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Stereoselective Thymol Hydrogenation

I. Kinetics of Thymol Hydrogenation on Charcoal-Supported Platinum Catalysts
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The kinetics of thymol hydrogenation on a well-characterized supported platinum catalyst have
been investigated in cyclohexane at temperatures between 313 and 373 K and under 3 MPa of
hydrogen pressure. The relative rate constants of the different reaction pathways (hydrogenation
via menthone or isomenthone, and direct hydrogenation to the four menthol diastereoisomers)
were determined from the changes in composition of the reaction medium during the reaction
process. It has been shown that hydrogenation via the menthone intermediates is the major route,
the formation of the cis isomer (isomenthone) being favoured. The configuration of the menthols,
produced from direct hydrogenation or from the ketone intermediates, is controlled by the geome-
try of adsorption of the precursors on the metal surface, so that neoisomenthol with all substituents

in the cis position is by far the most abundant stereoisomer produced.

INTRODUCTION

A few years ago, Bartok (/) pointed out
that the stereochemical approach in hetero-
geneous catalysis was spreading slowly and
was directed more to the acquisition of
qualitative information than to fundamental
studies involving a complete kinetic analy-
sis of the reaction data. These remarks are
relevant as far as the sterecoselectivity in the
hydrogenation of substituted phenols is
concerned. A detailed kinetic analysis of
cresol hydrogenation has been carried out
(2—4), but similar studies are still lacking for
other alkylphenols. Thymol hydrogenation
has been studied in detail because of its im-
portance for the preparation of menthol.
Although several studies have been de-
voted to improve the selectivity to (x)
-menthol (5-8), thymol hydrogenation al-
ways leads to a mixture of four diaste-
reoisomers so that the industrial processes
(9, 10) for the conversion of thymol to men-
thol rely on multistep separation and recy-
cling operations. Note that an industrial
enantioselective synthesis of (—)-menthol
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has been recently designed starting from
myrcene, where the key step is the enan-
tioselective isomerization of geranyldieth-
ylamine into (+)-citronellal enamine on an
asymmetric rhodium-BINAP catalyst (//).
The reduction of menthone-isomenthone
mixtures has also been studied in the pres-
ence of commercial noble catalysts (12, 13)
and of nickel or cobalt catalysts (/4).

We have started a series of investigations
to find out how much and why the stereose-
lectivity in thymol hydrogenation is af-
fected by the nature of the metal, the mor-
phology of the metal particles, the presence
of modifiers, and the nature of the solvent.
In this first paper, a Kinetic study of thymol
hydrogenation has been carried out on a
well-characterized platinum catalyst to
evaluate the importance of the different re-
action pathways. All the reactions were
conducted in cyclohexane, an aprotic and
nonpolar solvent, to minimize solvent ef-
fect.

EXPERIMENTAL
Catalysts

The catalysts were prepared by ion-ex-
change of an active charcoal (CECA 50 S,
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1400 m? g=Y) (15, 16). The support was
washed with hot hydrochloric acid to elimi-
nate mineral impurities. It was then func-
tionalized by oxidation with sodium hypo-
chlorite solution (3.5% active chlorine) at
room temperature. The ion-exchange was
performed by stirring the support under N,
for 15 h in an ammoniacal solution of
[Pt{NH3)4]Cl, (Johnson & Matthey) to a
nominal weight loading of 2—-7.5%. The sus-
pension was filtered, washed with water un-
til neutrality, and dried overnight in an N,
atmosphere at 373 K. The reduction was
carried out under flowing hydrogen (gas
flow rate 0.25 liter min~') by heating at 1 K
min~' from 298 to 573 K, maintaining this
temperature for 2 h and cooling to room
temperature in the hydrogen stream. The
composition of the catalysts was deter-
mined by chemical analysis. The size of the
metal particles and their distribution in the
grains of the microporous active charcoal
were determined by transmission electron
microscopy (TEM) with a JEOL 100 CX
- microscope. Thin sections were cut with an
ultramicrotome to check whether the metal
particles were distributed throughout the
active charcoal grain.

