ~ —2° 0 91
MeOCn/AcOH —gb 0 —85°

2 Dihydrocinchonidine.
b Excess of §)-enantiomer.
¢ Dihydrocinchonine.

and egr)-2 from 14% R) to 20% @). Similar inversion of ee
was not observed in acetic acid, where both Cnh and MeOCn
give 8% ee of §-1.

Involvement of C-9 OH group has been reported for the Pd
catalyzed &C double bond hydrogenati¢®4] and in the hy-
drogenation of “non-activated”€) bonds in acetophenones
[25]. In the hydrogenation of severathydroxyketones, the
C-9 OH group was needed for high [@6] and utilization of
MeOCd resulted always in low ee. In ethyl pyruvate hydro-
genation, substitution of C-9 OH by G-@CHjz has a negligi-
ble effect on ee with HCd/MeOCd and Qn/MeOQakle 2,

i s a———a—u—un"
40 —
- s a—A A—A A A—A-4A
20 —H /é{_:____o o O- 0—0-0-0@©
°\=-,- 0 ] A__; T =0 O T
2 20
¥ O —0—0—9__ o o @ — % —9 ¢
-40 - —m—Cd
i —0O0—MeOHCd
-60 —| —e—Cn
- —O—MeOCn
-80 —| —A—Qn
- —A—MeOQn
e A R S R E—

20 40 60

Conversion of A, %

80

Fig. 2. The enantiomeric excesgge in the hydrogenation of Ain presence
of chiral modifiers (@) Cd; (J) MeOHCd; @) Cn; (O) MeOCn; &) Qn;
(A) MeOQn) in toluene at 15C and 10 bar of K.
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whereas substitution of OH by H or OAc greatly lowers
ee[10,27] With Cn in toluene the ee drops by 50% when
MeOChn is used in ethyl pyruvate hydrogenatidialfle 2,
while the specific 9-MeO-subsitution effect disappears in
acetic acid.

A study on the effect of bulkiness of the C-9 substituent in
the hydrogenation of ethyl pyruvate, ketopantolactone, 4,4,4-
trifluoroacetoacetate and 1,1,1-trifluoro-2,4-diketopentane
revealed that relatively small substituents, e.g. MeO- and
EtO- do not cause inversion of enantioselectivity and only
slightly alter the enantiomeric excess, whereas large bulky
substituent in C-9 position notably reduce or inver{24g.

It was concluded that the MeO-substituent does not notably
change the adsorption mode of these modifiers.

3.2.3. The bicyclic quinuclidine part

The bicyclic quinuclidine part can be varied by changing
the distal substituent in C-3 Z-positioB¢heme Pand also
by modification of the quinuclidine-N atom (protonation or
alkylation). In reported casef??2,24,25]alkylation of the
quinuclidine-N results in a complete lack of enantioselec-
tivity. This has been interpreted as a direct evidence of the

I. Busygin et al. / Journal of Molecular Catalysis A: Chemical 236 (2005) 227-238
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Fig. 3. Hydrogenation kinetics of 1-phenylpropane-1,2-dione in toluene at
15°C. Catalyst: 5 wt.% Pt/AlO3 modified in situ with @) cinchonidine
(Cd); (@) MeNCdlI; (A) unmodified platinum.

sulted in similar product distribution as Cd in toluene. The
protonation of Cd, therefore, is not detrimental for enantio-

involvement of the quinuclidine-N in the modifier/reactant Controlandthe low enantioselectivities in the firsthydrogena-
interaction in the enantiodifferentiating transition state. Re- 10N Step in acetic acid cannot be explained solely by modi-
cently, a 1-naphtyl-1,2-ethanediol-based modifier without a fier protqnatlo_n. The ppsable mvplvement of acetic acid has
tertiary nitrogen atom has been reported to be capable of in-P€€n rationalized earlier by the involvement of a three-step
ducing some enantioselectivity in the hydrogenation of ethyl- f€action mechanism where the formation of modifier-acetic
4,4, A-trifluoroacetoacetate and ketopantolactone indicating@cid-reactant complex is the actor species and in this case
that another type of substrate—modifier interactions induces"®SPonsible for the decreased[28].
some enantioselectivity as w¢i8].
3.2.5. C-3 quinuclidine position (Z)

