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Abstract: Various derivatives of (R)-1-(1-naphthyl)-
ethylamine have been synthesized and tested as chiral
modifiers of Pt/alumina in the enantioselective hydro-
genation of ketopantolactone. The best modifiers (ee
up to 79%) possess an ester function in the a-position
to the amino group. The modifiers performed far bet-
ter in AcOH than in toluene, indicating that protona-
tion of the N atom is important in enantioselection.
The striking non-linear behaviour of modifier mix-
tures with cinchonine indicates that the alkaloid ad-
sorbs much stronger on Pt than the naphthylethyl-
amine derivatives. Two mechanistic models are pro-
posed for interpretation of the results, involving an

N�H�O or Nþ�H�O bond between the amine-type
modifier and the keto carbonyl O atom of ketopanto-
lactone, in apolar and protic media, respectively. In
both cases the H atom originates from the modifier
and not from the substrate (“half-hydrogenated-
state”). The higher ee achieved in acidic medium is at-
tributed to the better proton donor ability of the pro-
tonated amine modifiers. The models are applicable
also to the hydrogenation of ethyl pyruvate.

Keywords: asymmetric heterogeneous catalysis; chiral
modifier; hydrogenation; ketopantolactone; naphthyl-
ethylamine derivatives; platinum/alumina

Introduction

Catalytic hydrogenation of organic compounds contain-
ing a carbonyl group is industrially important in the syn-
thesis of fine chemicals and pharmaceuticals. Cinchona
alkaloid-modified Pt is an efficient heterogeneous cata-
lyst for the enantioselective hydrogenation of activated
ketones.[1 – 5] Usually the hydrogenation of alkyl pyru-
vate to alkyl lactate is chosen as a model reaction and
has been extensively studied in this context but this in-
dustrially unimportant transformation is complicated
by numerous side reactions.[1,6,7] From a practical point
of view, enantioselective hydrogenation of ketopanto-
lactone (KPL) to (R)-pantolactone (PL), an intermedi-
ate in the synthesis of vitamin B5 and co-enzyme A, is
the most promising application of cinchonidine-modi-
fied Pt (Scheme 1). Under optimized conditions cincho-
nidine (CD) as chiral modifier of Pt/Al2O3 affords
91.6% ee in toluene,[8] and a continuous process in a
fixed-bed reactor is also feasible.[9] For comparison, sev-
eral highly selective chiral Rh and Ru complexes have
been developed for the hydrogenation of KPL, which af-
ford up to 99% or higher ee under ambient condi-
tions.[10 –15] Although heterogeneous catalysis has some

obvious advantages and the optical purity of (R)-PL
can be increased by recrystallization, improvement of
the enantioselection on Pt is necessary for practical ap-
plication.

Supported by theoretical calculations, we proposed a
model for the reactant-modifier interaction on the Pt
surface involving an H bond between CD and the half-
hydrogenated state derived from KPL (Figure 1).[16,17]

The model fits well to the catalytic results and spectros-
copic observations concerning the adsorption of CD
on Pt [18,19] and even the hydrogen-bonding interaction

Scheme 1. Hydrogenation of ketopantolactone (KPL) to (R)-
pantolactone ((R)-PL) over chirally modified Pt/Al2O3. The
structure of the modifiers is shown in Figure 2.
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has been confirmed recently by in situ ATR-IR spectros-
copy.[20]

A proven strategy to learn more about the reaction
mechanism is the systematic variation of the structure
of the modifier. The approach has the inherent advant-
age that the results are related to truly in situ conditions.
This strategy has been applied extensively for the hydro-
genation of pyruvate esters on Pt, including some cin-
chona alkaloid derivatives,[21– 26] other alkaloids,[27– 30]

various amines,[31,32] amino alcohols,[33– 37] amino acids,[38]

and amino acid derivatives.[39,40] The most important
conclusions emerging from these studies are that CD
and many other effective modifiers adsorb via the ex-
tended aromatic ring lying close to parallel to the Pt sur-
face, and the basic N-atom is responsible for interacting
with the substrate in the enantiodifferentiating step. A
somewhat disappointing conclusion from all these stud-
ies is that none of the new synthetic modifiers could sur-
pass the performance of CD or its O-methyl derivative.

