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Abstract 

Data are presented which are in agreement with previous reports concerning the enhanced activity and enantioselectivity 
of freshly re-reduced platinum catalysts when used for the chiral hydrogenation of cy-ketoesters. Catalyst deactivation was 
observed on heating the platinum catalyst in either hydrogen or helium at 350°C for two hours and then using it without 
exposure to oxygen. The presence or absence of cinchonidine had no effect on the rates of pyruvate hydrogenations run 
using these catalysts. These data establish that the deactivation of the catalyst was not caused by a strong adsorption of the 
alkaloid on the platinum surface. The activity and enantioselectivity of these catalysts were increased on addition of air to 
the reaction mixture. The reported enhanced activity and enantioselectivity shown by freshly re-reduced catalysts depend, 
then, not only on the re-reduction step but also on a brief exposure of this catalyst to air. It appears from published 
experimental details that the oxygen present in the solvent used in the hydrogenation is probably sufficient for this purpose. 

Kevwords: Enantioselective hydrogenation: Pymvate hydrogenation; Cinchona alkaloid modifiers 

1. Introduction 

The use of heterogeneous catalytic systems to 
promote enantioselective reactions is an area of 
increasing interest in recent years. The chiral 
hydrogenation of pyruvates over platinum cata- 
lysts which had been modified with one of the 
cinchona alkaloids has been extensively studied 
over the past several years with the goal of 
trying to understand the nature of the catalyst- 
modifier-substrate interactions which lead to 

’ Corresponding author. 
’ For part 2, see [l]. 

the high enantiomeric excesses reported for these 
reactions [2- 171. It has been repeatedly shown 
that the highest ee’s were obtained when the 
catalyst was re-reduced in hydrogen at elevated 
temperatures immediately before use [ 12- 151. 
This factor is important regardless of the proce- 
dure used to modify the catalyst with the alka- 
loid before initiating the hydrogenation. 

One of the more common methods of catalyst 
activation involves stirring the catalyst with an 
ethanol solution of one of the cinchona alka- 
loids, usually cinchonidine, for one to twenty 
hours before transferring the modified catalyst 
to the reactor for use in the pyruvate hydrogena- 
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tion [4,12-141. Interestingly, it has been estab- 
lished that this exposure of the catalyst to oxy- 
gen is also essential for obtaining high reaction 
rates and product ee’s [16]. This apparent di- 
chotomy was explained by the observation that 
adsorption of cinchonidine onto a platinum sur- 
face was weakened by the presence of oxygen 
[5,17]. Since it appeared that oxygen competed 
with the alkaloid for adsorption on the platinum 
surface, it was concluded that the loss of activ- 
ity and enantioselectivity in reactions run over 
catalysts which were treated with cinchonidine 
in the strict absence of oxygen was caused by 
the strong adsorption of the alkaloid which, 
effectively, poisoned the catalyst [5]. The gener- 
ality of this explanation, however, has been 
questioned [ 18,191. 

Another explanation for the enhanced activity 
and product ee observed with catalysts which 
had been modified by stirring in air with ethano- 
lit solutions of cinchonidine was that the alco- 
hol was oxidized to acetic acid in the process 
[20]. Since cinchonidine modified platinum cat- 
alyzed pyruvate hydrogenations run in the pres- 
ence of acetic acid generally gave the highest 
reaction rates and enantioselectivities, it was 
proposed that it was the acetic acid produced 
during the activation procedure which was re- 
sponsible for the higher rates and product ee’s 
which were observed. This explanation, how- 
ever, did not address the fact that platinum 
catalysts which were modified by stirring with 
ethanolic solutions of cinchonidine in an oxy- 
gen-free atmosphere were almost completely in- 
ert for pyruvate hydrogenations [ 161. 

There are, however, other reports of the loss 
of activity and reaction selectivity for a number 
of vapor phase reactions run using platinum 
catalysts which had been heated in hydrogen at 
elevated temperatures [2 l-231. Catalyst activity 
and selectivity were regenerated on exposure of 
the catalyst to oxygen [23]. These changes have 
been ascribed to the formation of a PtAl alloy 
with Pt/Al,O, catalysts [24,25], the poisoning 
of the platinum surface by strongly adsorbed 
hydrogen [21] and the transformation of the 

platinum surface into unreactive Pt( 111) planes 
[22]. Since catalyst deactivation was also ob- 
served on heating in helium, it was proposed 
that the deactivation resulted from a reorganiza- 
tion of the surface atoms into less active ar- 
rangements. Exposure to oxygen then promoted 
a restructuring to the active surface arrangement 
[23]. Our single turnover @TO) studies showed 
that if the heat treatments were not too severe 
the oxygen exposure regenerated essentially the 
same surface characteristics which the catalyst 
had before heating [23]. 