3.2.4. Role of quinuclidine-N Tuning of enantioselectivity can be achieved by varying

In order to evaluate the importance of the quinuclidine the “substituent at C-3 quinuclidine position” (Z) as demon-
nitrogen, experiments were conducted with NMeCdl mod- strated by the large variance ofige (0—70%) using differ-
ifier having a methylated quinuclidine nitrogen thus block- entZ-substituents. The substituents can in principle influence
ing the potential interactions between the substrate and thethe conformation of the modifier and electronic properties
quinuclidine nitrogen. However, the solubility of NMeCdl as well as induce steric effects. The influence of the double
in toluene is negligible, and thus the experiments in toluene bond in 10,11-position on the enantioselectivity cannot be
with NMeCdl gave results identical to a racemic hydrogena- established unambiguously, since it is rapidly hydrogenated
tion (Fig. 3). The initial reaction rates with NMeCdl and in  under reaction conditions. In experiments with Cd and HCd,
racemic reaction were the same within experimental error the double bond in 10,11-position had a negligible influence

(Fig. 3.

At the same time, with NMeCdl dissolved in acetic acid,
no hydrogenation reaction took place in 2 h. This complete
inhibition was surprising as in the absence of the modifiers
the reaction generally proceeds with similar rates or more
rapidly than in the presence of modifier. A possible expla-
nation could be iodine poisoning of the catalyst from the
counter ion, which may completely inhibit the hydrogena-
tion reaction. At present, the role of quinuclidine nitrogen
cannot be experimentally verified with NMeCdl due to lim-
ited solubility in toluene and the possible poisoning effects
in acetic acid. However, protonation of the quinuclidine-N
does not have negative effects as indicated by high.g¢ef
58% (Table J) in experiments with cinchonidine hydrochlo-
ride modifier (CdHCI) dissolved in ethyl acetate. CAHCI re-

[21] whereas with Qn and HQn, the latter resulted in lower
eqr)-1 (Table 1.

Changing position of the double bond from 10,11 (Cd) to
3,10 (isoCd) results in a small negative effect on enantios-
electivity (Table 1. Enantiomeric excess dropped down to
44% and 15% with isoCd and isoQn, respectivetig( 4).
Double bond in these compounds is sterically hindered for
adsorption on platinum surface and was not hydrogenated
during the reaction (confirmed by GCMS).

Carboxylic acid-substituentin Z position resulted in a lack
of enantioselectivity. These modifiers were not completely
dissolved in toluene. However, Qn- and Cd-acid were some-
what effective in ethyl pyruvate hydrogenation and induced
48 and 46% ee, respective[g] in toluene. Therefore, the
complete lack of enantioselectivity was not solely due to lim-
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70— Table 3
4 The product distribution of diols over modified catalysts
60— R Modifier/solvent Rr+ss(%) Rs(%) Ssr(%)  e&s(%)
0] A" Cdlethyl acetate 17 57 26 36
] /' R CdHCllethyl acetate 12 66 22 49
_ a0 p—o— . Cd/toluene 19 56 25 38
= e Cnltoluene 14 34 52 —212
2 . ] " —m—Cd Qnltoluene 25 44 31 17
w 30— o—®
v —0O—isoCd MeOHCd/toluene 18 41 41 0
5 0_' —®—Qn MeOCn/toluene 19 51 30 26
o —O—isoQn 0 MeOQn/toluene 18 40 42 —28
1/ o O—0——0 0—0—0—0""7 isoCd/toluene 18 51 31 24
lo-—pa o Isot.d/
Cd-acid/toluene 17 41 41 0
7 isoQn/toluene 21 43 36 8
0 T T T T T T T I T ] Qn-acid/toluene 19 40 41 1
0 20 40 60 80 100 HQn/toluene 26 40 34 8
Conversion of A, % 1-Naphtyl/toluene 16 52 32 23
9-Anthryl/toluene 26 30 44 -1
Fig. 4. Hydrogenation kinetics of 1-phenylpropane-1,2-dione in toluene at 1-Anthryl/toluene 24 43 33 —13
15°C. Catalyst: 5wt.% Pt/AlO3 modified in situ with W) cinchonidine MeNCdl/toluene 17 42 41 1
(Cd); @) isoCd; @) quinine (Qn); ) MeOQn. -/Toluene 17 41 42 —1a
Cd/AcOH 0 16 84 —672
ited solubility of these modifiers but rather due to the acid CdHCI/AcOH 0 0 0 -
functionality. C”’ACO';/ 0 70 30 8‘;0
s . MeOHCd/AcOH 0 11 89 —7
Cn with its 1-naphtyl analogue, which does not possess MeOCH/ACOH 0 83 17 66