The strategy of varying the modifier structure has re-
cently been extended to the hydrogenation of KPL. In-
creasing bulkiness of the ether derivatives of CD result-
ed in the inversion of enantioselectivity to (S)-PL.[41] The
striking changes highlight the importance of steric ef-
fects (repulsive interaction) in enantioselection, beside
the above-mentioned attractive interaction (Figure 1).
The results provided also indirect evidence for the ad-
sorption of CD via the quinoline ring being close to par-
allel to the Pt surface.

The aim of the present study was to improve our un-
derstanding of the modifier-reactant interaction on the
Pt surface with emphasis put on the surroundings of
the N atom. To circumvent the difficulties of alkaloid
chemistry, we synthesized and tested various derivatives
of (R)-1-(1-naphthyl)ethylamine 1. It has been shown
earlier that 1 and its N-alkylated derivatives may be con-
sidered as simple and relatively effective analogues of
CD in the Pt-catalyzed hydrogenation of ethyl pyru-
vate.[16,42]

Results and Discussion

Structural Effects

The chiral modifiers synthesized from 1, and the best
enantioselectivities to (R)-PL, are shown in Figure 2.
More details of the reactions carried out in toluene or
acetic acid (HOAc) are summarized in Table 1. The con-
ditions are not optimized although some key parameters
have been varied and the highest enantioselectivities for
both solvents are presented. The data in Table 1 reveal
that most of the modifiers containing an amino function
perform significantly better in HOAc than in toluene.
The importance of protonation of the modifier in the re-
action mechanism will be discussed later.

The primary amine 1 afforded almost five times higher
ee to (R)-PL in AcOH than in toluene. It has been found
earlier that in the hydrogenation of another activated
ketone, ethyl pyruvate, the actual chiral modifier of Pt
is rapidly produced in situ from 1 by reductive alkylation
with the substrate.[32] In contrast, no reductive alkylation
of 1 occurred during KPL hydrogenation in HOAc or
toluene, as evidenced by NMR analysis. Moreover, nei-
ther hydrogenolysis of the C�N bond (“benzylic” car-
bon) nor hydrogenation of the naphthyl ring of 1 could
be observed in toluene under the reaction conditions.
In HOAc the naphthyl ring was partially saturated.
This side reaction was, however, slow compared to the
hydrogenation of KPL and did not influence the enan-
tioselectivity as indicated by the constant ee (within
�1%) up to full conversion.

The performance of 1 could not be improved by alky-
lation of the N atom. Increasing the bulkiness around
the N atom by methylation (2, 3) resulted in a successive
loss of enantioselection. The N-adamantanyl derivative
6 performed better but the big variation in ee (7 – 51%)
among the monoalkylated derivatives 2 and 4 – 7 cannot
easily be interpreted in terms of a conformational con-
cept. Note that in the absence of acid 4 gave the highest
ee among all modifiers tested (37%).

Benzylation of 1 (to afford 8) improved slightly the ee
compared to the methylated derivative 2. When the re-
action was repeated in toluene at 30 bar but in the ab-
sence of KPL, modifier 8 remained fully intact according
to NMR analysis. Modifier 8 was less stable in HOAc
(in the absence of substrate) as illustrated in Scheme 2
and Figure 3. Within 2 h, 8 was completely transformed
to the N-benzyltetrahydronaphthalene-derivatives 8a
and 8b, and debenzylated to 1a and 1b. The debenzyla-
tion reaction was much slower than saturation of the ar-
omatic ring and only small amounts of the aromatic de-
benzylated product, which is identical to modifier 1,
could be found as an intermediate. For comparison, in
the enantioselective hydrogenation of KPL in HOAc
under the same conditions 50% conversion was ach-
ieved within 2 – 2.5 min. (Note that the time indicated

