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Hydrogenation of Alkyl-Substituted Naphthalenes
Over Palladium
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The kinetics of the hydrogenation of a series of alkyl- and dialkylnaphthalenes
over palladium on carbon in acetic acid have been studied at 80°C and atmospheric
pressure. Selective formation of tetrahydro derivatives was always observed. Equil-
ibration experiments of pairs of alkyltetralins showed that the hydrogenations are
kinetically controlled. The mechanism of hydrogen addition is discussed, especially
on the basis of deuteration experiments. Competitive hydrogenations showed that
bulky alkyl substituents weaken the strength of adsorption.

The rate of hydrogenation of 2-alkyl- and 26-dialkylnaphthalenes, except 2,6-
di-¢-butylnaphthalene, is somewhat lower than that of naphthalene. In 2-alkylnaph-
thalenes the unsubstituted ring is hydrogenated preferentially. For the 1-alkyl-
naphthalenes and the 14-, 1,5-, and 18-dialkylnaphthalenes the rate of hydrogenation
was found to increase sharply with growing size of the alkyl groups. In the case of
1_t butvl- and 14-di-t-butvinaphthalene s hishly selective hvdrosenation of the sub

1-¢t-butyl- and 14-di-t-butylnaphthalene a highly sclective hydrogenation of the sub-
stituted ring was observed. These phenomena are discussed in terms of peri strain,
the steric interaction of the l-alkyl group with the 8-hydrogen atom or 8-alkyl
group. Partial release of this strain during hydrogenation is supposed to give rise

to increased rates and to govern the selectivity of ring attack.

INTRODUCTION

Recently, Weitkamp studied the deu-
teration and exchange of naphthalene
(1) and the high pressure hydrogenation
of methylnaphthalenes (2, 3) on transition
metal catalysts. From Weitkamp’s and
earlier literature data it is evident that the
hydrogenation of the naphthalene nucleus
proceeds in two steps: (1) selective for-
mation of the tetrahydro derivatives, (ii)
subsequent hydrogenation to decahydro
produets.

Qlla“fqﬁvn data for the hvdro

ualitative data f 1e hydrogen 1

of monoalkylnaphthalenes to their tetra-
hydro derivatives (tetralins) on various
catalysts and at elevated temperature and
pressure demonstrate that in most cases
the unsubstituted ring is hydrogenated
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preferentially (2-8). Kinetic data for the
hydrogenation of alkylnaphthalenes are

rather limited (/ Q_171)
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This paper presents our results for the
liquid phase hydrogenation of alkyl- and

dialkylnaphthalenes

ladium (12). Using various alkyl sub-
stituents the overall hydrogenation rate
constants k, the values of k; and ky, and
the selectivity S = ki/ku were measured.
Alkyl substituents were chosen from the

to tetralins on pnal-
to tetralins on pal
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series methyl, ethyl, isopropyl, cyclohexyl,
and ¢-butyl. In particular we were inter-
ested in the effects of 1-substituents in
view of the pert strain (van der Waals
interaction of the 1-R group with the 8-
hydrogen atom) present in such systems.

For comparison with the results of hy-
drogenation the equilibria between the
tetralins I and Il have been measured at
several temperatures.

Information concerning the relative
strength of adsorption of alkylnaphthalenes
was obtained from competitive hydrogena-
tions. Furthermore some deuteration ex-
periments have been included.

EXPERIMENTAL METHODS

Palladium, 10% on carbon, was pur-
chased from Drijfhout N. V. (total surface
750 m?/g, palladium area 11 m?/g). Acetic
acid p.a. was obtained from Merck A. G.

The preparation of most of the reactants
has been described elsewhere (13). Liquid
compounds were purified through their
picrates, solid compounds by recrystal-
lization.