It must be recognized, though, that these 
deactivation studies all involved reactions which 
were run in the vapor phase while the activa- 
tion/deactivation observed in the pyruvate hy- 
drogenations were liquid phase reactions. It was 
decided, therefore, to re-examine the effect of 
oxygen on catalyst activity and enantioselectiv- 
ity in the hydrogenation of pyruvates and to 
utilize in this study our recent developments 
involving the analyses of the individual (R) and 
(S) lactate formation I: 11 to determine whether 
the changes in product ee were the result of any 
particular behavior in the formation of either the 
( R) or the (S) lactate. 

2. Experimental 

The experimental details of the reaction have 
been described [l]. The catalysts used were a 
commercial 5% Pt/Al,O,, JM-94 obtained from 
Johnson-Matthey, and a 4.9% Pt/SiO, which 
was prepared by ion exchange [26]. Samples of 
each of these catalysts were re-reduced in a 
stream of hydrogen at 350°C and then cooled 
under helium to room temperature. Ten mil- 
ligram samples of these freshly reduced cata- 
lysts were then transferred, in air, to a 25 mL 
Erlenmeyer flask which served as the reactor. 
After evacuation and filling with hydrogen sev- 
eral times, 15 mL of methyl acetate was added 
to the flask and the mixture stirred under a 
hydrogen atmosphere for 15 min with the tem- 
perature held at 25 + O.l”C. An aliquot of a 
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standard solution of purified dihydrocinchoni- 
dine in methyl acetate was then injected into the 
reactor through a septum and stirring under 
hydrogen continued for another 15 min. The 
amount of dihydrocinchonidine added corre- 
sponded to 0.4 mol of alkaloid per mole of Pt in 
the catalyst sample used. Ethyl pyruvate (0.25 
mL) was then added through a septum and the 
measurement of hydrogen consumption was be- 
gun using an automated apparatus [27]. Samples 
(0.05 mL) of the reaction mixture were ex- 
tracted after every 1.2 mL of hydrogen uptake 
(about 2% conversion) and analyzed by gas 
chromatography using a Chiraldex B-TA chiral 
column as previously described [2]. All compo- 
nents of the reaction mixture were completely 
separated under the conditions used. At higher 
conversions the samples were taken at longer 
intervals. 

The enantiomeric excess, ee, of each sample 
was calculated using the equation: 

%ee = ((R - S)/( R + S)) * 100. 

The initial rates were obtained using data from 
the first ten percent of the reaction. Zero order 
rate extrapolations were determined using a lin- 
ear regression through these points. First order 
extrapolations were calculated using the equa- 
tion, X = X,(1 - emmkr) with the constant, k. 
determined from plots of ln( X0 - X) versus 
time. 

The remainder of the reduced catalysts were 
stored in screw capped vials with samples used 
periodically for reactions run up to three weeks 
after the re-reduction. Other hydrogenations used 
samples of the catalysts which had not been 
subjected to the hydrogen re-reduction proce- 
dure. Some reactions used catalysts which had 
been heated and then used in the hydrogenation 
without exposure to air. This was accomplished 
by placing 10 mg of the catalyst into the reactor 
flask and then heating the flask and the catalyst 
to 350°C for two hours in an atmosphere of 
either pure hydrogen or pure helium. After cool- 
ing, 15 mL of pure, degassed, methyl acetate 
was carefully added to the catalyst through a 

septum and the reaction procedure continued as 
described above but using degassed solutions of 
dihydrocinchonidine and ethyl pyruvate. After 
running these reactions for two hours. 2 mL of 
air was injected into the reactor and the reaction 
monitored for an additional period of time. The 
methyl acetate and ethyl pyruvate were de- 
gassed by distillation under an argon atmo- 
sphere with all transfers made using a gas tight 
syringe. 

3. Results and discussion 

Methyl acetate was selected as the solvent for 
these hydrogenations for a number of reasons. 
As previously discussed [28,29], this solvent has 
a minimal interaction with the platinum so it 
would not interfere with the catalyst- 
modifier-substrate interactions. In addition, the 
possibility of hemiketal formation with the 
pyruvate is removed with this solvent. Further, 
no oxidation of the solvent can be expected to 
take place during the catalyst pretreatment. 