Figure 1. Top view over the Pt surface of a calculated model
for interaction of ketopantolactone (half-hydrogenated state)
with cinchonidine, leading upon hydrogenation to (R)-panto-
lactone.
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in Table 1 is usually much longer than the actual reaction
time as following the conversion by the hydrogen con-
sumption was inaccurate due to the small reaction
scale.) It also has to be considered that hydrogenation
of 8 is probably much slower in the presence of the reac-
tive KPL in 270-fold excess. Hence, distortion of the
enantioselectivity by transformation of 8 is assumed to
be minor.

When modifier 8 was employed as its HCl salt, the ee
barely changed in HOAc, whereas in toluene it in-
creased from 16 to 25%. This improvement can be taken
as an evidence for the better efficiency of protonated
amine modifiers.

Next, the influence of functionalized side chains at-
tached to the N atom was investigated, assuming that a
“double” interaction with the substrate involving both

Figure 2. (R)-1-(1-Naphthyl)ethylamine 1 and its derivatives, and the best ees they provided as chiral modifiers of Pt/Al2O3 in
the hydrogenation of KPL.
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functional groups of the modifier might improve the ee.
It has been found recently that a chiral diol (1-naphthyl-
1,2-ethanediol) can induce ee up to 30% in the hydroge-
nation of KPL, presumably due to formation of two H
bonds with the keto carbonyl group of KPL.[43] Com-
pounds 9 and 10, possessing an ether O function in 1,4-
position to the N atom, are poor modifiers. Introduction
of a phenolic OH function in 11 improved slightly the

enantioselectivity compared to 8. An alcoholic OH
function in 1,4- or 1,5-position to the N was less effective
(modifiers 12 and 13, respectively). The possible interac-
tion of a single OH function of the modifier with KPL
was tested by replacing the amino group of 1 by an
OH group in 24. The very low ee of 3 –4% shows that
this approach was not fruitful.

Table 1. Performance of the modifiers in the enantioselective hydrogenation of KPL to (R)-PL. Only the highest values mea-
sured at full conversion (except for modifiers 15 and 23, where conversion in HOAc was 95%) are reported for each modifier.
Standard conditions, 5 or 10 mL solvent (no significant influence).

In Toluene In HOAc

Modifier H2 [bar] Catalyst [mg] Time [h] ee [%] H2 [bar] Catalyst [mg] Time [h] ee [%]

1 70 21 1 11 30 11 0.5 52
2 30 21 1 15 30 21 1 32
3 30 20 0.75 9 10 20 0.75 4[a]

4 70 21 0.5 37 15 10 – 21 1.75 40
5 90 21 0.5 22 30 21 1 33
6 10 – 30 20 1.5 9 10 10 1.5 51
6[b] 10 20 1.5 48 – – – –
7 10 20 2.5 7 10 10 2.5 6[a]

8 30 21 1 16 30 21 2 44
8[c] 30 – 70 21 1 25 30 21 1 43
9 30 20 1 13 10 10 – 20 2 24
10 30 20 2 9 10 10 – 20 2 28
11 90 21 0.5 20 10 10.5 0.5 55
12 30 20 2 19 10 10.5 2 29
13 30 20 1 21 10 10.5 2 31
14 90 21 0.5 26 10 10.5 0.5 67
15 30 20 2 7 10 10 0.5 34
16 30 20 2 23 10 20 2 35
17 30 20 2 21 10 20 2 35
17[c] 30 20 0.75 20 10 20 2 26
18 30 5 4 5 10 3 4 74
18[b] 8 5 3 79 – – – –
19 30 10 3 4 10 10 3 40
20a 10 20 2.5 3 20 10 2.5 45
20b 30 20 3.5 3 10 10 3.5 40
21 10 20 2.5 0.5 3 20 2.5 9
22 10 20 0.75 6 10 10 4 12
23 3 10 4 3 3 10 4 10
24 10 20 1.75 4 10 20 1.75 3
25 10 20 1 13 10 20 1 19

[a] The (S) enantiomer formed in excess.
[b] Addition of 136 mmol TFA to the toluene solution, reaction performed at 0 8C.
[c] The modifier was used as its HCl salt.

