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The conversion of dl-menthol and that of l-menthol have been measured by a rectangular
duct-type reactor containing a liquid metal catalyst (Tl or In; the surface area is about 20 em?).
The experimental result has shown that the total conversion of dl-menthol is higher than that
of I-menthol. In order to explain this unusual result, the following reaction scheme has been
assumed :

menthol + menthone

-H, + menthol
menthol —————— menthone

neomenthci + menthone
_Hz

menthone.

With the aid of stereochemistry and molecular interaction models, comparisons among the
rate constants for the elementary steps have been carried out. It has been shown that the
transfer hydrogenation step proceeds faster in the dl-menthol system than in the I-menthol
system and, consequently, that the difference in the total conversion of the menthol isomers

becomes observable.

INTRODUCTION

Although many aspects of the reaction of
an aleohol over a liquid metal catalyst have
been revealed (I1-10), the stereochemical
aspect of the catalysis has not yet been
clarified. Recently, the present authors (11)
have revealed that various terpene aleohols
can be selectively dehydrogenated by a
liquid metal catalyst. This finding has
prompted the authors to study the reaction
of optically active terpene alcohols over a
liquid metal catalyst.

This paper reports the results of a stereo-
chemical investigation on the reaction of
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menthol over a liquid metal catalyst. The
experimental data show that di-menthol
reacts faster than l-menthol. This result
seemingly contradicts the stereochemical
principle, which states that optical isomers
of a compound should have an identical
reactivity. Thus, a plausible explanation
for the experimental result is given in the
discussion section.

EXPERIMENTAL

Materials. Indium (99.999%,) and thal-
lium (99.9999,) obtained commercially
were used as catalysts. I-Menthol of 989,
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purity and dl-menthol of 999, purity were
obtained commereially and were used as
reactants without further purifications.
p-Cymene of 979, purity was commereially
obtained to use as a solvent of menthol.

Procedures. The reaction was carried out
in an apparatus equipped with a rectangular
duct-type reactor. Since the advantages of
the use of a rectangular duct reactor have
been reported in the previous paper (5),
only the dimensions of the reactor used in
the present work are shown in Fig. 1. The
geometrical surface area of the liquid metal
catalyst contained in this reactor is about
20 cm?.

In the activity measurement, a mixed
solution of menthol and p-cymene (men-
thol/p-cymene = 0.15 in mole ratio) was
supplied (0.004 mole/hr) from a micro-
feeder into the reaction apparatus. The
solution was heated in the preheating
region, and the evaporated menthol and
p-cymene were led to the reaction zone,
where menthol was subjected to the catal-
ysis of a liquid metal. The effluent vapor
from the reactor was cooled to separate
condensable products from gaseous prod-
ucts. Finally, both gaseous products and
liquid products were analyzed by means of

199

a temperature-raising  gaschromatograph
(Hitachi Model 163; column = PEG-20M,
3 m; carricr gas = nitrogen; temperature
= 60-180°C ; programmed rate of tempera-
ture raising = 5°C/min; detector = FID).

RESULTS

The experimental results given in Table 1
show that the menthone yield from dl-
menthol was larger than that from [-men-
thol. This fact deserves special mention.
According to the sterecochemistry, the
reactivities of two optical isomers of a com-
pound should be identical to each other,
and hence, the reactivity of di-menthol
should be identical to that of [-menthol.
Thus, the question of whether the experi-
mental result mentioned above conforms to
the stereochemical principle was raised.
Initially, the present authors doubted if
the experiment had been carried out
adequately. Hence, the effect of solvent,
the purity of reagent, and the reproduci-
bility of the experimental result were
checked carefully. However, no fault that
might have yielded wrong data was found.
Accordingly, the experimental result was
accepted as a manifestation of the charac-
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F1a. 1. Horizontal and vertical cross sections of the rectangular duct reactor used in the present

work.
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TABLE 1
Results of Reaction of I-Menthol and di-Menthol on Liquid Metal Catalysts

Catalyst Reaction {-Menthol dl-Menthol
temperature
°C) Conversion Conversion Conversion Conversion
to menthone to neomenthol to menthone to neomenthol
(mole%,) (mole%,) (mole%,) (mole?%,)

In 445 4.4 0.3 3.8 0.5
476 6.0 0.6 12.9 2.5
498 9.6 1.3 18.1 44
523 19.8 5.0 27.0e 7.5

Tl 440 3.7 0.4 5.3 0.8
479 10.5 2.2 13.8 3.3
500 13.8 2.8 19.2 5.7
524 21.2 4.9 26.9 8.2

2 At 530°C.

teristies of the reaction which had taken
place on the liquid metal catalyst.

The data given in Table 1 again show
that the yield of neomenthol from dI-
menthol is higher than that from l-menthol.
This fact indicates that a certain side
reaction took place in addition to the main
reaction which produced menthone. As can
be seen in the following discussion, this
information makes an essential contribution
to the understanding of the reaction
mechanism.