Hydrogenation Procedure

The liquid-phase hydrogenations of thy-
mol were performed in a 0.3]1 autoclave
with a magnetic stirrer, using 0.05 mol of
thymol and =~0.6 x 1073 mol% platinum rel-
ative to the thymol reactant. The catalyst
was loaded in the autoclave with 90 ml cy-
clohexane. After sealing, the autoclave was
purged several times with helium, then with
hydrogen before setting the required hydro-
gen pressure. The catalyst was activated by
stirring under 3 MPa H, pressure at the
temperature of the reaction for 2 h. The
thymol reactant, dissolved in 30 ml cyclo-
hexane, was heated at the same tempera-
ture and introduced into the reaction under
H, pressure. During the run, the hydrogen
pressure was kept constant by continuous
feeding from a high-pressure reservoir.
Samples of the reaction medium were taken

CHMe,
NiML

FI1G. 1. Products from thymol hydrogenation.

periodically for analysis by gas chromatog-
raphy (DB WAX, J & W column, 30 m x
0.32 mm; film thickness 0.25 wm). This
column, by choosing the appropriate tem-
perature program, gives a good separation
of cis- and trans-p-menthane (¢-M and
t-M), menthone (MN), isomenthone (IMN),
neomenthol (NML), neoisomenthol
(NIML), menthol (ML), isomenthol (IML),
and thymol (TH) (Fig. 1).

The initial rates of hydrogenation were
obtained from the initial slope of the curves
giving the thymol concentration as a func-
tion of time.

RESULTS AND DISCUSSION
1. Characterization of Catalysts

Catalysts of composition x wt% Pt/C,
(x = 2.63, 4.18, 6.0, and 7.5) were prepared
by ion-exchange. Figure 2 shows a TEM
view of a Pt/C catalyst after reduction at
573 K. All the particles are in the size range
1-2 nm and are homogeneously dispersed
in the grains of the active charcoal, as pre-
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Fi1G. 2. TEM view through an ultramicrotome section of a Pt/C catalyst.

viously found for this type of preparation
(16).

2. Preliminary Studies

In the stirred slurry tank reactor used for
thymol hydrogenation, the hydrogen has to
be transferred from the gas to the liquid
phase and then to the catalyst surface on
which the reaction takes place. A number
of parameters such as speed of agitation
and catalyst loading were varied to verify
the absence of external diffusion limita-
tions.

It was shown that the hydrogenation rate
was independent of the stirring speed of the
mixture above 700 rpm, which implies the
absence of catalyst agglomeration and of
gas-to-liquid mass transfer limitation. The
hydrogenation experiments were therefore
carried out at =1000 rpm.

In the kinetic regime, the rate of a cata-
lytic reaction is proportional to the number
of catalytic sites and thus to the total metal
surface area. To check this proportionality,
the surface area of the metal was varied
first by increasing the quantity of the 4.18%

Pt/C catalyst from 0.1 to 0.25 g and second
by using 0.15 g of catalyst with different
amounts of metal (2.6 to 7.5%). As previ-
ously mentioned, the platinum is always
distributed homogeneously within the char-
coal particles and the particle sizes are
practically the same in the different cata-
lysts. Figure 3 shows that there is a linear
relationship between the rate of reaction
and both the catalyst loading (curve a) and
the metal content (curve b), which is an in-
dication of the absence of external diffu-
sional effects. However, these experiments
do not rule out the presence of diffusional
effects in the micropores where the metal
particles are located. The fact that the
curves in Figs. 3a and 3b give a positive
intercept on the x-axis tends to prove that a
small fraction of the metal is poisoned by
impurities in the organic reactant or in the
solvent.

3. Product Distribution vs Conversion
and Temperature

The hydrogenation of thymol was per-
formed between 313 and 373 K using 0.150
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FiG. 3. Rate of reaction (Py, = 3 MPa, T = 333 K):
(a) as a function of catalyst loading (4.18% Pt/C cata-
lyst), and (b) as a function of metal content of the
catalyst.

g of the 4.18% Pt/C catalyst. The time de-
pendence of thymol conversion and prod-
uct formation is shown in Figs. 4a and 4b
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for two temperatures. At the initial stage of
the reaction, a rapid hydrogen consumption
is observed; simultaneously, the concentra-
tion of thymol decreases while cyclohexa-
nones (IMN and MN) together with cyclo-
hexanols (NIML, NML, ML, and IML) are
formed. The thymol concentration then be-
gins to decrease at a lower pace, while the
yields of IMN and MN exhibit a maximum.
The concentrations of the products of the
menthol series increase until all thymol,
IMN, and MN are hydrogenated. Some hy-
drogenolysis also occurs leading to the
formation of cis- and trans-p-menthanes.
These results are better expressed in terms
of the product yields vs percent hydrogena-
tion based on H, uptake corresponding to
complete reduction, i.e., three molar equiv-
alents per molecule (Figs. 5a and 5b).