Scheme 2. Hydrogenation of 8 under standard reaction conditions, in HOAc. Under the same conditions but in toluene modi-
fier 8 remains completely intact (see also Figure 3).
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The a-amino ester-type modifier 14 provided 67% ee
(R)-PL in HOAc. The improved enantioselectivity com-
pared to 1 is attributed to the presence of the ester car-
bonyl group. In contrast to 14, the other diastereomer
15 is a much weaker modifier. A similar difference in
the efficiency of 14 and 15 has been observed in ethyl
pyruvate hydrogenation.[44] When the distance between
the amino and ester groups was widened by one CH2 unit
in 16, the ee to (R)-PL decreased. In this case, both dia-
stereomers 16 and 17 gave comparable ees, even when
17 was applied as the HCl salt.

Another a-amino ester-type modifier (18, 19) was syn-
thesized from 1 by reductive alkylation with KPL. One
of the two diastereomers, 18, induced 74% ee in the hy-
drogenation of KPL in HOAc. Interestingly, in toluene
the modifier barely induced enantioselection (5% ee).
When 18 was protonated by 20 equivalents of trifluoro-
acetic acid (TFA) in toluene, the same ee was obtained
as in HOAc. The highest enantioselectivity in this study
was achieved in the toluene/TFA mixture at 0 8C [79%
ee to (R)-PL]. When an even bulkier a-keto ester was
applied for the alkylation of 1, the resulting diaster-

eoisomers 20a and 20b had almost identical perform-
ance but they were less effective than 18.

Finally, acylation of 1 led to a drop of ee to around
10%, independent of the presence or absence of addi-
tional functional groups (21– 23). Clearly, the amide
group is a poor interacting function for KPL hydrogena-
tion. The presence of a second amino group as in 25 de-
stroys the ee, as was observed earlier for the amino de-
rivative of CD.[23]

The best modifier from the above screening, 18, was
chosen for a more detailed investigation of the solvent
effect. The highest ee for each solvent at room tempera-
ture is shown in Table 2. Clearly, there is no correlation
between the enantioselectivity and the solvent polarity
characterized by the empirical solvent parameter ET

N [45]

or the relative permittivity (not shown). This behaviour
is in contrast to the solvent effect found for the enantio-
selective hydrogenation of ethyl pyruvate [46] and KPL
[17] over cinchonidine-modified Pt/Al2O3 where a nearly
linear decrease of ee with the increase of solvent polarity
was observed.

An important feature of the Pt-catalyzed enantiose-
lective hydrogenation of activated ketones is the higher
hydrogenation rate over the chirally modified Pt, com-
pared to the unmodified catalyst.[1,2,16] An illustration
of this effect in the hydrogenation of KPL is shown in Ta-
ble 3. Both 18 and cinchonidine induce a substantial rate
acceleration compared to the reaction over the unmodi-
fied Pt/Al2O3, and the effect in HOAc is bigger than that
in toluene. The enhanced rate is particularly interesting
when considering that a large fraction of the Pt surface
sites are covered by the strongly adsorbing modifier.
Note that the real nature of rate acceleration in pyruvate
hydrogenation has been debated.[47]

An intriguing question is why cinchona alkaloids are
more effective modifiers than 18. We assume that a ma-
jor reason for the outstanding performance of cinchona
alkaloids is their strong, almost irreversible adsorption
on Pt.[18,48,49] A crucial requirement an effective chiral

Table 2. Influence of solvent polarity (characterized by the
empirical solvent parameter ET

N) on the hydrogenation of
KPL to (R)-PL over Pt/Al2O3 modified by 18. Standard con-
ditions, 5 mL solvent. Conversions were 98 – 100%, except in
DMF (57%).

