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Unexpected inversion in enantioselectivity in the hydrogenation
N-acetyl dehydrophenylalanine methyl ester using cinchona-modified
Pd/Al,O5 catalyst
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The enantioselective hydrogenation of N-acetyl dehydrophenylalanine methyl ester (NADPME) to N-acetyl phenylalanine
methyl ester is investigated using cinchona-modified Pd/Al,O; catalysts. The catalyst was prepared using deposition-reduction and
was evaluated for the reaction using methanol as solvent with various cinchonine alkaloid/NADPME molar ratios.
Enantioselectivity was sensitive to this ratio. For cinchonine at low cinchonine:NADPME molar ratios the S-N-acetyl
phenylalanine methyl ester was formed with low enantioselection, and as the cinchonine:NADPME ratio was increased the reaction
became less enantioselective. In the extreme the solubility of cinchonine limited the extent of the experimental conditions that could
be explored. As expected cinchonidine modified Pd/Al,Oj5 initially gave R-N-acetyl phenylalanine methyl ester, again with low
enantioselection. However, as the cinchonidine:NADPME molar ratio was increased the reaction initially became racemic and then
was selective to the formation of S-N-acetyl phenylalanine methyl ester. This unexpected inversion in the sense of enantioselection

was observed in a range of solvents.
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inversion in enantioselectivity.

1. Introduction

Enantioselective hydrogenation remains one of the
most intensely studied fields of research in catalysis,
particularly for the synthesis of pharmaceuticals and
agrochemicals [1-4]. One reaction for which homoge-
neous catalysts are very effective but, to date, there has
been no success with the identification of a heteroge-
neous counterpart is the hydrogenation of prochiral
carbon carbon double bonds in esters. An example of
this class of reactions is the enantioselective hydroge-
nation of N-acetyl dehydrophenylalanine methyl ester
(NADPME) to N-acetyl phenylalanine methyl ester.
This type of reaction, i.e. the hydrogenation of an ena-
mide, is relevant to the synthesis of homochiral natural
and non-natural amino acids, and represents a chal-
lenging problem. At present, the enantioselective
hydrogenation of NADPME and related prochiral
molecules has been achieved homogeneously using chi-
ral rhodium complexes [5-8], most notably using BIN-
AP as the ligand [4]. The immobilisation of chiral
rhodium diphosphine complexes has been intensely
studied and has met with some success with relatively
simple reactants. However, for many complex reactants,
such as enamides, these immobilised catalysts tend to be
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unstable and leach rhodium rapidly during reaction. For
this reason we have investigated catalysts for the hydro-
genation of NADPME based on the modification of
nanocrystalline palladium catalysts using chiral alka-
loids. This approach has been found to be effective for
heterogeneous enantioselective hydrogenation of pro-
chiral ketones, particularly using cinchona-modified
supported Pt catalysts [9—12].

There has been significant progress in the use
alkaloid-modified supported palladium catalysts for the
hydrogenation of prochiral carbon-carbon double
bonds in acids [5,13-17]. Enantioselective hydrogena-
tion of the corresponding esters has not met with suc-
cess. In this paper we present some initial results for
the enantioselective hydrogenation of NADPME using
cinchona-modified Pd/Al,O3 and in particular report an
unexpected inversion in the sense of enantioselectivity
for cinchonidine-modified catalysts.

2. Experimental
2.1. Preparation of materials

Preparation of dehydrophenylalanine azlactone. Benz-
aldehyde (55 g), N-acetylglycine (61 g) and sodium
acetate (43 g) were suspended in ethyl acetate (125 mL),
acetic anhydride (36 g) was added and the mixture was
heated (85-90 °C) with stirring for 20 h. The resultant
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solution was cooled to 50 °C and deionised water
(382 mL) was added to precipitate the product. The
mobile slurry was stirred at 30-35 °C for 0.5 h and then
cooled to 0-5 °C for 1 h. The product was recovered by
vacuum filtration and washed with deionised water. The
product was characterised by 'H NMR (CD;OD,
400 MHz), J: 2.2, (singlet, 3H), 6.9 (singlet, 1H) 7.3
(multiplet, 3H), 7.9 (multiplet, 2H).

Preparation of (E)-NADPME. Dehydrophenylala-
nine azlactone (15 g) was slurried in methanol (50 mL)
at 25 °C for 1 h, 25% sodium methoxide in methanol
was slowly added to form a brown solution which was
stirred for 1 h. The product was recovered by vacuum
filtration and dried (50 °C, 16 h) and characterised by
"H NMR (CD;0D, 400 MHz), J: 2.2, (singlet, 3H), 3.9
(singlet, 3H) 7.0 (singlet, 1 H), 7.5 (multiplet, 6 H).

Catalyst preparation. 5% Pd/Al,O3 was prepared
using a deposition-reduction method.