DISCUSSION
Reaction Scheme

The higher rate of formation of menthone
from dl-menthol than from l-menthol can-
not be explained in terms of a simple de-
hydrogenation mechanism. If we assume
that the overall reaction consists of only
one elementary reaction

menthol — menthone + H,, (1)

the conversion of dl-menthol should be
identical to the conversion of [-menthol. On
the other hand, if the overall reaction con-
sists of several elementary steps, the con-
version of dl-menthol may have a value
different from that for I-menthol. Of course,

the composite overall reaction must produce
menthone as the main product.

It is probable that a transfer hydrogena-
tion step,

menthone + menthol —
menthol + menthone, (2)

follows the dehydrogenation step (1). It
must be remembered that the liquid metal
catalyst had effectively promoted the trans-
fer hydrogenation between alcohol and
ketone (10). Furthermore, it must be
pointed out that the transfer hydrogenation
between menthol and menthone is capable
of providing a route which forms neo-
menthol, ie.,

menthone 4+ menthol —
neomenthol + menthone. (3)

The formation of neomenthol was actually
recognized in the experiment (Table 1).

Finally, it must be taken into considera-
tion of a strong dehydrogenation activity
of the liquid metal catalyst. In other words,
neomenthol is considered to be dehydro-
genated to form menthone, i.e.,

neomenthol — menthone + H.. (4)

It is easily seen that only menthone and
neomenthol are formed in any overall
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reaction which can be derived by composing
the elementary reactions described above.
Since many steps arc available to produce
menthone, the main product of the overall
reaction would probably be menthone.

The reaction schemes which are shown
in Fig. 2 were based on the discussion above.
Every clementary step is labeled and the
rate constant for each clementary step is
defined in the figure. This figure reveals
that only one route, route (i), is possible
for the reaction of l-menthol while four
routes, (i), (i1), (1), and (iv), are available
for the reaction of di-menthol.

Stereochemical Principle and Rate Constants

From the principles of stereochemistry,
several important relations among the rate
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constants can be easily derived. For in-
stance, it is obvious that

]Cl = l(?y, k4 = ](74',

(D

because d-menthol is an enantiomer of
I-menthol and d-necomenthol is an enan-
tiomer of l-ncomenthol. It is also possible
to show that

kZu = k‘l’uy kiﬂ) = kz/b (II)
and that

]\"'Sa = ]C:j'a, ]L'gb = kgih. (III)
The enantiomer relation between the tran-
sition state (l-one — — —l-ol)* and the tran-
sition state (d-onc — — — d-ol)* justifies rela-
tion (II), and the same relation between
(l-one —— - d-ol)* and (d-one———1l-0])*

justifies relation (IIT).

k.
—25 -0l + {-one -

(2a)
-H +l-ol
-menthol : l—ol—(1§>l—one—>—(2)— " -
ki 25, l-n-ol + l-one --(2b) (i)
~-H
2,5 (-one - (4)
ks
k2a )
—H, +l-ol —=2> -0l + l-one ----(2a)
l-Ol—(l)——l-one—AZ)— ) .
1 L2, |-n-ol + l-one - (2b) [ (1)
-H
\—2+ t-one (4 )
ks
k
l-ol + d- N
dl-menthol: . dso[ o one (3a)
k "
[: (-n-ol + d-one-(3b) (i)
~H
2, 1-one (4 )J
ks
k3 ,
_Hz + kol d-ol [-one (3 a)
d-ol«{1}~d-one »{3° )
al 3b, d-n-ol + [-one ---(3'b) (i)
~t:2, d-one (4"}
4
k2’ .
+d-al d-ol + d-one - (2'a)
2 o
2.d-n-ol + d-one -+-(2'b) [~ (iv)
_Hz ,
d-one (4" )
Ky

Fia. 2. The fine structure of the reaction pathway ; ¢l, menthol; one, menthone ; n-ol, neamenthol.
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Fig. 3. A molecular interaction model for the
hydrogen transfer between alcohol and ketone over
a liquid metal catalyst.

Steric Hindrance and Rate Constants

Reasonable molecular interaction models
are necessary to continue the discussion
about the interrelations among the rate
constants. Fortunately, the previously pro-
posed transition state model (10), which is
illustrated in Fig. 3, provides a basis for
realistic interaction models, which are
shown in Fig. 4.

Comparison of the models enables us to
expect that the smallest steric hindrance
would appear in transition state 3b™ be-
cause neither the axial hydrogen—-hydrogen
interaction nor the interaction between the
isopropyl groups is seen in this model.