Hydrogenations were carried out in a
50 ml glass reactor equipped with ther-
mometer, magnetic stirrer, injection rub-
ber and gas-inlet and -outlet tubes. The
catalyst (20-150 mg), the hydrocarbon
reactant (ca. 1.5 mmole) and the solvent
(20 ml) were placed in the reaction vessel.
Then the air in the vessel was replaced
by hydrogen, and water at 80.0 = 0.1°C
was circulated through the thermostat
jacket. The reaction was followed by mea-
suring the hydrogen uptake with a gas buret.
Samples were taken at suitable intervals
and analyzed by gle. The conversion cal-
culated from the gle analysis was in good
agreement with the uptake of hydrogen.
Hydrogenations were found to be zero
order in alkylnaphthalene and first order
in catalyst. Selective formation of tetralins
was observed. Reaction rate constants
were calculated from the slope of the plots
of the reactant and product concentrations
versus time. Assuming the reactions to be
first order in hydrogen pressure (14) these
figures were corrected for deviations of
pressure from 760 mm and for the vapor
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pressure of the solvent. Rate constants
proved reproducible within 5%.

The tetralins obtained were purified by
preparative gle and identified by NMR
spectroscopy. Some other alkyltetralins
were prepared by lithium-ammonia re-
duction of the alkylnaphthalenes (28).

Equilibration of pairs of alkyltetralins
was performed by sealing one of the
isomers (20 mg) and the palladium cat-
alyst (5 mg) under nitrogen and hydrogen
(4:1) in glass ampoules. The ampoules
were heated by immersion in the vapor of
a boiling liquid (mesitylene bp 165.4°C,
xylene bp 140.0°C, methyl isobutyl ketone
bp 115.2°C, and n-heptane bp 98.6°C).
With intervals of 1 day ampoules were
opened and the contents were analyzed
by gle.

REsuLTs

Hydrogenation

Kinetic data for the hydrogenation of
alkyl- and dialkylnaphthalenes over pal-
ladium are presented in Tables 1 and 2.
All experiments have been performed in
duplicate. :

The values of 8 show that in 2-alkyl-
naphthalenes the unsubstituted ring is

TABLE 1
HYbROGENATION OF MONOALKYL-
NAPHTHALENES OVER PALLADIUM®

Alkyl
substituents k I kt S
None 8.6 4.3 4.3 1.00
1-Methyl 4.9 3.3 1.7 1.95
1-Ethyl 6.8 3.8 3.1 1.24
1-Isopropyl 6.2 2.0 4.1 0.48
1-t-Butyl 22 0.54 21 0.024
1-Cyeclohexyl 2.9 1.2 1.7 0.68
2-Methyl 5.5 3.4 2.1 1.65
2-Ethyl 5.3 3.5 1.8 1.89
2-Isopropyl 5.0 3.1 1.8 1.71
2-t-Butyl 2.5 1.5 1.0 1.53
2-Cyclohexyl 2.7 50

e Temp, 80°C; atmospheric H, pressure; solvent
AcOH; Pd, 109 on carbon; rate constants in mole
sec™! g catalyst™ 108,

® No gle separation of the tetrahydro produects
achieved.
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TABLE 2
HYDROGENATION OF DIALKYL-
naprHTHALENES Over Pavvapiume

Substituents feo kr ku 8
None 8.6 4.3 4.3 1.00
2,6-Dimethyl 4.7
2,6-Diisopropyl 6.0
2,6-Di-t-butyl 10.2
2,6-Dicyclohexyl 2.0
2,7-Di-t-butyl 5.4
1,4-Dimethyl 7.6 41 3.4 1.21
1,4-Diethyl 7.1 2.1 5.0 0.42
1,4-Diisopropyl 17.0 1.4 15.6° 0.093
1,4-Di--butyl 56 <0.2 56¢ <0.006
1,5-Dimethyl 8.2
1,5-Diisopropyl 17.5
1,5-Di-i-butyl 48
1,8-Dimethyl 59
1,8-Diethyl 126
1,8-Diisopropyl 353