Alumina (2 g, 7-ALLOs, Sasol, 148 m? g™') was added
to distilled water (30 mL). An appropriate amount of
potassium tetrachloropallidite (K,PdCl,, Johnson Mat-
they) was added to this suspension and was maintained
at pH 11 by the addition of solid KOH. The suspension
was refluxed for 1 h, and sodium borohydride (ca. 3
times the stoichiometric requirement) was added. After
0.5 h the mixture was cooled and the catalyst recovered
by filtration.

2.2. Hydrogenation reactions

A standard procedure was adopted for the hydroge-
nation of NADPME as follows. NADPME (100 mg,
0.46 mol) and cinchonine or cinchonidine (Fluka) were
dissolved in methanol (10 mL) and added to the catalyst
(50 mg) in a Parr autoclave (50 mL reactor volume) and
the reactor was closed. Various amounts of cinchonine
were used to investigate the effect of the cincho-
nine:NADPME molar ratio on enantioselectivity. The
reactor was purged twice with He and then twice with H,
(3 bar) to remove residual air from the reactor. The
reactor was pressurised to 10 bar and stirring started
(1000 rpm) and maintained at 25 °C for 3 h to achieve
complete conversion; all results are quoted at 100%
conversion unless stated otherwise. Products were ana-
lyzed using chiral gas chromatography after the catalyst
was removed by filtration. Experiments were carried out
in triplicate and the average results are presented in this
study. Detailed calibration of the gc method showed that
the ee could be determined with an accuracy of +0.7%.

3. Results and discussion

The 5% Pd/Al,O5 catalyst was investigated for the
enantioselective hydrogenation of NADPME and the
results as a function of the alkaloid:NADPME molar
ratio are shown in table 1. Using cinchonine as modifier
leads to the formation of a small ee to S-N-acetyl

phenylalanine methyl ester. As the concentration of
cinchonine is increased the ee decreases and the reaction
becomes racemic. At the higher cinchonine:NADPME
molar ratios the methanol solution becomes saturated
and conversion decreases. With cinchonidine there were
no solubility problems and the full range of ratios could
be explored. As expected, at low concentration use of
cinchonidine gave the opposite sense of enantioselection
to that observed with cinchonine and a low ee was
observed to R-N-acetyl phenylalanine methyl ester.
However, as the concentration of cinchonidine was
increased the reaction became initially racemic and then
gave an increasing ee to S-N-acetyl phenylalanine
methyl ester, i.e. the same enantiomer formed prefer-
entially from the cinchonine-modified catalyst. The
trends are shown in figure | and it is clear how the
changing alkaloid concentration has opposite effects on
enantioselection with cinchonine and cinchonidine.

As the effect was limited with cinchonine due to its
limited solubilit, we investigated the effect further using
cinchonidine as modifier with a range of solvents. The
results (table 2) show that the inversion in enantiose-
lection is observed when primary alcohols are used as
solvents but not for secondary alcohols. For all solvents
tested the highest ee was for the S-enantiomer at the
highest ratio of cinchonidine:NADPME investigated.
The order observed for the highest ee was:

DMF~ methanol > ethanol > propan — 2—
ol~ propan — 1 — ol > DCM > THF

This sequence correlates well with the sequence of the
dielectric constants of these solvents, a correlation that
has been previously observed for the hydrogenation of
pyruvate esters with cinchona-modified Pt catalysts [9—
12].

The inversion in enantioselectivity was probed further
using mixed acetic acid-solvent systems (table 3).
Addition of acetic acid to methanol and ethanol

Table 1
Effect of alkaloid: NADPME ratio on the enantiomeric excess in
reactions over cinchonine- and cinchonidine-modified 5% Pd/y—Al,0O4

Alkaloid: Cinchonine, Cinchonidine,
NADPME mol ratio ee (S)/% ee/%
0.006 10 3.4 (R)
0.01 9.5 3.0 (R)
0.02 9.0 3.0 (R)
0.03 9.5 0
0.07 7.5 1.0 (S)
0.14 6.0 2.0 (S)
0.20 5.5 2.5(S)
0.40 4.0% 8.0 (S)
0.60 3.0% 16.5 (S)
1.00 2.0% 21.5(S)
2.00 0* 18.0 (S)

“Saturated solutions, conversion 0% for cinchonine:NADPME mol
ratio 2.0.
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Figure 1. Semi-logarithmic presentation of the variation in enantiomeric excess with modifier:NADPME molar ratio: @, cinchonine-modified
reactions (open circles represented saturated solutions); A, cinchonidine-modified reactions.