SAITO AND OGINO

Therefore, it is obvious that

ks > kaa, kab, ksa (1v)

and that

k3’b > kZ’a, ki’:'a- (IV/)

ko,

On the other hand, the largest steric
hindrance would appear in transition
state 3a™ because not only the interactions
among axial hydrogen atoms but also the
interactions between two bulky isopropyl
groups are seen in this state. Therefore,

ksa < k2ay, ko, Fab V)
and

ks < kyay kav, k. M)

Since an isopropyl group is much bulkier

than a hydrogen atom, the steric hindrance

due to the interactions between isopropyl

groups appears to be larger than the steric

hindrance due to the axial hydrogen—

hydrogen interaction. Therefore, it is
reasonable to consider that

ksa > kon (VI)
and

kara > ko (V1)

R: -CH3

Fra. 4. Transition state models for the transfer hydrogenation steps 2a, 2b, 3a, and 3b,
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By combining (IV), (V), and (VI), we
obtain
ka, > koo > kop > ko (VID)

Similarly, by combining (IV’), (V’), and
(VI"), we obtain

ksn > koo > kaw > ksra. (VID)

Interpretation of Experimental Results

Probably, in any of the dehydrogenation
steps, such steric hindrances as those seen
in the transfer hydrogenation steps would
not appear. Therefore, compared with the
transfer hydrogenation steps, the dehydro-
genation steps would have higher rates. In
other words, the transfer hydrogenation
steps would limit the rate of overall
reaction. The situation becomes more
convincing if we consider that, in the
transfer hydrogenation step, molecules of
alcohol and ketone have to sit perpendicular
to the surface, and hence, an additional
large steric hindrance also participates to
retard the reaction. Thus, the product
distribution of the overall reactions would
sensitively be affected by the relative rates
of the transfer hydrogenation steps. This
view provides a basis for the interpretation
of the experimental results.

In the reaction of l-menthol, the transfer
hydrogenation step 2 consists of two sub-
steps, 2a and 2b. According to the relation
(VI), step 2b, which produces neomenthol,
is not as accessible to the reaction as step
2a. Therefore, the reaction occurs more
frequently through 2a than through 2b,
and the formation of ncomenthol is sup-
pressed. On the other hand, additional steps
2'a, 2'b, 3a, 3b, 3’a, and 3’b are available
for the reaction of dl-menthol. According
to the relations (II), (III), (VII), and
(VIT), it is obvious that

kﬁb = k':i'h > ]\42:\ = k‘.’.'u‘ > k‘lb

= ko > kga = kyao (VI

Thercfore, the reaction oceurs most fre-
quently through 3b and 3’b. This is favor-
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able for the formation of ncomenthol. This
conclusion agrees with the experimental
result that more neomenthol was formed
from dl-menthol than from l-menthol.
Another experimental result that more
menthone was formed from dl-menthol than
from I-menthol can be explained as the
consequence of the faster formation of
neomenthol from dl-menthol. According to
the reaction scheme, neomenthol is de-
hydrogenated to menthone. Probably, this
reaction obeys first-order kinetics (5), i.e.,

Ray = kdlCn-ol,dl; R, = len-ul,l, (IX)

where R is the reaction rate, & is the rate
constant, C,_, 1s the concentration of neo-
menthol, and the subscripts dl and [ specify
whether the starting material (menthol) is
dl- or [-. It is obvious that k, = ks and
k,ll = (2k4 + 2]64/)/4 = k4. Thus, kdl = ]Cl.
On the other hand, as mentioned in the
preceding paragraph, more neomenthol
was produced from di-menthol than from
I-menthol. Hence, C. o101 > Choo1,ir Con-
sequently, R4 > R; This means that more
menthone is produced from di-menthol
than from [-menthol, provided that other
factors play no roles.

It is possible to show that elementary
steps other than (4) never result in the
difference between the menthone yield
from dl-menthol and that from [-menthol.
For instance, the dehydrogenation step
(step (1) or composite step (1) 4+ (1')) is
available to produce menthone, but the
amount of menthone to be produced from
dl-menthol is equal to that to be produced
from I-menthol because £y = ky. The trans-
fer hydrogenation steps 2a, 2b, 2'a, 2'b,
3a, 3b, 3’a, and 3’'b are also available to
produce menthone. However, no change in
the menthone concentration is brought
about by these steps because the amount
of menthone to be produced in cach step is
equal to the amount of menthone to be
consumed 1n this step.

Now we have scen that the reaction
acheme and the transition state models are
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probable. Unfortunately, however, the role
of the catalyst yet remains to be clarified.
Of course, it is not always impossible to
guess that the catalyst might have played
a role similar to that had been postulated
for aluminum in the intermediate of
Meerwein—Ponndorf—Verley reduction (12).
However, it is said that the exact mecha-
nism of this reaction is unknown (72). Thus,
care must be taken not to place too much
emphasis on the fact that both indium and
thallium, which were used as catalysts in
the present work, are also group VIITA
elements. Too little evidence is available to
believe that the mechanism of the heteroge-
neous catalysis of a liquid metal is analogous
to the mechanism of the homogeneous
catalysis of an aluminum alkoxide. Further
disecussions about the role of the catalyst
are beyond the scope of the present study.
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