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A kinetic study of substituent effects in the liquid-phase hydrogenation of the
olefinic bond has been made using palladium on carbon as the catalyst. Individual
and competitive hydrogenations have been carried out with 2-aryl-3-methyl-2-
butenes (1) and substituted 3,4-dihydro-1,2-dimethylnaphthalenes (2) in basic,
neutral, and acid media.

Electronic substituent effects on the rate of hydrogenation are found to be rather
small. The adsorbed state in the basic medium is not seriously influenced by the
substituents. More substantial substituent effects on the strength of adsorption are
observed in neutral and acid media. Coadsorption of the dimethylamino and ethoxy-
carbonyl group on palladium takes place.

It is concluded that the electronic nature of the transition state of hydrogenation
on palladium is gquite similar to that of the initial state. Higher r-electron density
at the olefinic bond favors the strength of adsorption; this is consistent with a =-

bonded adsorbed olefin.

INTRODUCTION

The mechanism of the heterogeneously
catalyzed hydrogenation of the olefinic
bond has been studied very intensively
during the last forty years (1). However,
the influence of electronic substituent effects
on the rate of hydrogenation has been
studied (2-4) only recently with a series
of 1l-substituted propenes and 2-methyl-
propenes. No clear picture was obtained
from this work because the rate data could
not be correlated by means of Taft’s polar
free energy equation.

In order to diminish the serious inter-
ference of the substituents with the reac-
tion center, which was a troublesome factor
in the above-mentioned series, we have
studied the palladium-catalyzed hydrogen-
ation of substituted 2-aryl-3-methyl-2-
butenes (1) and 3,4-dihydro-1,2-dimethyl-
naphthalenes (2).

The aromatic ring, which is not reduced,
serves (i) to separate the substituent from
the reaction center, i.e., to avoid the influ-
ence of direct steric effects, and (ii) to pass

© 1972 by Academic Press, Inc.

CHs
7 NCH,
X CHs
1 2

on, via its w-electrons, the polar effects of
the substituents to the reaction center.

The influence of substituents on both the
rate of reaction and the strength of ad-
sorption of 1 and 2 has been studied over
palladium on earbon in basic (0.5 M potas-
sium hydroxide in ethanol), neutral (n-
heptane), and acid media (acetic and
trifluoroacetic acid) at 30°C and atmo-
spheric hydrogen pressure.

EXPERIMENTAL

The mass spectra were measured with a
Varian MAT SM-1 and the PMR spectra
with a Varian A-60 and T-60 spectrom-
eter. Gas-chromatographic analyses were
performed with SE-30 or PEG-1000 as the
stationary phase. Structures of new com-
pounds were confirmed by elemental anal-
ysis and PMR spectra.
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SUBSTITUENT EFFECTS IN HYDROGENATION

Materials

Ethanol (99.5%), acetic acid (99.8%),
and trifluoroacetic acid (99.5%) were
Baker Analyzed Reagents. n-Heptane,
treated with concentrated sulfuric acid and
water, was distilled and dried with molec-
ular sieves. Palladium (10% on carbon)
was purchased from Drijfhout N.V,,
Amsterdam.

2- (3-t-Butylphenyl) -3-methyl-2-butanol
(bp 125-130°C/8 mm, np** 1.5028), 2-(4-
bromophenyl) -3-methyl-2-butanol (bp 140°
C/10 mm, n,** 1.5473), and 2-(3-N,N-di-
methylaminophenyl) -3-methyl-2-butanol
(bp 96-97°C/0.2 mm; methiodide, mp
201.5-202°C) were prepared as described
earlier for a number of other 2-aryl-3-
methyl-2-butanols (5, 6).

2-Aryl-3-methyl-2-butenes (1). The 2-
aryl-3-methyl-2-butanols were dehydrated
with sulfuric acid in acetic acid (5). The
crude alkenes were purified by chromatog-
raphy on silica gel impregnated with silver
nitrate (30%) using hexane, carbon tetra-

chloride, or benzene/ether (9:1) as the
eluent. Compounds 1, X = 3- and 4-
hydroxy were obtained in a one-step

procedure from the corresponding aceto-
phenones and a large excess of isopropyl-
magnesium bromide; I, X = 3- and 4-
carboxy were prepared from 1, X = 3- and
4-bromo through the Grignard compound
and carbon dioxide. The ethyl esters were
prepared in the usual way.