substituent at C-3 position, were compared. The inversion
of enantioselectivity was obtained when 1-naphtyl modifier

without vinyl group at C-3 position was used indicating that _ i
the absolute configuration at C-9 and C-8 does not necessariI))S interesting also to compare MeOHCd and MeOQn and note

determine the main product enantiomer, as was also the cas&at those modifiers behave analogously yielding the same
with Cn and MeOCn. Although, Cn and 1-naphtyl have two rate and regioselectivity in addition to a nearly complete lack

differences in the structure, the changing of aromatic nitrogen ©f €nantioselectivity (§R)-1, eqr)-2, ersTables 1 and 8
to carbon had a negligible influence both on rate and ee in  1he effect of quinoline replacement by naphthalene

ethyl pyruvate hydrogenatids]. It is, therefore, likely that ~ @nd anthracene was estimated. 1-Naphthyl, 1-anthryl and

the differences of Cn and 1-naphtyl originate from differences 9-anthryl modifiers having the same absolute configuration

in the C-3 substituents rather than due to differences in then C-8 and -9 as Cn were testeglig. 5). Interestingly, the
anchoring group. replacement of anthryl with naphtyl-substituent inverts the ee

Inthe presentwork modifications to the Z group reduced or TOM €xcess of§-enantiomer to excess oRf-enantiomer.
inverted the enantioselectivity. Previously, however, a notable The samq modifiers in ethyl pyru_vate hydrogenation at 10 bar
positive effect on enantioselectivity of A hydrogenataf] pressure in toluene resulted all in an excess3pethyl lac-
had been observed when the vinyl group was modified with
triethoxy silyl group. The gg).1 could be increased from 56
to 70%. Similar observations that the Z-substituent can have g
either notable positive or negative influence on ee have been

2 The excess enantiomer wassS(2R).

40 —

30 —m— |-naphtyl
reported8,9] in a-keto ester hydrogenation. | —e— l-anthryl
—&A— 9-anthryl
3.2.6. The quinoline ring 3 = 9 .-
The anchoring quinoline ring can be varied by substitution & T — '\_\
of one or more aromatic hydrogen atoms or by replacement ¥ 10 "\.\.
~m

of the quinoline ring with other aromatic or non-aromatic 8 L

systems. Extended aromatic ring systems have been most ef- 0"

ficient due to strong adsorption on the catalyst metal surface | E.\

[10]. Hydrogenation of the anchoring aromatic part results A E“—‘&—‘:ﬁt__f_-;—,mmﬁ_;ﬁ.:'é:—.é_-a

in decreased enantioselectivity due to reduced adsorption LY LS I T N A
0 20 40 60 80 100

strength on P{10]. Substitution of hydrogen at position 6 in
quinoline ring by methoxy group resulted to descent ghee
frpm 55% (Cd)_ to 35% (Q_n)'l(able J) Methf)xy group can Fig. 5. The enantiomeric excesggg in the hydrogenation of Ain presence
hinder adsorption of modifier by flat aromatic system on cata- o chiral modifiers (W) 1-naphtyl; @) 1-anthryl; (1) 1-anthryl) in toluene
lyst surface. The reaction rate was two-fold higher with Cd. It at 15°C and 10 bar of h.