Solvent ET
N H2

[bar]
Catalyst
[mg]

Time
[h]

ee
[%]

PhCH3 0.099 30 5 4 5
THF 0.207 10 20 1.5 10
EtOAc 0.228 10 20 2 8
PhCF3 0.241 30 20 1.5 48
DMF 0.404 3 20 1.5 2
AcCN 0.46 30 20 2 1
i-PrOH 0.546 10 20 2 14
HOAc 0.648 10 3 4 74

Table 3. Influence of chiral modifier on the rate of ketopan-
tolactone (KPL) hydrogenation characterized by the conver-
sion achieved in 15 min and the turnover frequency. Standard
conditions, 20 mg catalyst, 10 ml solvent, 1 bar.

Modifier Solvent Conversion
[%]

TOF[a]

[h�1]

no PhCH3 50.1 1800
18 PhCH3 73.9 2650
cinchonidine PhCH3 74.2 2660
no HOAc 25.1 900
18 HOAc 67.3 2420
cinchonidine HOAc 72.1 2590

[a] TOF¼mol KPL converted per h divided by mol Pt atoms
on the surface.

Figure 3. Hydrogenation of 8 in HOAc in the absence of
KPL, according to Scheme 2. Conditions: 30 mg catalyst,
5 mL HOAc, 6.8 mmol modifier, room temperature, 30 bar.
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modifier has to fulfil is the strong adsorption on the
metal surface to create “chiral” sites and minimize
the number of “unmodified” sites affording racemic
products. In this respect, cinchona alkaloids seem to
be superior to many other chiral modifiers. To estimate
the relative adsorption strength of 18, we studied the
non-linear behaviour (“extended” non-linear effect,
NLE)[50] of mixtures of 18 and cinchonine in the hydro-
genation of KPL (Fig. 4). Cinchonine alone affords (S)-
pantolactone and 18 gives the (R)-enantiomer in excess
but in a modifier mixture containing less than 1 mol %
cinchonine already the cinchona alkaloid dominates
the enantiodifferentiation and affords the (S)-enan-
tiomer in excess. It has been shown that the non-linear
behaviour of modifier mixtures in Pt- and Pd-catalyzed
hydrogenation reactions are basically due to their
different adsorption strengths on the metal sur-
face. [5,21,51,52] Apparently, 18 cannot compete with cin-
chonine for the Pt surface sites and thus can barely in-
fluence the enantiodifferentiation during hydrogena-
tion of KPL.

The experiments shown in Figure 4 were repeated in
toluene and a very similar non-linear effect was ob-
served. This is an indication that the strikingly different
efficiency of 18 in HOAc and toluene cannot be attribut-
ed to the substantially different adsorption strength of
18 on Pt in these two solvents.

Mechanistic Considerations

The mechanistic model depicted in Figure 1 has been
suggested for KPL hydrogenation over cinchonidine-
modified Pt/Al2O3.

[17] In this reaction the highest ee
was achieved in weakly polar solvents, e.g., toluene,
and the model assumes stabilization of the half-hydro-
genated state via formation of an N�H�O bond be-
tween the quinuclidine N and the keto carbonyl O
atoms. The results in Table 1 demonstrate that applying

1 and its amine derivatives as chiral modifiers, this type
of interaction can provide only low enantioselectivity
(with the exception of 4). Good enantioselectivity is lim-
ited to acidic media where the amine-type modifiers are
protonated. The importance of protonation of the N
atom is corroborated by those experiments in which 20
equivalents of TFA (pKa¼0.2) related to the modifier
were added to toluene (Table 1, modifiers 6 and 18). In
these experiments the ee was very close to that meas-
ured in HOAc. It has been shown earlier that in (deuter-
ated) acetone one equivalent of TFA or 24 equivalents
of HOAc are sufficient to protonate the quinuclidine
N of cinchonidine.[53]