= See legend Table 1.
b 47:53 mixture of cis- and trans-isomer.
¢ 64:36 mixture of cis- and trans-isomer.
4 >999, cis-isomer formed.
hydrogenated preferentially. All B-sub-

stituted alkylnaphthalenes except 2,6-di-
t-butylnapthalene hydrogenate at a lower
rate than naphthalene.
1-Methylnaphthalene behaves similarly
to 2-methylnaphthalene. However, going
from 1-ethyl via 1-isopropyl- to 1-t-butyl-
naphthalene the picture changes. An in-
crease In rate and a decrease in the value
of 8 is observed. For the I 4-dialkyl-
naphthalenes even more pronounced effects
are observed, An increase in hydrogena-
tion rate with increasing bulkiness of the
substituents 1s also observed for the 1,5-
and 1 8-dialkylnaphthalenes, culminating in
an observed maximum of k.., = 41 for
1,8-diisopropylnaphthalene.

For a number of alkylnaphthalenes hy-
drogenations were performed in the tem-
perature range 30-80°C. Arrhenius plots
are shown in Fig. 1. The enthalpies
of activation were found to range
from 7 kcal mole? for 18-diisopropyl-
naphthalene to 10 kecal mole? for 2-
methylnaphthalene. These values rule out
mass transfer control (26) as for these
pracesses activation enthalpies of 1-3 keal
mole™ are expected (27).
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27 ' 29 ' 3;\ ' 3,‘3 3?5
1000/ 7
Fra. 1. Arrhenius plots for the hydrogenation
of naphthalene (O), 2-methylnaphthalene ([1),
1-t-butylnaphthalenc (@), 2-i-butylnaphthalene
(A). 18-dimethylnaphthalene (X), and 18-di-
isopropylnaphthalene (H) over palladium.

The results of some deuteration experi-
ments are given in Table 3. The tetrahydro
produects obtained upon deuteration of
naphthalene and di-¢t-butylnaphthalenes
were found to contain on the average four
deuterium atoms in the saturated ring.
Serambling was more pronounced with the
unsubstituted naphthalene. NMR analysis
showed that neither in the (remaining)
aromatic ring nor in the z-butyl groups
had exchange occurred. 1,2-Dihydronaph-
thalene adopted rather cleanly two deu-
terium atoms whereas 1,4-dihydronaph-
thalene apparently underwent double bond
migration prior to saturation.

Equilibration of Some Pairs of
Alkyltetralins

The equilibrium constants for four selec-
ted pairs of alkyltetraling at four tem-
peratures are presented in Table 4 together
with AH- and AS-values. At the highest
temperature the equilibrium was reached
from both sides. Because of the low equi-
librium rate at 80°C the equilibrium con-
stants at 80°C were calculated by extrap-
olation. These values are listed in Table
5, along with the values of S found upon
hydrogenation at 80°C for the correspond-
ing alkylnaphthalenes.
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TABLE 3
ANALYSIS ‘OF ALKYLTETRALINS OBTAINED BY DEUTERATION OF NAPHTHALENES®
Reactant Naph- 1,4-Di- 1,5-Di- 2,6-Di- 1,2- 1,4-
hydrocarbon thalene t-butyl t-butyl t-butyl  Dihydro® Dihydro®
Mass analysis (%) do 1 — — — — 7
d 2 1 1 — 9 11
dy 8 4 7 2 90 42
ds 22 23 31 19 1 40
dy 32 67 58 63 — —
ds 26 ‘3 2 13 — —
ds 9 2 1 3 — _—
d 4.0 3.7 3.7 4.0 1.9 2.2
NMR analysis No. of 1 and 4 2.3 2.0 2.0 2.0 1.0 0.6
D in position 2 and 3 1.7 2.0 2.0 2.0 1.0 1.4
arom. 0.1 0.1 0.1 0.1 0.1 0.1