Conversion of A, %
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tate (1-naphthyl ee =59%, 1-anthryl ee =10% and 9-anthryl 30 —
ee=60%)[8] as can be expected form the same absolute 1
configuration at C-8 and -9 compared to Cn. In comparison, 20
the ethyl pyruvate where the 1-anthryl behaves exceptionally o) "
in hydrogenation of A, the 1-naphthyl has totally different i ./- e -
behavior Fig. 5. To the best of our knowledge similar inver- ! =

0,

€€ (pj-1 /o

O0—-=>0D

sion of ee due to extending the anchoring aromatic part have 10—y o0 o .- o
not been reported previously indicating that in hydrogenation -10 o * ‘O_:U%—@o\o“'?
of Ais rather specific in terms of structure—selectivity effects. i N\
-20 — —m—Cd o0

p —0O0— MeOHCd
3.3. Reaction rate 30 - —e—Cn

i —0O— MeOCn

It has often been reported that an “overall rate acceler- -40 — T T 7T

ation” is a general feature of the Pt/cinchona system (the 0 20 a0 60 80 100
Orito reaction) fora-functionalized ketone§l—6] and is Conversion of A, %

closely linked with enantioselectivity. For ethyl pyruvate, up _ , , _ _
Fig. 6. The enantiomeric excesggg in the hydrogenation of Ain presence

to 100-fold increase of reaction rate has been repd@8H i) odifiers (W) Cd: (1) MeOHCd: @) Cn: (O) MeOCn) in acetic
In this light, a noteworthy observation is that the modifiers acig at 15¢ and 10 bar of bi.