3,4-Dihydro-1,2-dimethylnaphthalenes
(2). Compounds 2, X = 5- and 6-methoxy,
7-t-butyl, and 6-acetamido were obtained
from the corresponding 2-methyl-1-tetra-
lones (7) and methylmagnesium chloride,
followed by dehydration of the ecrude
alcohols with formie acid as described for
3,4-dihydro-1,2-dimethylnaphthalene (8).

The physical constants of 1 and 2 are
summarized in Table 1.

Apparatus and Procedure

The kinetic experiments were carried
out as described earlier (6, 10). The re-
actant (1 mmol) in the solvent (5 ml)
was hydrogenated over 10% palladium on
carbon (10-500 mg) at 30.0 £ 0.1°C and
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TABLE 1
2-ARYL-3-METHYL-2-BUTENES (1) AND 3,4-
DI1HYDRO-1,2-DIMETHYLNAPHTHALENES (2)

bp
Compound (°C/mm) np®
1

He 84-8517 1.5203
3-CH; 97-98/15 1.5189
4-CH, 99-100/15 1.5198
4-C,H, 112-113/15 1.5173
4-isoC;Hy 121/15 1.5134
3-t-C4H, 70/1.2 1.5092
4-t-C4H, 131/15 1.5140
3-OH 86-92/0.8 1.5474
4-OH? 86-87/0.6 1.5486
3-OCH; 121-122/16 1.5280
4-OCHjye 116-117/14 1.5208
3-N(CHj), 74/0.3 1.5507
4-N(CH;), 76-77/0.4 1.5590
3-CF; 86-87/16 1.4645
3-COOH mp 100-102

4-COOH* mp 101-103

3-COOC,H; 85/0.6 1.5203
4-COOC,H; 89-90/0.6 1.5261

2

He 123/15 1.5747
5-0OCH;, 96,1 1.5786
6-OCH; 102/0.7 1.5780
6-NHCOCH3 mp 108*1 10

7-t-C4Hy 101-103/0.9 1.5421

e Lit. (9), bp 191-192°C, np® 1.5202. ® Lit. (9), bp
81-84°C/0.5 mm. ° Lit. (9), bp 234°C, np'® 1.5304.
4 Lit. (9), mp 101.5-102.5°C. ¢ Lit. (8), bp 101°C/
1.5 mm.

atmospheric pressure (760 = 20 mm).
Formulations were chosen to prevent dif-
fusion limitation.

Competitive hydrogenations were carried
out with mixtures of two alkenes (0.5
mmole of each) in the solvent (5 ml)
under the same conditions. Samples were
withdrawn from the reaction mixture and
analyzed by gle. The percentage of con-
version of 2, X = 6-acetamido, which
could not be determined by gle, was calcu-
lated from the conversion of the other
reactant and the total hydrogen uptake.

Reduction of the aromatic ring was not
observed. No hydrolysis of the ethoxy-
carbonyl group oceurred in 0.5M potas-
sium hydroxide in ethanol. Trifluoroacetyl-
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ation of the alkenes was observed in
trifluoroacetic acid, e.g., the formation of
2-methyl-2-trifluoroacetyl-3-(3-trifluoro-
methylphenyl) butane (bp 80-82°C/9 mm)
from 3-methyl-2-(3-trifluoromethylphenyl)-
2-butene. This reaction was found to be
very fast for alkenes with electron-donat-
ing substituents on the aromatic ring.
Therefore only a few 2-aryl-3-methyl-2-
butenes with electron-withdrawing substit-
uents could be measured in this medium.

Kingerics

Individual Hydrogenations

Hydrogenations were found to be first
order with respect to catalyst and were
assumed to be first order with respect to
the hydrogen pressure in order to correct
the reaction rate for deviations from at-
mospheric pressure. So we may write for
a compound A, using Langmuir Kkinetics,

. @ﬁ kAbACAw'p (1)

dt 14 5504 + 26C

in which n, is the number of moles of A
Cx 1s the concentration of A in solution,
kA is the reaction rate constant, 64 is the
fraction of the active catalyst surface
covered by A, w is the amount of catalyst,
p is the hydrogen pressure (corrected for
the vapor pressure of the solvent), and
=bC is the sum of the contributions of the
solvent, the hydrogenated produet, and the
hydrogen to the denominator of the Lang-
muir expression.