* Deuterations carried out using 10% Pd/C in n-heptane at 80°C and atmospheric pressure; complete

conversion.
b At 25°C.
TABLE 4
EQUILIBRATION OF SOME PAIRS OF ALKYLTETRALINS
Alkyltetralins Values of K = I/11 at °K AH A8
(keal (cal mole?
I 11 371.8=  388.4¢  411.9¢ 438%.6°¢ 438.6® mole!) degree™)
1-Methyl- 5-Methyl- 7.99 7.60 6.40 5.70 5.71 —1.7 —0.3
1-i-Butyl- 5-t-Butyl 0.107 0.115 0.130 0.152 0.153 +1.7 +0.2
2-Methyl- 6-Methyl- 4.30 3.76 3.31 3.18 3.19 -1.5 -1.1
2-t-Butyl- 6-t-Butyl- 8.34 7.39 7.00 6.33 6.05 -1.3 +0.8

@ Starting from tetralins I, II, I, and I, respectively.
b Starting from tetralins IT, I, IT, and II, respectively.

TABLE 5
SELECTIVITY IN HYDROGENATION AND
FquiLiBrIuM FOR SoME PAIRs OF
ALKYLTETRALINS AT 80°C

Product
ratio S
Alkyltetraling Equilib- upon hydro-
rium genation
1I I K on Pd
1-Methyl- 5-Methyl- 9.1 1.95
1-+-Butyl-  5-tButyl- 0.094 0.024
2-Methyl- 6-Methyl- 4.61 1.65
2-4-Butyl-  6-t-Butyl- .93 1.53

Competition Ezxperiments

Several mixtures of reactants were hy-
drogenated and the reactions followed by

sampling and gle analysis. The equilibrium
constants K,p for the equilibrium:

Asol + Bads = Aads + Bsol

were calculated according to Rader and
Smith (15). The results are summarized
in Table 6.

For comparison some alkylnaphthalenes
were hydrogenated over platinum and
rhodium catalysts. The kinetic data ob-
tained are shown in Table 7 together with
the figures for the palladium catalyst.

DiscussioN

General Considerations

In hydrogenation of alkylnaphthalenes
over palladium selective formation of tet-
ralins is observed. This selectivity is
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TABLE 6
TueE ApsorpTiON EQUILIBRIUM CONSTANTS DETERMINED FROM CoMPETITIVE HYDROGENATIONS

Competition between

A B Kun

Naphthalene 2-Methylnaphthalene 2.3
2-Ethylnaphthalene 2.2
2-Isopropylnaphthalene 3.3
2--Butylnaphthalene 4.1
1-Methylnaphthalene 1.6
1-Ethylnaphthalene 2.6
1-Isopropylnaphthalene 2.8
1-t-Butylnaphthalene 14
1,4-Di-t-butylnaphthalene 140
1,8-Diisopropyinaphthalene 1.1

1-{-Butylnaphthalene 2-t-Butylnaphthalene 0.4

2,6-Di-t-butylnaphthalene 2,7-Di-t-butylnaphthalene 1.1

governed by (i) the stronger adsorption of
the naphthalenes and (ii) the lower hy-
drogenation rate of the tetralins.

The adsorption of naphthalenes on the
catalyst surface may be of the w-complex
type (16-22). In Fig. 2 the geometry of a
naphthalene molecule on the (111) plane
of palladium is shown. Two palladium
atoms might be involved in the surface
complex.