Two catalysts were chosen for this study. The 
4.9% Pt/SiO, was the catalyst used for our 
previous study [ 11 and the 5% Pt/Al,O,, JM-94, 
was the commercial catalyst used by other 
workers and found to give relatively high ee’s 
[29]. The different supports were used in order 
to eliminate the possibility that any conclusions 
drawn might be interpreted as being support 
specific [ 181. 

Fig. la shows the hydrogen uptake curves for 
ethyl pyruvate hydrogenations run over dihydro- 
cinchonidine modified 4.9% Pt/SiO, catalysts 
which were freshly re-reduced, re-reduced and 
stored in air for two days or used without 
re-reduction. As described in the experimental 
(Section 21, the freshly re-reduced catalyst was 
transferred, in air, from the tube in which the 
hydrogen treatment was run into the hydrogena- 
tion reactor. The hydrogenation run over this 
catalyst proceeded rapidly and was essentially 
completed after about 60 min. The hydrogena- 
tion run using the two-day old catalyst was 
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Fig. 1. (a) Hydrogen uptake curves for ethyl pyruvate hydrogenations run using dihydrocinchonidine modified 4.9% Pt/SiO, catalysts; (b) 
changes in product ee observed during the courses of these hydrogenations. 

somewhat slower while the non-rereduced cata- 
lyst was significantly less reactive with only 
about 50% conversion observed after about four 
hours. In line with published data [15], catalysts 
which had been stored in air for up to about 

three to four weeks showed almost the same 
activity and enantioselectivity as did the two-day 
old sample. 

Fig. lb shows the change in product ee ob- 
served as the reaction progressed. As previously 
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Fig. 2. Rates of formation of (RI and (S) lactates and the zero and first order extrapolation lines in the hydrogenation of ethyl pyruvate over 
dihydrocinchonidine modified 4.9% Pt/SiO, catalysts. (a) Freshly re-reduced catalyst; (b) two-day old re-reduced catalyst; (c) non-rere- 
duced catalyst. 
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shown, the highest ee was obtained with the 
freshly re-reduced catalyst with the two-day old 
material giving a somewhat lower value. The 
non-rereduced catalyst gave the lowest product 
ee. The arrows in Fig. lb indicate the point of 
about 15% conversion for each hydrogenation. 
Obviously, as the catalyst activity decreased the 
time to reach 15% conversion increased but in 
all three examples, the product ee rose signifi- 
cantly up to this point and then remained rela- 
tively constant at higher conversions. 

Fig. 2 shows the curves for the formation of 
the individual ( R) and (S) lactates for each of 
the three hydrogenations described in Fig. 1. 
Along with the experimental data for the forma- 
tion of the individual lactates there are also 
extrapolations of both the zero order and first 
order curves based on the initial lactate concen- 
tration data. With the two re-reduced catalysts 
the experimental curves for ( R) and (S) lactate 
formation lay between the zero order and first 
order extrapolations. With the freshly reduced 
catalyst it appears that (R) lactate production is 
closer to zero order than is observed with the 
two-day old material. When the non-rereduced 
catalyst was used, however, the lactate forma- 
tion curves were essentially first order. We have 
observed similar results when the 5% Pt/Al,O,, 
JM-94, was used in place of the 4.9% Pt/SiO,. 

Our previously proposed reaction mechanism 
is pictured in Scheme 1. When the experimental 
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data for the formation of the ( R) and (S) lac- 
tates lay between the first and zero order extrap- 
olations, it was concluded that the rate was 
probably determined by the speed of the hydro- 
gen transfer steps which are combined into kuCRj 

and k”(S) in Scheme 1. However, with the 
reaction run over the non-rereduced catalyst 
both the (R) and (S) lactate formation were 
essentially first order indicating that in the pres- 
ence of an oxidized platinum surface the forma- 
tion of both the Pre-S and the Pre-R intermedi- 
ates were rate determining. 

While these data did show some difference in 
the kinetic results for (R) and (S) lactate forma- 
tion between the data obtained using the re-re- 
duced catalysts and that which had not been 
re-reduced, there was no really significant dif- 
ference in reaction order for the formation of 
the (R) and (S) lactates in hydrogenations run 
over the freshly re-reduced catalyst and that 
which was two-days old. About all that can be 
said here is that these data agree with published 
results; the use of freshly reduced catalysts give 
higher product ee’s than is obtained when the 
catalyst has been exposed to air for times up to 
three to four weeks [ 151. 