In n-heptane and in acetic acid the rate
of reaction was found to be independent
of the concentration of the reactant A,
i.e., baCs > 1 4+ 5bC. Hence, we may write

= kAeAwp =

2

The reaction rate was determined by
measuring the amount of hydrogen dV
(ml at p’ atm and T °K) consumed during
time df (min), in which p’ denotes the
pressure of the hydrogen—free from sol-
vent vapor—in the gas cylinder. Since

—dn, = 1.013 X 10°
X p’ X 107 X dV/RT (3)
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and R = 831 J mol? K-, Eq. (2) becomes
1.013 X 105 X p' X 1078 X 4V

831 X T X 60 X di = kawp (4)
or, in the integrated form,
= —6 p/V
ka = 203 X 10-% X Tl (5)

in which %k, is the pseudo-zero order re-
action rate constant (mol s! g catalyst?)
at atmospheric pressure.

In 0.5 M potassium hydroxide in ethanol
the order with respect to the reactant
varied from 0.2-0.7, i.e., b,Cy > 1 + =bC.
The decreasing rate of hydrogenation is
not caused by coadsorption on the catalyst
of the produet formed, because addition of
toluene did not affect the reaction rate.
Therefore, we conclude that the basie
medium is responsible for the relatively
weak adsorption of the organic reactant.
Since the order in reactant is rather low
(~0.2-0.3) for most of the reactants in
the (initial) concentration region used and
the initial concentration was taken con-
stant (0.2 mol/1) for all the experiments,
the k values in the basic medium were
derived from Eq. (5) in which V/t has
been replaced by (dV/dt) .o, 1.e., the rate
of the hydrogen uptake at time zero. It
may be noted, that these k values will be
affected in a measure by the Langmuir
adsorption ferm and are not quite the true
reaction rate constants.

Competitive Hydrogenations

For a competitive reaction of A and B
we may write Eq. (1) for both A and B,
in which the denominator has been en-
larged by the term bgCs. Dividing the two
equations gives (11)

dn _dCs _absCa (g
dny  dCe  FksbsCs
or, in the integrated form,
Cr _ g, g, Cn
log o= Kagp T log o (7

in which C,° and Cg° are the concentra-
tions of A and B in solution at time zero
and K,z 1s the adsorption equilibrium



constant of A with respect to B, i.e., ba/
bg. Thus, K, can be caleulated from the

slope of the plot of log(C,/C,°%) vs. log
(Cs/Cx%), and the re
k. and kg as derived from the individual
hydrogenations of A and B. The results for
a number of competitive experiments be-
tween some 2-aryl-3-methyl-2-butenes and

action rate constants

2- (4-ethylphenyl)-3-methyl-2-butene  are
shown in Fig. 1.

Although the linear correlations ob-
tained are consistent with the Lanemuir

tained are <oonsistent wiil  tie dacbiigiiiuly

picture of adsorption for these compounds,
any errors incidental in the use of this
model may not be excluded a priori. How-
ever, both the application of exactly the
same reaction conditions for all compounds
and the use of the relative rather than
the absolute k& and b values for the eluci-
dation of substituent effects will eliminate
these possible errors in some degree. In par-
tieular, since a great variety of substituents
iz employed, it is unlikely that the general
picture of steric and electronic substituent
effects will he affected to a large extent hv

some error in the usc of Langmlur Kineties.

The results of the hydrogenatlon of 2-
aryl-3-methyl-2-butenes (1) and substi-
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FiG. 1. Plots for the competitive hydrogenations
of some 2-aryl-3-methyl-2-butenes (1, X) and 2-
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palladium in n-heptane at 30.0°C and 1 atm.

tuted  3,4-dihydro-1,2-dimethylnaphtha-
lenes (2) over palladium are presented in
Table 2. The adsorption equilibrium con-
stants Kxy and the selectivity factors
Sx 1 of these compounds with respect to 3-
methyl-2-phenyl-2-butene (1, X = H) are
given by

KX,H = —X and SX,H = &’ (8)
(4331 Oukn

respectively, in which X refers to X-
substituted 1 or 2, and H to 1, X=H
The selectivity factors Sxw were obtained
from competitive hydrogenation experi-
ments using Eq. (7). Subsequently, the
adsorption equilibrium constants Ky were
caleulated from Eq. (8) using the reaction
rate constants ky and ky obtained {from
individual hydrogenations with the aid of
Hq. (5). The polar character of the substit-
uents 1s expressed by their Hammett o"
ralues (12-14).

Deuteration of  3-methyl-2-phenyl-2-
butene over palladium in ethanol-d at

Qn (Y and T atm cgave 2omethvl_9 nhanyl
voand 1oaim gave o-meldyir-&-phnenyi-

4 W W B

butane with the following isotopic content
(MS and PMR):

Substituent Effects on the Adsorbed State

Steric effects. In order to get a clear
piCLulC of the influence of electronic effects
on the strength of adsorption, one has to
rule out any steric factors. The series with
H, CH; (or C,H;), and ¢-C,H, as the sub-
stituents would seem useful to estimate the
influence of the steric factors in the ecase
of the other substituents.