Under our conditions the catalyst has
the B-palladium hydride constitution (23),
and most of the octahedral holes of the
palladium structure will be filled with ab-
sorbed hydrogen. The addition of hydro-

TABLE 7
HypROGENATION OF 1,8-DIALKYLNAPHTHALENES
Over Pd, Pt, anp Rh

109, 5%, 59,
Reactant Pd/C Pt/C* Rh/CP
hydrocarbon kX 108e &k X 108 % X 108
Naphthalene 3.9 2.1 1.4
1,8-Dimethyl- 26.6 10.1 8.7
naphthalene
1,8-Diethyl- 83.5 14.2 8.2
naphthalene
1,8-Diisopropyl- 142 i8.4 7.1
naphthalene

ek in mole sec™! g catalyst™, in acetic acid at
50°C and atmospheric pressure.

b Deviation of zerc order kinetics; & calculated as
zero order for the first part of the reaction.

gen to the hydrocarbon is assumed to
oceur exclusively from the surface. The
proeess is supposed to start at an e-posi-
tion and this step may be rate determining
because the loss of resonance energy is
substantial. Subsequent addition can take
place in the order C,, C,, C,, retaining
after each successive addition the max-
imum conjugated system, or in the order
C4, 03, Cg.

Intermediate 1,2- or 1,4-dihydro prod-
ucts may desorb from the surface. In the
case of the 14-dialkylnaphthalenes this
may have stereochemical consequences as
desorbed  1,2-dihydro-1,4-dialkyinaphtha-
lenes can readsorb with the other side on
the catalyst surface yielding trans-14-

Frc. 2. Naphthalene on the (111) plane of
palladium.
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dialkyltetralins. These products are also
formed if an adsorbed 1,2-dihydro-14-
dialkylnaphthalene undergoes a roll-over
(24) on the surface. The decrease in per-
centage trans-1,4-dialkyltetralin (Table
2) going from ethyl to ¢-butyl substitu-
tion may be due to a more pronounced
1,4-hydrogen addition caused by the in-
creasing pert strain (see below) and/or to
suppression of roll-over processes by the
bulky alkyl substituents.

The tetralins obtained upon deuteration
of naphthalene and 1,4-dihydronaphthalene
show an excess of deuterium at the benzylic
positions (Table 3) in econtrast to the
deuteration products of 1,2-dihydronaph-
thalene and of di-¢-butylnaphthalenes.
Moreover, in the di-t-butyltetralins the deu-
terium distribution is rather narrow, sug-
gesting that here simple cis-addition of
four hydrogen atoms predominates. The
absence of deuterium in the aromatic part
of the tetralins excludes reversible dis-
sociative adsorption of naphthalenes and
indicates that the first attack generally
decides which ring is reduced. Kinetic con-
trol in the hydrogenation of alkylnaph-
thalenes also is evident from a comparison
of selectivity values of hydrogenation and
equilibrium constants of pairs of alkyl-
tetralins (Table 5).

The Hydrogenation of B-Substituted
Alkylnaphthalenes

As might be expected the relative
strength of adsorption of alkylnaphtha-
lenes decreases on going from methyl to
t-butyl substitution (Table 6). If a re-
actant is less strongly adsorbed the energy
of the initial state is increased. However,
the substituent for steric reasons may
also increase the energy of the transition
state of hydrogenation. The balance be-
tween both factors will result in a higher
or lower rate than naphthalene.

The unexpectedly high rates of hydro-
genation of 2,6- and also 2,7-di-t-butyl-
naphthalene are attributed to the weak
adsorption of these hydrocarbons. In fact,
the adsorption of 2,6-di-t-butylnaphthalene
is so weak that no K,z value could be mea-
sured in a competition experiment with
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naphthalene: 2,6-di-t-butylnaphthalene was
not measurably hydrogenated before all
of the naphthalene was converted into
tetralin.

For the 2-alkylnaphthalenes a gradual
decrease in adsorption strength was found
(Table 6). Apparently the decrease in k
is mainly a result of an increase in steric
strain in the transition state. Furthermore,
the deecrease in &k will partly originate
from the increased catalyst surface area
occupied by an alkylnaphthalene molecule.

Hydrogenation of the unsubstituted ring
of the 2-alkylnaphthalenes is slightly pre-
ferred over hydrogenation of the substi-
tuted ring. This is in line with the sta-
bilities of the tetralins but Table 5 shows
that for 2-methyl- and 2-¢-butylnaphtha-
lene the product distributions are far from
the equilibrium values.