induce ee and rate deceleration in hydrogenation of A, which
is structurally also a-functionalized ketone. The observed be summarized that in the first hydrogenation step regardless
rate deceleration was not proportional to enantioselectivity of the modifier structure acetic acid has a negative effect on
as evidenced by experiments carried out using several dif-egr)-1.
ferent modifiers in toluene and acetic acid. The rate varied In ethyl pyruvate hydrogenation acetic acid increases ee
a lot having a five-fold difference between the lowest and compared to toluen&éble 2 and this has been explained by
the highest initial reaction rat@4ble 9 and no correlation ~ modifier protonation and shifting of conformational equilib-
with enantioselectivity could be found. In cyclohexane-1,2- rium solely toward the active open(3) conformation (100%
dione hydrogenation Cd resulted in considerably reduced in acetic acid versus 70% in toluene, see below). Atthe same
reaction rate. For butane-2,3-dione, a rate acceleration hagime, analogously to hydrogenation of A also in ketopan-
been reported over a 5%Pt4&; (JM94) catalyst modified  tolactone[31], some achiral hydroxyl ketong&6], some
with Cd but it is not related necessarily to ee as the sameacetophenones, e.g. 2,2-diethoxyacetopheritaisg 2 [9]),
ee can be obtained also without a rate acceleration over a3,5-bis(trifluoromethyl)-acetophenof#s] and other vicinal
Cd modified 6.3% Pt/Si@catalyst. Furthermore, in hydro-  diketones exhibit notably reduced ee in acetic acid compared
genation of butane-2,3-dione using codeine as the catalystto toluene. Based on high ee obtained in experiments with
modifier in dichloromethane or ethanol up to five-fold rate CdHCI, which is obtained by protonation of the quinuclidine-
acceleration could be observed with zero enantioselectiv- N, one can exclude that modifier protonation could cause the
ity [15]. All these experimental observations suggest that decreased ee.
in vicinal diketone hydrogenation the “overall rate acceler-
ation” although observable in some cases is not related t03.5. Regioselectivity
enantioselectivity.
Regioselectivity was lower (rs =2.0-3.Bable J) in this
3.4. Influence of solvent work compared to previous reports for the same reaction in
ethyl acetat¢l7] (rs =10, in the absence of modifier rs =4).
Solvent plays an important role and ee depends strongly However, the C£O1 group adjacent to phenyl ring reacts
on the solvent polarit{80] in the hydrogenation of AwithCd  mainly in the first step of the reaction yielding 65—-80R)-(
as the catalyst modifier. Among the tested solvents toluenel + (§-1. With Cd the rs and ee were interrelated, i.e. high
(eqr)-1=65%) and ethyl acetate (gp1=62%) give the ee and simultaneously high rs were achieved or vice versa.
highest egy.1 at maximum yield. Alcohols, e.g. ethanol However, in the present work similar correlation cannot be
(eqr)-1=12%) and methanol (gg.1 =4%) resulted in low  observedTable J. This indicates that also rs is affected by
eqr)-1. The detrimental effect of acetic acid for,agq was structural changes in the modifier.
obvious Fig. 1, Table J with Cd, Cn and CdHCI. Typically
eqp)-1 is between 50 to 65% in toluene with Cd andisreduced 3.6. Product distribution in diols
in acetic acid from 10 to 2% depending on the experimen-
tal conditions. In acetic acid, utilization of MEOHCd instead The final hydrogenation products composed of four diols
of Cd results in a small changes ofga from 7% of R)- (Scheme }, i.e. (IR, 29, (1S 2R), (1R, 2R) and (1S, 29).
enantiomer to 2% of)-enantiomer FFig. 6). Replacement  The product distribution varied depending on the modifier
of Cn with MeOCn does not affect enantioselectivity. It can and solvent. Since R, 2R) and (1S, 29) diols could not be
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separated completely and thereforeTable 3their sum is seem to have notable interactions in the second hydrogena-
reported. tion step and it does not influence the sterochemical outcome
In toluene during racemic hydrogenation 20% oR(1  of the second hydrogenation step. This was confirmed also
2R) + (1S, 25 and 40% (R, 25 and 40%(5 2R) were by a transient experiment carried out by injecting Cd at about
formed. Also with modifiers (MeOQn, isoQn, Qn-acid, MeO- 98% conversion of A and following the reactions of formed
HCd, Cd-acid) which produced low gg; the diol distribu- racemic hydroxyketones (second hydrogenation step) to di-
tion resembled the racemic product distribution in the absenceols. During the transient experiment theggeemains around
of modifier. The further reactions of intermediate hydroxyke- zero indicating that the added Cd did not influence the second
tones are diastereoselective even during the racemic reactionhydrogenation step, i.e hydrogenation of the racemic hydrox-
It can be explained by steric effects, e.g. 8sX reacts fur- yketone mixture to diols.
ther to (1S 2R) and (1S, 2S) the adsorption mode favoring In acetic acid, the diol distribution was very different from
the reaction to the former is sterically less constrained as inthat of toluene. Practically no Rl 2R) and (1S, 29 diols
s-cis conformation both hydroxyl and phenyl groups point were formed under reaction times used in the present work.
upwards from the surfac&ig. 7) enabling easier adsorption In MeOHCd and Cd in acetic acid, the main product w& (1
on metal surface. Applying this steric criteria it can be seen 2R) having egr78 and 67%, respectively. With MeOCn and
that (R)-1 and §)-2 react preferably to R, 25) and -1 and Cnthe main diol was the R, 2S) with 66 and 40% egs It was
(R)-2 react preferably to @ 2R) which are the main diols  noted above thatin acetic acid the C-9 hydoxyl group does not
during a racemic hydrogenation. have similar beneficial effects like in the first hydrogenation
In the presence of modifier in toluene, the selectivity to- step in toluene. As Cd/MeOHCd and MeOCn/Cn were tested
wards (R, 2R) + (1S, 25) varied only slightly (17-26%) indi-  in acetic acid the product distribution was similar, and with
cating that the modifier does not promote selectivity towards MeO-derivatives the ggand egswere higher than with HO-
(IR, 2R) + (1S 29). In toluene a general trend, regardless on derivatives (Cd and Cn). Therefore, the presence of acetic acid
the structure of the modifier, is that always when an excessand MeO-substituent is very beneficial in the second hydro-
of (R)-1 is obtained in the first reaction step also an excess genation step increasinggeor egs It is interesting mech-
of (1R, 29) is produced and an excess §-{ results in an anistically that the role of acetic acid is not just to protonate
excess of ($ 2R) (Tables 1 and B This is a consequence of  the modifier as experiments with protonated CdHCI demon-
high diastereoselectivity in the second hydrogenation step, strate analogous behavior with Cd in toluene. Previously von
e.g. with CdHCI in the first hydrogenation step and 58% ex- Arx et al. [32] have proposed a three-step reaction pathway
cess of R)-1 compared to9)-1 is produced (corresponding based on experiments with ethyl-4,4,4-trifluoroacetoacetate,
to molar ratio of R)-1 to (S)-1 of about 4-to-1). Inthe second where the enantiodifferentiating complex would consist of
hydrogenation stepRj-1 reacts to (R, 25) and §)-1 gives a modifier, a reactant and a carboxylic acid molecule. Sim-
preferably (5 2R) due to above-mentioned high diastereose- ilar mechanism in the second hydrogenation step would in-
lectivity. Due to the four-fold excess dRJ-1 the (IR, 2S5) has clude the specific role of acetic acid, however, at present it
been produced in notable excess t6, @R) resulting in 49% is not clear how the acetic acid molecule is included in the
ears (Table 3. Therefore, in toluene the modifier does not reactant—-modifier complex. The reaction kinetics of hydro-