At higher reaction temperatures, the
maximum yields of IMN and MN increase
and occur at a higher degree of conversion
of thymol. For instance, at 313 K, the maxi-
mum of IMN vyield attains 15% at 45% thy-
mol conversion, but at 373 K its value rises
to 45% and occurs at 92.5% conversion.

Whatever the temperature, IMN, where
the methyl and isopropyl groups are located
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F1G. 4. Product distribution vs time at different reaction temperatures (hydrogenolysis products not

represented): (a) 313 K and (b) 373 K.



34

100
TH a
20 1
60 -
£ A
c
8
2 NIM
g o
o
<
20 1 NML
IMN -l
e Sl ML
/f = - =TT (ML
0+ , = . .
0 20 40 60 80 100

% H2 consumed

BESSON ET AL.

100
TH b
m-
60 -
NIML /
a0 IMN__ -2~ /
VA
Pid ¢ NM
e N
20 e .
- MN, -~ X7 °
o7 e LN
P M A
o 0N
OJ/ T T * T T g
0 20 40 60 a0 100

% H2 consumed

F1G. 5. Product distribution vs percentage of hydrogen consumption at different temperatures (hy-
drogenolysis products not represented): (a) 313 K and (b) 373 K.

in the cis position, is produced preferen-
tially to MN; the initial selectivities (ob-
tained from the initial slopes of the curves
giving product yields as a function of con-
version) are =50% and =20%, respec-
tively. The curves giving the product distri-
bution as a function of time (Figs. 4a and
4b) and as a function of conversion (Figs.
Sa and Sb) also indicate that the different
menthol isomers are detected in the reac-
tion medium as soon as hydrogenation
starts; the menthol isomers are produced
with initial selectivities NIML = 15, NML
~ 9, ML = 5, and IML = 1%. Thus, they
are not formed exclusively via the hydroge-
nation of the menthones. However, the ini-
tial rates of formation of the menthones,
especially of IMN, are much higher than
those of the menthols, which suggests that
the main reaction pathway involves the in-
termediate formation of menthones. A simi-
lar reaction scheme involving two reaction
paths was also suggested by Takagi (4) to
account for the hydrogenation of isomeric
cresols over platinum-metal catalysts. On
the other hand, Coussemant and Jungers
(I7) hydrogenated phenol in the liquid
phase with a Raney nickel catalyst, and

concluded from the analysis of the reaction
kinetics that the hydrogenation proceeds
exclusively via cyclohexanone.

After complete hydrogenation (of thymol
and of the menthones), the menthol isomers
coming from isomenthone are the major
isomers; the stereoisomeric composition of
the alcohols produced follows the series:
NIML > NML > ML > IML. However,
this series is slightly temperature depen-
dent: any increase in temperature results in
a slight decrease in the NIML yield, in fa-
vour of the other isomers, as shown in
Table 1.

TABLE 1

Product Yields and Effect of Temperature

Composition of menthols (%)°

Temperature e
(K) NIML NML ML IML
313 63.85 24.6 9.15 2.4
333 63.55 24.05 9.9 2.5
353 59.7 26.05 14 2.8
373 51.9 29.0 15.6 35

< At 100% H, consumed.
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FIG. 6. Ratio of *'menthone-type’’ products to “‘iso-
menthone-type’’ products vs percentage of hydrogen
consumption.