The Hydrogenation of a-Substituted
Alkylnaphthalenes

a-Alkylnaphthalenes differ rather
strongly from the B-isomers (Tables 1 and
2) in hydrogenation behavior. This must
be due to the strain between the 1-alkyl
group and the 8-hydrogen atom or pert
hydrogen, i.e., the per: strain. As an ex-
ample, the substantial van der Waals over-
lap in 1-t-butylnaphthalene is illustrated
in Fig. 3.

The observed hydrogenation phenomena
can be understood when accepting that (i)
in the transition state the peri strain is
released, at least partially, resulting in an

%

=~

Fig. 3. 1-t-Butylnaphthalene with van der
Waals spheres.
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increased reaction rate for the strained
molecules, and (i1) the pert strain is re-
leased to a greater exfent in the transition
state for hydrogenation of the substituted
ring than in the transition state for hydro-
genation of the unsubstituted ring, result-
ing in a low value of S.

The second assumption is supported by
the equilibration of some pairs of alkyl-
tetralins (Table 4). Contrary to the other
pairs, for 1- and 5-t-butyltetralin the
isomer with the t-butyl group in the sat-
urated ring is the most stable. Models
show that the preferred conformation of
1-t-butyltetralin probably has the t-butyl
group in a pseudo axial position:

CH;

HaC CH3

This is supported by literature data stat-
ing that in 6-t-butyl-1-phenylcyclohexene
the t-butyl group oceupics a pseudo axial
position (25}.

In the hydrogenation of 1-t-butylnaph-
thalene the first hydrogen atom is added
from below in such a way that in the
transition state the peri strain is released
most effectively. This will be at the 1-
position: steric hindrance will easily be
overcome by release of strain as the
t-butyl group swings to the pseudo axial
position. The same holds for the other
1-alkylnaphthalenes though for methyl,
ethyl, and isopropyl the peri strain is
much smaller. The values of S below unity
for 1-isopropyl- and 1-cyclohexylnaph-
thalene suggest that for these molecules
upon adsorption a peri strain is intro-
duced by rotation of the substituent.

The differences in rate of hydrogenation
and in S found for the 1,4-dialkylnaph-
thalenes can be explained in the same way.
As the peri strain acts twice in these
compounds, the effects are more pro-
nounced.

For symmetry reasons the 1,5-dialkyl-
naphthalenes give one product and only

NIEUWSTAD, KLAPWIJK, AND VAN BEKKUM

an effect on the rate of hydrogenation can
be observed, The release of peri strain in
a 1,5-dialkylnaphthalene upon hydrogen-
ation will be the sum of the release in per:
strain for the formation of a 1-alkyltetralin
and a 5-alkyltetralin from a I-alkylnaph-
thalene. This results in a relative rate
which, at least for 1,5-dilsopropyl- and
1,5-di~t-butylnaphthalene, is  somewhat
higher than kg, for the corresponding
1-alkyInaphthalenes.

As in the 1,8-dialkylnaphthalenes the
pert position is still more crowded, a fur-
ther increase In rate i1s observed (Table 2).
Upon hydrogenation of acenaphthene no
strain is released, resulting in a low reac-
tion rate. It may be noted that 18-di-
isopropylnaphthalene is rather strongly
adsorbed (Table 6). It may be suggested
that upon adsorption of this molecule the
peri strain is partially released by bond
lengthening in the aromatic nucleus.

Hydrogenation Over Platinum
and Rhodium

The effects discussed above are rather
specific for palladium. Over platinum and
rhodium catalysts the values of k are
far less affected by sterie crowding in the
reactant molecules (Table 7). For hydro-
genation of 1-t-butylnaphthalene over
platinum, rhodium, and palladium cat-
alysts the values of § are 042, 0.71, and
0.024, respectively.
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