(s

(18, 25)

Fig. 7. Schematic representation of the adsorptiorgpfl(on a flat surface (Pt particle). The left hand side adsorption mode, leading upon hydrogenation to
(1S 2R), is much less demanding due to smaller repulsion induced by the G1&h@ Ph groups pointing upwards from the surface.
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genation of A with MeOHCd in acetic acid demonstrates that 3.8. Modifier adsorption mode

in the second hydrogenation step by far the fastest reaction

is the further hydrogenation 08(-1 to (1S, 2R) (Scheme }, The adsorption mode of the modifier on the Pt surface

i.e. viareaction of C202 and not the G201 group adjacent  gives direct information about the chiral active site as the

to phenyl ring. This can be the explanation why Sonderegger enantiodifferentiating interactions and hydrogenation steps

et al.[26] found a very different behavior for some achial take place on the Pt surface. Cd has been proposed to adsorb

hydroketones, e.g. 2-hydroxyacetophenone, resembling thein three different coverage dependent adsorption modes

reactions of A rather than the second hydrogenation step in(parallel and two tilted) as evidenced by in situ ATR-IR

the present work. spectroscopic measuremer&/]. Several other spectro-
Due to relatively slow reaction in the second hydrogena- scopic measurements support these conclusions concerning

tion step, the conversion to diols remained low (>30%) in Cd adsorption via quinoline moief\838—41] The strongly

the present work. Therefore, in order to address the selectivi-adsorbed parallel mode has been proposed to be the actor

ties in second hydrogenation step over the whole conversionspecies and the tilted modes are considered as spectators.

range much longer reaction times should be used and prefer-The effect of modifier adsorption mode has been studied by

ably using intermediate hydroxyketones as starting reactants altering the C-9-substituent bulkiness from @HVeO-,

However, this is a topic of further studies which aim to find EtO—, up to very bulky O-aryl and O-silyl-substituef&/].