To interpret the changes in product dis-
tribution with temperature, we first
checked that they cannot be due to an isom-
erization of the different menthols. Figure
3b shows that even at 373 K under hydro-
genating conditions, the distribution of the
hydrogenated products does not change.
We then checked, by hydrogenating a mix-
ture of 70% MN and 30% IMN, that the
corresponding alcohols were obtained in
the same ratio, namely, MN gave exclu-
sively ML and NML., while IMN gave IML
and NIML. A close inspection of the prod-
uct distribution as a function of the conver-
sion and of the reaction temperature shows
that the selectivity changes only at high
conversion and above 333 K. Thus Fig. 6
indicates that the ratio

(MN + ML + NML + -M)/(IMN + IML
+ NIML + ¢-M)

remains constant during the whole run at
low temperatures but increases at higher
temperatures (353-373 K) and when ca.
80% of the H; has been consumed, i.e., by
reference to Fig. 3b, when nearly all the
thymol has been hydrogenated. The change
in product distribution could be attributed
to an epimerization of IMN into the ther-
modynamically more stable MN above 333
K and when the metal surface is almost
completely free from adsorbed thymol mol-
ecules.

The menthol isomer distribution changes
as the reaction proceeds, as shown by the
curves giving the ML/(NML + ML) and
IML/(NIML + IML) ratios as a function of
the hydrogen consumption (Fig. 7). There
is an increase in the formation of isomers
with the ‘*neo’’ configuration in the course
of the hydrogenation. This change can be
explained if we assume a different ste-
reoisomeric composition of the menthols
depending on whether they are produced
directly from thymol or from the men-
thones. This hypothesis is supported by the
results of Takagi (4), who found that a
higher proportion of cis alcohol was pro-
duced from methylcyclohexanone than
from cresol under the same reaction condi-
tions. Consequently the higher proportion
of cis isomer formed as the reaction pro-
ceeds is due to a higher proportion of alco-
hol produced via the ketone.

4. Analysis of the Reaction Kinetics

The reaction data have been interpreted
using a kinetic analysis with a formalism
similar to that used by Cathala and Germain
(18). The different reaction pathways are
described in the simplified scheme given in
Fig. 8. Hydrogenolysis products formed in
small amounts are not considered. Also,
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F16. 7. Relative concentration of trans alcohols ML./
(ML + NML) (upper series of curves) and IML/(IML
+ NIML) (lower series of curves) as a function of
hydrogen consumption.
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FiG. 8. Thymol hydrogenation scheme.

this scheme does not take into account all
the possible intermediate species formed
transiently along the various pathways,
such as unsaturated alcohols possibly
formed in reactions 1, 2, 7, 8, 9, and 10
which would hydrogenate very rapidly.
Reactions 7, 8, 9, and 10 account for the
formation of the menthol isomers via the
direct route while reactions 1, 2, and then 3,
4, 5, and 6 reflect the intermediate forma-
tion of menthones. Reaction 11 corre-
sponds to the epimerization of IMN into
MN. As discussed previously, this isomeri-
zation occurs only after thymol has been
almost completely converted, so it can be
neglected, since the kinetic analysis relies
only on the reaction data obtained in the
region where less than 75% of hydrogen has
been consumed. Furthermore, it will be as-
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sumed that the alcohols formed at the very
first stage of the hydrogenation do not con-
tain any alcohol formed via the ketone in-
termediates.

Considering pseudo-first-order kinetics
with respect to each organic reactant, a sys-
tem of differential equations independent of
time can be obtained. From the initial con-
ditions and from the positions of the max-
ima of MN and IMN, a set of relative
values of the different rate constants
(pseudo-first-order constants) has been cal-
culated (see the Appendix). Moreover, the
apparent activation energy for hydrogena-
tion of thymol obtained from the Arrhenius
plot is found to be 63.5 kJ mol~!. This acti-
vation energy corresponds to the disap-
pearance of thymol, represented by the rate
constant £ = k| + k2 + k'/ + kg + kg + klO-
The relative values of k at the different tem-
peratures may then be calculated by the Ar-
rhenius relation setting arbitrarily & = 1 at
313 K (see the Appendix). The relative val-
ues of the rate constants k; are then deter-
mined; they are given in Table 2.