There was still the matter concerning the 
nature of the effect which the presence of oxy- 
gen has on the activity and enantioselectivity of 
these re-reduced catalysts. To ascertain what 
might be occurring in the absence of oxygen, a 
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sample of the JM-94 catalyst was heated, in the 
hydrogenation reactor, under hydrogen at 350°C 
for two hours and then cooled to room tempera- 
ture in a hydrogen atmosphere. Degassed sol- 
vent, dihydrocinchonidine solution and ethyl 
pyruvate were then introduced into the reactor 
through a septum using a gas tight syringe so 
the catalyst had no exposure to oxygen after the 
re-reduction step. Curve (c) in Fig. 3 shows the 
rate of hydrogen uptake for this oxygen-free 
reaction. For comparison, the uptake curves ob- 
tained when the freshly reduced catalyst was 
used in the presence of dihydrocinchonidine 
(curve (a)) and without the alkaloid modifier 
(curve (b)) are also included in Fig. 3. It is 
obvious from these data that the rate of hydro- 
genation decreased significantly when the cata- 
lyst had no contact with oxygen after the re-re- 
duction period. The product ee also decreased 
from about 75% for the freshly reduced catalyst 
under the standard reaction conditions to about 
30% for the reaction run in the absence of 
oxygen. 

It has been proposed that the decrease in rate 
and product ee observed over catalysts which 
were not exposed to oxygen during the modifi- 
cation step was caused by a strong adsorption of 

the cinchonidine on the freshly reduced catalyst 
[5]. In support of this conclusion it was shown 
that oxygen apparently competes with the alka- 
loid for adsorption on the platinum surface and, 
thus, decreases the extent of cinchonidine ad- 
sorption [5,17]. However, curve (d) in Fig. 3 
shows that the rate of hydrogen uptake for an 
oxygen-free hydrogenation run without the in- 
troduction of cinchonidine was almost identical 
with that run in the presence of the alkaloid. 
These data do not support the premise that the 
catalyst deactivation was the result of a strong 
adsorption of the alkaloid since if that were the 
case the hydrogenation run in the absence of 
cinchonidine should proceed at a faster rate, 
something which was not observed. 

As mentioned in the Introduction, some deac- 
tivation has been reported for platinum catalysts 
which were heated in helium and then used for 
the vapor phase hydrogenation of butene [23]. 
Interestingly, catalyst activity and selectivity 
were restored on exposure of the catalyst to 
oxygen [23]. These data show that the re-reduc- 
tion of the surface was not a necessary factor in 
the loss of activity when these catalysts are 
heated but that oxygen is still needed to regen- 
erate the active species. To see if this deactiva- 

2.5 a 0 Freshly Reduced JM 94 
with Cinchonidine 

b ?? Freshly Reduced JM94 
without Cinchonidine 

c v JM 94 H, 350% 

no Oxygen 
with Cinchonidine 

d . JM 94 H, 35O’C 
no Oxygen 
without Cinchonidine 

e 0 JM94He35OT 
no Oxygen 
with Cinchonidine 

0 50 100 150 

Time (minutes) 

Fig. 3. Hydrogen uptake curves for ethyl pyruvate hydrogenations run using dihydrocinchonidine modified 5% Pt/Al,O, (JM 94) catalysts. 
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Fig. 4. (a) Hydrogen uptake curve for an ethyl pyruvate hydrogenation run using a dihydrocinchonidine modified 5% Pt/Al,O, (JM 94) 
catalyst which had been heated in hydrogen at 350°C for two hours and used without exposure to any oxygen; (b) rates of (R) and (S) 
lactate formation and variation in product ee during the course of this hydrogenation. The vertical dashed line indicates the time when 2 mL 
of air was injected into the reaction mixture. 

tion could also be observed in the present hy- 
drogenation, a sample of the JM-94 catalyst was 
placed in the reactor flask and heated to 350°C 
in an atmosphere of pure helium for two hours. 
After cooling under vacuum, the reactor was 
filled with hydrogen and the degassed solvent, 

dihydrocinchonidine solution and ethyl pyruvate 
were added through a septum using a gas-tight 
syringe, and the rate of hydrogen uptake 
recorded as shown by curve (e) in Fig. 3. Here 
the rate was somewhat lower than that shown 
by curves (c) and (d) but the product ee was the 
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Fig. 5. (a) Hydrogen uptake curve for an ethyl pyruvate hydrogenation run using a dihydrocinchonidine modified 5% Pt/Al,O, (JM 94) 
catalyst which had been heated in helium at 350°C for two hours and used without exposure to any oxygen: (b) rates of (R) and (S) lactate 
formation and variation in product ee during the course of this hydrogenation. The vertical dashed line indicates the time when 2 mL of air 
was injected into the reaction mixture. 
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same as that obtained with the reaction de- 
scribed by curve (c). 