an explanation for the specific involvement of acetic acid in Relevant to present study was the conclusion that small

the second hydrogenation step. MeO- group does not change the adsorption mode compared
to—OH group. Therefore, the Cd/MeOHCd, Qn/MeOQn and
3.7. Modifier conformation Cn/MeOCn modifier pairs can be assumed to adsorb in a sim-

ilar mode and the observed effects are due to methylation of

Cinchona alkaloids can exist in several open and closedthe C-9 hydroxyl group rather than changed adsorption mode.
conformations in the liquid pha$&3]. In the open conforma-
tion, the quinuclidine-N atom points away from the quinoline 3.9. Mechanistic implications and comparison with
ring and in the closed conformations towards the quinoline other substrates
ring. Previously for cinchonidine, the open(3) conformation
has been proposed to be the actor specias-keto ester Exner et al[9] tested many of the modifiers used in the
hydrogenatiorj33]. Theory and several experimental obser- present work with various substrates. Froafble 2a compar-
vations support this statement. The open(3) conformation isison with A, ethyl pyruvate and 2,2-diethoxyacetophenone
the most abundant in non polar media (toluene) or acetic acid,can be seen. Ethyl pyruvate is rather insensitive to the changes
which are the best solvents for ethyl pyruvate hydrogenation. in the modifier structure whereas 2,2-diethoxyacetophenone
Furthermore, rigid cinchona alkaloids which exist only in behavesinasimilarway asA. Itwas noféfithat reactions of
open conformation provide comparable ee with those onesaliphatic ketones (e.g. ethyl pyruvate) differ form reactions of
capable of adopting several conformati$¢a4]. aromatic ketones, the latter ones being more enantioselective

Cd exist solely in open(3) conformation in acetic acid intoluene and exhibiting large differences in ee with varying
with the quinuclidine-N protonatef®5] whereas in toluene  modifier structure whereas the former ones are less sensitive
70% of open and 30% closed conformers can be found. Theto changes in the modifier structure and give the best ee in
changes in the cinchonidine structure can influence the con-acetic acid. This became evident also in the present work.
formational equilibrium. Very little is known about the con- The reactions of G201 (aromatic ketone) resulted in the
formational equilibrium of other cinchona alkaloids used in highest ee in toluene as a solvent and with modifiers having
the present work. Dijkstra et g36] have reported that Qn,  C-9 hydroxyl group. Furthermore, the second hydrogenation
HQn, Cd and Cn, exist in open(3) conformation in deuter- step, where the reaction pathway is dominated by reactions of
obenzene. For 9-MeO-derivatives no conformational study aliphatic G=0 group, proceed with high enantioselectivity
exists. Therefore, it is difficult to address the role of con- inacetic acid and with modifiers without C-9 hydroxyl group
formational equilibrium in the present work. Indirect indica- like MeOHCd.
tion of similar conformational behavior of 9-MeO-derivatives Many substituted acetophenones, achiral hydroxyketones
and 9-OH-derivatives can be deduced from analogous per-and «-diketones have interesting similarities, e.g. acetic
formance of these modifiers in ethyl pyruvate hydrogenation acid has a negative effect compared to toluene and Cd is
where the open(3) is assumed to be the actor conformation.much more effective than MeOCd indicating that these re-
Based on above arguments it can be expected that the conforactions are mechanistically analogous. All mechanistic mod-
mational behavior of Qn, HQn, Cd and Cn as well as MeO- els of the cinchonidine—Pt system postulate that the tertiary
HCd, MeOCn, and MeOQn s similar in toluene. Some differ- quinuclidine-N is directly involved in the interaction with the
ences can emerge in acetic acid due to hydrogen bonding taeactan{1-6]. Several models for the cinchonidine—vicinal
C-9 OH group. However, more important than the conforma- diketone interactions have been propofEd14,23,42] al-
tion in liquid phase is the adsorption mode and conformation though the actual predominating pathways during the hydro-
of the modifier on the catalyst surface. genation reaction remain speculative. For vicinal diketones,
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