Table 2
Variation of the sense and magnitude of the enantiomeric excess with cinchonidine concentration as a function of solvent

Solvent® Cinchonidine:NADPME mol ratio (ee/%)
0.006 0.03 0.14 0.40 1.0

Methanol 3.4 (R) 0 2.0 (S) 8.0 (S) 21.5(S)
Ethanol 2.0 (R) 0 3.0 (S) 7.0 (S) 14.0 (S)
Propan-1-ol 1.5 (R) 0 2.5(S) 4.0 (S) 9.5 (S)
Propan-2-ol 5.0 (S) 6.0 (S) 7.0 (S) 7.0 (S) 10.0 (S)
DMF 0 7.0 (S) 12.0 (S) 17.0 (S) 22.0 ()
DCM 4.0 (S) 5.0 (S) 8.0 () 8.0 () 8.5(S)
THF 2.5 (S) 2.0 (S) 2.5(S) 3.0 (S) 3.0 (S)

“DMF N,N dimethylformamide, DCM dichloromethane, THF tetrahydrofuran.

suppressed the ee, but the inversion in enantioselection
was still apparent at higher cinchonidine:NADPME
molar ratios (figure 2). In contrast addition of acetic
acid to dichloromethane increased the ee to the
S-enantiomer.

As noted the enantioselective hydrogenation of
pyruvate esters has been extensively studied using cin-
chona-modified catalysts. In these earlier studies it has
been well established that, with cinchonidine- and qui-
nine-modified platinum catalysts, the reaction proceeds
to form (R)-ethyl lactate predominantly, whereas with
cinchonine- and quinidine-modified platinum catalysts
the reaction forms (S)-ethyl lactate preferentially. In the
present study it is clear that cinchonine and cinchonidine
at low concentrations also direct the enantioselection in

opposite directions. Considerable effort has been
focussed on the mechanism of the enantioselective
hydrogenation of pyruvate esters, and three structural
features of the cinchona and related modifiers that
ensure they are effective in enantiodirection have been
identified, namely (a) an aromatic moiety that enables
adsorption on the platinum surface, (b) the absolute
configuration at C(8) which controls the sense of the
enantioselectivity, and (c¢) a basic nitrogen which is
considered to interact with the substrate resulting is a
1:1 complex that is hydrogenated enantioselectively [18].
The reaction is, however, complicated by effects
observed in the early part of the reaction where enan-
tioselection increases with conversion [19-22]. However,
recently, Baiker and co-workers [23-25] and Bartok

Table 3
Variation of the sense and magnitude of the enantiomeric excess with cinchonidine concentration for reactions in three mixed solvents®

Solvent?® Cinchonidine:NADPME mol ratio (ee/%)

0.006 0.02 0.40 0.60 1.0
Methanol/acetic acid 8.0 (R) 5.5(R) 1.0 (R)) 3.0 (S) 5.5(S)
Ethanol/acetic acid 5.5(R) 3.0 (R 0 2.0 (S) 4.0 (S)
DCM /acetic acid 7.0 (S) 14.0 (S) 14.0 (S) 14.5 (S) 14.0 (S)

#Methanol, ethanol, dichloromethane (9.95 mL), acetic acid (0.05 mL).
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Figure 2. Semi-logarithmic presentation of the effect of the solvent on the variation of both the sense and magnitude of the enantiomeric excess
with increasing cinchonidine:NADPME molar ratio: A, methanol; @, ethanol; A, methanol/acetic acid; O, ethanol/acetic acid.

et al. [26] have shown a further intriguing aspect of this
reaction, namely that the sense of the enantioselection
can be inverted for specific modifiers by changing the
extent of reaction [23], the solvent [26] or the substituent
at C(8) position [24,25]. In all these cases the effect is
induced by changes in the reaction conditions. We have
now shown a further example of enantioinversion, but
in this case the effect is induced solely by changing the
concentration of the modifier. We consider the effect
may be due to an interaction of the modifier with spe-
cific Pd sites at low modifier concentrations. The
observation that acetic acid addition affects the con-
centration of cinchonidine at which the effect is observed
(figure 2) is evidence that the effect is related to the
conformation of the cinchonidine which in acid solu-
tions is known to favour the open-3 conformer [13]. The
effect is, however, intriguing and may be a key factor in
the enantioselective hydrogenation of NADPME using
alkaloid modified catalysts and helps to explain why low
enantioselection is typically observed.

4. Conclusions

Cinchona-modified Pd/Al,O5 catalysts can be effec-
tive for the enantioselective hydrogenation of NAD-
PME to the N-acetyl phenylalanine methyl ester. At low
alkaloid:NADPME molar ratios cinchonine gave S-N-
acetyl phenylalanine methyl ester and cinchonidine the
R-N-acetyl phenylalanine methyl ester. However, at
higher alkaloid concentrations the sense of enantiose-
lectivity inverted for cinchonidine, representing one of
the first examples of this type of behaviour.
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