Previous work has shown that these heat 
deactivated catalysts could be restored to their 
original activity and selectivity by exposure to 
oxygen [23]. This was done by either exposing 
the heated catalyst to a stream of oxygen for an 
hour or by storing the catalyst in air for a day or 
two. Neither of these procedures appeared to be 
applicable in the present instance. Instead, it 
was decided to add air to the hydrogenation 
mixture after it had been running for some time. 
In this way it was felt that a more direct com- 
parison between the oxygen free system and 
that to which some air had been added would be 
obtained. Fig. 4a shows the rate of hydrogen 
uptake for the reaction run using a catalyst 
which had been heated in an atmosphere of 
hydrogen. The first segment of this curve is 
curve (c) in Fig. 3. However, after the reaction 
had been run for two hours, two milliliters of air 
were injected into the system and, as shown by 
the data in Fig. 4a, the rate of hydrogen uptake 
increased significantly. Fig. 4b shows the effect 
of added air on the product ee as well as on the 
rates of formation of the individual (R) and (S) 
lactates. These data establish that the product ee 
had leveled initially at about 30% but on addi- 
tion of the oxygen the ee increased to about 
40%. It appears from the individual lactate for- 
mation data that this increase is caused primar- 
ily by a significant increase in (R) lactate pro- 
duction. 

Fig. 5 shows similar data obtained using the 
catalyst which had been deactivated by heating 
in helium. Here, too, a significant increase in 
rate was observed when air was introduced into 
the reaction mixture. This rate increase was 
accompanied by an increase in product ee from 
about 30% to about 38%, apparently brought 
about by an increase in (R) lactate formation. 
The same behaviour was observed on heating a 
sample of the 4.9% Pt/SiO, catalyst in either 
hydrogen or helium. 

The amount of air added to these reaction 
mixtures was arbitrarily selected and no attempt 

was made to maximize catalyst reactivation. It 
was apparent from these results, though, that the 
heat deactivated catalysts did have some activity 
restored on exposure to oxygen and that, in this 
way, they behaved in a manner similar to that 
observed for the heat deactivated catalysts used 
in vapor phase reactions [23]. Since the deacti- 
vation was shown to be caused primarily by the 
heat treatment and not by the presence of either 
hydrogen or cinchonidine, it would seem that 
the previously suggested explanation of the de- 
activation and reactivation by oxygen would 
apply here as well [23]. In effect, it was pro- 
posed that on heating, the platinum particles are 
transformed into entities which do not have the 
proper orientation of the surface atoms to pro- 
mote the adsorption of the reactants. In other 
words, the active sites, while retaining their 
overall geometries, are transformed into atomic 
arrangements on which adsorption is not readily 
accomplished. However, interaction of the plat- 
inum with oxygen apparently causes a restruc- 
turing of the surface so the original adsorption 
properties are restored. 

4. Conclusions 

The data presented here are in agreement 
with previous reports concerning the enhanced 
activity and enantioselectivity of freshly re-re- 
duced catalysts when used for the chiral hydro- 
genation of a-ketoesters. A decrease in product 
ee was observed with reactions run using a 
freshly re-reduced catalyst, one that was ex- 
posed to air for two days after re-reduction or 
one that was not re-reduced. 

Catalyst deactivation was observed on heat- 
ing the platinum catalyst in either hydrogen or 
helium at 350°C for two hours and then using it 
without exposure to any oxygen. The presence 
or absence of cinchonidine had no effect on the 
rates of pyruvate hydrogenations run using these 
catalysts. When cinchonidine was present, the 
product ee’s from these oxygen-free reactions 
were only about one-third that obtained using a 
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freshly re-reduced catalyst which had been 
briefly exposed to air. These data establish that 
the deactivation of the catalyst was not caused 
by a strong adsorption of the alkaloid on the 
platinum surface. The activity and enantioselec- 
tivy of these catalysts were increased on addi- 
tion of air to the reaction mixture. The reported 
enhanced activity and enantioselectivity shown 
by freshly re-reduced catalysts depends, then, 
not only on the re-reduction step but also on a 
brief exposure of this catalyst to air. It appears 
from published experimental details that the 
oxygen present in the solvent used in the hydro- 
genation is probably sufficient for this purpose. 
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