On the basis of these observations we propose that in
the hydrogenation of KPL on Pt modified by 1 and its
amine-type derivatives the good enantioselectivity in
acidic medium is due to an Nþ�H�O type H bond be-
tween the protonated N atom and the keto O atom of
KPL (Figure 5a). In non-acidic medium 1 and its primary
and secondary amine derivatives can interact with the
keto O atom of KPL via an H bond involving an H
atom of the amine modifier (Figure 5b). This H bond is
much weaker than that involving the protonated modifi-
er[54] and the enantioselection is usually poor, with only a
few exceptions (e.g., 4). The major difference between
this proposal and that suggested for cinchona-modified
Pt[17] (Fig. 1) is that in non-acidic medium the primary

Figure 4. Non-linear behaviour of mixtures of 18 and cincho-
nine in the hydrogenation reaction of KPL. Standard condi-
tions, 20 mg catalyst, 5 mL HOAc, 8 bar, full conversion.

Figure 5. Possible interactions between ketopantolactone
(KPL) and the chiral modifiers 1 and its amine-type deriva-
tives, both adsorbed on the Pt surface; a) H bond between
the amine protonated in the acidic medium and the keto car-
bonyl O atom; b) H bond between the amine and the half-hy-
drogenated state of the ketone; c) zwitterionic intermediate
formed by nucleophilic attack of the amine on the keto car-
bonyl C atom.
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or secondary amine modifier can interact with the sub-
strate already before H uptake, while the role of cincho-
nidine (tertiary amine) is rationalized only after the half-
hydrogenated state of the substrate has been formed.

A mechanistic model involving an H bond interaction
between protonated cinchonidine and the activated ke-
tone substrate has been first proposed for ethyl pyruvate
hydrogenation on Pt in acidic medium.[54,55] Interesting-
ly, in the hydrogenation of pyruvate esters in toluene or
HOAc the difference between the ees on cinchona-
modified Pt was only a few percent.[1,2,16] In contrast,
when Pt was modified by b-isocinchonine, the opposite
enantiomers of ethyl lactate formed in excess when the
reactions were carried out in toluene or HOAc. [22,56]

The results in Table 1 cannot be interpreted by a re-
cent mechanistic model based on theoretical calcula-
tions.[57] The authors assumed nucleophilic attack of
the basic N atom of the modifier on the carbonyl C
atom of the ketone substrate, resulting in a covalently
bound zwitterionic adduct even in acidic medium
(Fig. 5c). This mechanism has been adopted recently
for the hydrogenation of fluorinated ketones in tol-
uene.[58] Considering the general mechanism of ketone
hydrogenation on Pt, formation of a zwitterionic adduct
cannot be excluded in toluene but this reaction is unlike-
ly in acidic medium where the reactivity of the amine is
lost, particularly in the presence of the strong acid addi-
tive TFA. It has been shown that only the unprotonated
amine is reactive in addition reactions with a carbonyl
compound and thus the reaction rate drops rapidly be-
low a pH of 4.[59,60] In other words, only a negligibly small
fraction of the modifier adsorbed on Pt is present as a
free base and can produce PL via this mechanism or
that shown in Figure 5b; the overwhelming part of the
modifier is protonated by HOAc or TFA and may inter-

act with KPL via the mechanism shown in Figure 5a. Be-
sides, formation of a zwitterion is not possible with KPL
for steric reasons: the keto carbonyl C atom of KPL can-
not be attacked by the N atom, because the latter would
have to approach from within the lactone ring.

Finally, we compared the performance of the two best
amino ester-type modifiers 14 and 18 in the hydrogena-
tion of ethyl pyruvate under acidic and non-acidic condi-
tions (Figure 6). The results are very similar to those
achieved in the hydrogenation of KPL (Table 1): both
modifiers give reasonable enantioselectivities only in
acidic medium. It seems that the above mechanistic con-
siderations can be extended to the hydrogenation of
some other activated ketones over Pt modified by 1
and its various functionalized amine derivatives.