The probability of the different reaction
pathways can be evaluated from a compari-
son of the relative rate constants. Thus, the
proportion of thymol which is hydrogen-
ated to MN and IMN is (k; + k)/k = 0.73.
This proportion can be tentatively inter-
preted by the following reaction mecha-
nism. Let us consider, as Siegel et al. did in
the case of the hydrogenation of isomeric
xylenes (19, 20) and as Takagi did in the
case of cresol (4), that thymol reduction
proceeds stepwise via olefinic intermedi-

TABLE 2

Relative Rate Constants for the Different Reaction Pathways

T(K) ki ks kA ks
313 0.21 0.52 042 1.66
333 0.86 2.1 1.0t 3.96
353 3.13 7.89 1.26  3.25
373

10.33 2485

1.90 3.29

of Hydrogenation of Thymol

ks

ks ke ks Ky ko
003 170 0.05 0.09 00t 0.14
0.12 325 021 039 0.06 0.65
0.13 352 0.6 131 023 219
0.14 6.96

370 239 447 0.74
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FiG. 9. Tentative scheme for the hydrogenation of
thymol to menthols via di- and tetra-hydro intermedi-
ates.

ates, with possible desorption and subse-
quent readsorption and hydrogenation. Let
us also assume that all dihydrophenols are
formed with equal probability and that satu-
rated ketones will be formed only by hydro-
genation of unsaturated ones and by isom-
erization of enols. These assumptions lead
to the reaction scheme given in Fig. 9. It
implies that six out of nine isomers, i.e.,
67%, will be hydrogenated via a ketone in-
termediate by path [. Thus this reaction
scheme leads to a proportion of thymol hy-

drogenated via a ketone intermediate very
close to the value of 73% given by the ki-
netic analysis.

The stereoselectivity of thymol hydroge-
nation can be evaluated from a detailed in-
spection of the relative rate constants. A
higher selectivity to the isomers where all
substituents are in the cis position is always
obtained. Thus considering the conversion
via the menthones, the fraction of thymol
converted to IMN, the cis isomer of the
menthones, is given by the ratio ky/(k; + k»)
= (.71. More generally the stereoselectiv-
ity to products with the ‘‘neo’ configura-
tion where the OH and isopropyl groups are
in the cis position is favoured. Thus the
fraction of IMN subsequently converted to
NIML is as high as ke/(ke + ks) = 0.96, and
the fraction of MN converted to NML is &,/
(ky + ki) = 0.8. Moreover, as far as the
direct conversion of thymol to menthols is
considered, there is also a good stereose-
lectivity to menthol isomers with the cis
configuration; thus thymol hydrogenated
via the direct route (path 2 in Fig. 9) gives
48 and 31% of NIML and NML isomers,
respectively. However, the comparison of
ky and k> with k;—k,q shows that thymol hy-
drogenation via menthone intermediates is
by far the most probable route.

The large amounts of cis products ob-
tained can be interpreted simply in terms of
steric effects on the catalysts surface. Due
to steric hindrance, the aromatic ring ad-
sorbs parallel to the metal surface, with its
side chains tending to keep away from the
surface. The unsaturated ketones or their
enols formed on partial hydrogenation of
thymol (path 1, Fig. 9) are converted to
menthones on further reduction, with for-
mation of mainly the cis isomer, i.e., IMN.
When isomenthone in the chair configura-
tion approaches the surface, it will tend to
adsorb on the surface via the carbonyl
group because of a haptophilic effect (21),
i.e., an interaction between the oxygen
atom and surface metal atoms. The adsorp-
tion takes place more easily in the least hin-
dered situation, i.e., with the two substit-
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F1G. 10. Steric constraints in adsorption and hydrogenation of isomenthone.

uents away from the surface (intermediate
(a), Fig. 10).

The cis addition of hydrogen on this pre-
ferred adsorbed intermediate yields more
probably NIML. A similar explanation may
be given for the reduction of menthone
which gives a selectivity of 809% to NML,
but due to the equatorial position of the
methyl group, the steric interactions are
less stringent. In the case of the direct hy-
drogenation of thymol to menthols (path 2,
Fig. 9) we observe that the various unsatu-
rated alcohols formed are further hydrogen-
ated to cis and trans isomers, the cis isomer
being again the most abundant.

The values of the rate constants corre-
sponding to the reactions from menthones
(ks, kq. ks, k¢) increase much less rapidly
with temperature than all the other rate
constants (Table 2). This is due to a lower
value of the apparent activation energy for
the hydrogenation of MN and IMN than for
the hydrogenation of thymol. Therefore on
increasing the temperature, MN and IMN
are formed at a higher rate than they are
hydrogenated; they accumulate in the me-
dium and they are totally hydrogenated
only after complete disappearance of thy-
mol. Similarly, the apparent activation en-
ergy for the hydrogenation of 4-methylcy-
clohexanone on a platinum catalyst was

found to be lower than that for the hydroge-
nation of p-cresol (4).