Conclusions

Various derivatives of (R)-1-(1-naphthyl)ethylamine 1
have been tested as chiral modifiers of Pt/Al2O3 in the
enantioselective hydrogenation of ketopantolactone
(KPL). All modifiers contain the same “anchoring moi-
ety” responsible for adsorption on the Pt surface, and
the surrounding of the N atom was varied by introducing
(functionalized) alkyl and cycloalkyl groups. An ester
group in the a-position to the N atom and the proper rel-
ative configuration of the side chain can significantly im-
prove the performance of 1. The best modifier 18, pre-
pared by reductive alkylation of 1 with KPL, afforded
79% ee to (R)-PL. An interesting point is that 1 is not al-
kylated by the reactant during hydrogenation, in con-
trast to the enantioselective hydrogenation of alkyl pyr-
uvate where the actual modifier was 14.[32] Still, the sim-
ple amine 1 afforded up to 52% ee to PL in acidic me-
dium.

Most of the modifiers derived from 1 perform remark-
ably better in acidic medium, which suggests that a
charged ammonium species is involved in the enantio-
discrimination. We propose two mechanistic models
that rationalize the sometimes strikingly different ees
in toluene and acetic acid. Both models assume H
bond formation between the amine-type modifier and
the O atom of the activated ketone substrate, and the
H atom originates from the amine and not from the sub-
strate (“half-hydrogenated state”). Good enantioselec-
tivity is attributed to an Nþ�H�O type hydrogen bond
in acidic medium.

We hope that the present results will guide us to new,
more efficient synthetic modifiers for Pt and pave the
way to successful catalyst systems for a broader range
of substrates and reactions.

Figure 6. Maximum ee reached in the enantioselective hydro-
genation of ethyl pyruvate to (R)-ethyl lactate on Pt/Al2O3

modified by 14 and 18. The reaction conditions (p, T, amount
of catalyst and solvent) had only a minor influence on the ee
within the range of conditions used. Standard conditions (ex-
cept for the hydrogenation in HOAc with 14[31]): 20 mg cata-
lyst, 10 mL solvent, conversion 65 – 100%.
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Experimental Section
Ketopantolactone (KPL, Roche), and the commercial modifi-
ers 1 (Acros), 2, 3, 23 and 24 (all purchased from Aldrich), 8
(Fluka) and cinchonine (Fluka) were used without further pu-
rification. Toluene (J. T. Baker) was dried and stored over acti-
vated molecular sieve. HOAc (Fluka) was used as received and
the other solvents were dried according to standard proce-
dures.

Catalytic Hydrogenation of Ketopantolactone

A 5 wt % Pt/Al2O3 catalyst (Engelhard 4759) was used for all
experiments. Before use the catalyst was prereduced at 673 K
for 1 h in flowing hydrogen and cooled to room temperature
under flowing hydrogen for 30 min. After flushing with Ar
the catalyst was first contacted with the solvent, containing
the proper amount of modifier. The hydrogenation was carried
out in a stainless steel autoclave equipped with a glass liner and
PTFE cover. Dispersion of Pt after heat treatment was 0.4, as
determined by transmission electron microscopy.

Under standard conditions, 10 – 20 mg of prereduced cata-
lyst, 5 – 10 mL dry solvent, 6.8 mmol modifier and 236 mg
KPL (1.84 mmol) were used at room temperature. The reac-
tion mixture was magnetically or mechanically stirred at
500 min�1 or faster. The products were analyzed by gas chro-
matography at full conversion, which was usually reached after
0.5 – 3 h. The enantiomeric excess (ee) was determined with a
HP 5890A gas chromatograph using a Chirasil-DEX GB
(Chrompack) capillary column.