5. Hydrogenolysis Reactions

The hydrogenolysis reactions to para-
menthanes occurred to a greater extent at
lower temperatures, attaining 10.25% at 313
K compared to 2.8% at 373 K. These ter-
penes are formed as long as thymol is
present in the reaction medium but their
yield remains constant after total conver-
sion of thymol, as shown in Fig. 11.

These results mean that hydrogenolysis
takes place probably via allyl-type alcohols

% menthane
-

0 + +
[} 20 40 60 a0 100
% H2 consumed

F1G. 11. Hydrogenolysis products vs hydrogen con-
sumption and thymol conversion (100% conversion of
thymol given by the vertical arrow).
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during the transformation of thymol to the
menthones and that menthones are hydro-
genated without hydrogenolysis. The yield
of hydrogenolysis products is lower at high
temperature, although the contrary is ex-
pected since the rates of hydrogenolysis re-
actions increase with temperature. The
higher yield at low temperature is due to the
prolonged contact time of thymol with the
catalyst, e.g., Fig. 4 shows that the contact
time is 10 times longer at 373 K than at
313 K.

CONCLUSION

This study is the first attempt to analyze
in detail the different reaction pathways of
thymol hydrogenation into the four menthol
diastereoisomers. From a kinetic analysis
of the reaction data at different tempera-
tures on a well-characterized Pt catalyst it
was possible to establish the relative proba-
bilities of the hydrogenation routes and
thus the stereoselectivity. It is shown that
the hydrogenation via ketone intermediates
is the preferred route (73%) and that the
formation of c¢is isomers is highly favoured.
Thus the hydrogenation via the ketones
gives 71% of isomenthone which is subse-
quently hydrogenated with a 96% selectiv-
ity to neoisomenthol. The direct route gives
48% of the latter, where all the substituent
groups are in cis position. Although the cis
isomers of menthones and menthols are not
the thermodynamically more stable ste-
reoisomers, they are formed at compara-
tively low reaction temperatures because of
a stereoselective control by the catalyst.

Indeed, because the thymol molecule is
adsorbed with the aromatic ring parallel to
the metal surface, the substituent groups
tend to keep away from the surface and
take a cis position upon hydrogenation of
the aromatic ring. This mechanism favours
the direct formation of neoisomenthol and
of isomenthone.

Thus the stereoselective control exerted
by the platinum surface disfavours the for-
mation of menthol, which is a target mole-

cule from a mere industrial standpoint.
Studies are now in progress to design cata-
lysts leading to a different stereoselectivity.

APPENDIX

In an isothermal stirred batch reactor, for
a constant volume of reaction mixture and
at constant hydrogen pressure, the follow-
ing system of differential equations can be
written for the different reaction pathways
described in the scheme given Fig. 8:

dC/dt = k[100 — C] (nH
dYMN/dt = k|[100 - C] - (k} + k4) YMN

(2)
dY,un/dt = ko[100 — C] ~ (ks + ko) Yimn
(3)
dYML/dt = k7[]00 - C] + k3 YMN (4)

dYNML/dt = kg[lOO - C] + k4 YMN
dY]ML/dt = k9[100 - C] + k5 YIMN (6)
dYN]ML/dt = k]o[lOO - C] + k(, Y[MN- (7)

Herek=k, +k:+k7+kg+k9+km,
Y x(%) is the yield in product X, and C(%) is
the conversion of thymol.

After combination with Eq. (1), Eq. (2)
may be expressed as

dYMN/dC = k]/k - (k3 + k4)/k
X Yun/[100 — C].

(5)

(2°)

The other equations independent of time
(3) to (7) may be obtained similarly. Taking
into account the initial conditions (Yyn =
Y mn = 0), and the maxima of MN and IMN
(dYun/dC = dYun/dC = 0), the values of
ki’k can be determined graphically.

The values of k at the different tempera-
tures are calculated by the Arrhenius rela-
tion, knowing that the apparent activation
energy for hydrogenation of thymol was
found to be 63.5 kJ mol~! and setting k = 1
at 313 K.
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