Synthesis of Modifiers

Syntheses of modifiers 14 – 17,[32] 21,[61] and 20a and 20b[44] have
been published elsewhere. All new modifiers were synthesized
from 1 and the corresponding carbonyl compound via reduc-
tive alkylation (see Supporting Information). The preferred
method was formation of the imine in titanium(IV) isopropox-
ide and reduction with NaBH3CN. Only in the case of 6 LiAlH4

had to be used instead. Diastereomers could be separated by
flash chromatography. Modifiers 12 and 13 were prepared
from 14 and 17, respectively.

Modifiers 16 and 17 were obtained in a ratio of 26 : 74 and
were separated by flash chromatography (ethyl
acetate:hexane¼1 : 10 with addition of triethylamine). The di-
astereomers were identified, compound 17 eluted first off the
column. The absolute configuration of the diastereomers 16
and 17 was assigned by comparison between the experimental
spectra of the fractions obtained after column chromatography
and the VCD spectra calculated using the density functional
theory (DFT). The experimental VCD spectra were measured
on a Bruker PMA 37 accessory coupled to a VECTOR/33
Fourier transform infrared spectrometer. Spectra were record-
ed in CHCl3 using a transmission cell equipped with KBr win-
dows and a 1 mm Teflon spacer. The theoretical spectra were
determined as follows: first the conformational space of 16
and 17 was studied, in order to identify the most stable con-
formers, and among them only those were selected whose en-
ergy differed from the lowest value by less than 0.5 kcal/mol.
The level of theory used for the optimizations, that comprised
all degrees of freedom, was B3LYP and B3PW91 hybrid func-

tionals and 6 – 31G(d, p) basis set. Rotational strengths were
then calculated at the same level of theory and a synthetic spec-
trum was generated using Gaussian functions centred at the ex-
citation energies and scaled with the calculated rotational
strengths. All calculations were performed with the Gaussian
98 program package.[62] The reliability of this method of assign-
ing of the absolute configuration was verified by comparing ex-
perimental and calculated spectra of pentahelicene.[63]

Supporting Information

Experimental procedures and spectral data for all new modifi-
ers are available.
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[28] A. Tungler, T. Máthé, K. Fodor, R. A. Sheldon, P. Galle-

zot, J. Mol. Catal. A: Chem. 1996, 108, 145 – 151.
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[37] A. Solladié-Cavallo, C. Marsol, C. Suteu, F. Garin, Enan-

tiomer 2001, 6, 245 – 249.
[38] K. E. Simons, P. A. Meheux, S. P. Griffiths, I. M. Suther-

land, P. Johnston, P. B. Wells, A. F. Carley, M. K. Raju-
mon, M. W. Roberts, A. Ibbotson, Recl. Trav. Chim.
Pays-Bas 1994, 113, 465.

[39] É. S�pos, A. Tungler, I. Bitter, J. Mol. Catal. A: Chem.
2003, 198, 167 – 173.

[40] G. Szçllçsi, C. Somlai, P. T. Szab�, M. Bart�k, J. Mol.
Catal. A: Chem. 2001, 170, 165 – 173.

[41] S. Diezi, A. Szab�, T. Mallat, A. Baiker, Tetrahedron:
Asymmetry 2003, 14, 2573 – 2577.

[42] B. Minder, M. Sch�rch, T. Mallat, A. Baiker, Catal. Lett.
1995, 31, 143 – 151.

[43] A. Marinas, T. Mallat, A. Baiker, J. Catal. 2004, 221,
666 – 669.

[44] T. Heinz, PhD thesis, University of Basel (Switzerland)
1997.

[45] J.-L. M. Abboud, R. Notario, Pure Appl. Chem. 1999, 71,
645.

[46] B. Minder, T. Mallat, P. Skrabal, A. Baiker, Catal. Lett.
1994, 29, 115 – 124.

[47] E. Toukoniitty, D. Y. Murzin, Catal. Lett. 2004, 93, 171 –
176.
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