In the basic medium the influence of
steric factors in the series 1, X = alkyl on
the adsorption proves to be moderate, so
that hardly any correction hag to be made.
In n-heptane and acetic acid, however,
steric factors are much more pronounced.
Substitution at the 3-position has less
effect than at the 4-position. It may be
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TABLE 2
HyproageNATION OF 1 AND 2 OVER PaLLADIUM®
Sx, 1
0.5 M KOH
in ethanol n-Heptane 0.5 M
KOH in
Reactant 108> Kxm 10%* Kxyu  ethanol n-heptane (OH¢ CF;COOH¢ e
1
H 11.0 1.0 635 1.0 1.0 1.0 1.0 (1.0)e 0.00
3-CH; 9.6 560 0.52 0.46 -0.07
4-CH;, 9.7 570 0.34 0.30 —-0.12
4-C,H; 9.6 0.68 510 0.37 0.59 0.30 0.25 —-0.13
4-isoC3H; 9.3 450 0.30 0.21 —0.16
3-t-C,H, 2.7 0.61 460 0.18 0.15 0.13 0.09 —0.07
4-1-C,H, 2.4 350 0.12 0.067 —-0.17
3-OCH; 14 635 0.58 0.58 0.08
4-OCH;, 18 0.86 830 0.40 1.4 0.52 0.23 —-0.10
3-09 7.1 —0.47
4-0° 11.5 0.56 0.59 —0.81
3-N(CHs), 6 620 8.7 8.5 —0.05
4-N(CHs;), 13.5 3.5 800 10.8 4.3 13.6 1.3/ 0.003f —0.37
3-COOC,H; 3.3 570 0.30 0.27 0.37
4-COOC,H; 55 2.2 700 0.16 1.12 0.18 0.05 0.02 0.46
3-C00© 3.6 0.02
4-CO0® 4.1 0.11
3-CF; 4.7 0.52 760 0.016 0.22 0.019 0.006 0.01 0.47
2
H 21 2.0 0.00
5-0CH;, 25 1.9 2100 2.7 4.3 8.8 2.7 0.08
6-OCH; 29 3.3 2200 3.9 8.5 13.6 4.2 —0.10
7--CH, 4 —-0.07
6-NHCOCH; 17 2.6 4 0.1
Acetophenone 7.9 68 300 100 49 46

o Temperature 30.0 C; atmospheric H; pressure; Pd, 109, on carbon.

® Mol 571 g catalyst™.
° From refs. (12-14).
¢ Reaction rate independent of the substituent.

¢ Estimated value with respect to 1, X = 4-COOC,H;.

/X = 4-N*(CH;).H with o» = 0.55 (5).
¢ Mean value from refs. (12, 13).

noted that similar differences in strength
of adsorption have been observed for
toluene and the xylenes on platinum and
rhodium (15) and for substituted aceto-
phenones on palladium (16). Disturbance
of optimal flat adsorption of the =-system
by sterie repulsion of the substituent with
the catalyst surface is clearly a quite gen-
eral phenomenon.

Electronic effects. The electronic char-
acter of a substituent will influence the
m-electron density of both the aromatic

nucleus and the olefinic bond. Since the
contribution of the =-electrons of the
aromatic nucleus as such to the adsorption
is small—as appears from the weak ad-
sorption of toluene with respect to 2,3-
dimethyl-2-butene—we may interpret dif-
ferences in strength of adsorption by
electronic factors in terms of adsorption
of the olefinic bond.

We define the trifluoromethyl group as
a standard for the interpretation of elec-
tronic effects, 1.e., being a strongly electron-
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withdrawing substituent without any con-
tribution of its own to the adsorption.
Furthermore, the size of the trifluoro-
methyl group is well defined (Van der
Waals radius 2.8 A) because of its sym-
metry. Correction for steric factors may
be easily achieved by comparison with the
methyl (2.1 A} and ¢-butyl (3.8 A) groups,
providing a minimum and maximum cor-
reetion factor, respectively.

In 0.5 M potassium hydroxide in ethanol
the electronic nature of the substituent
scarcely influences the adsorption constant
of 1. This follows from the small effect of
the trifluoromethyl group. The higher
values in this series for the 4-dimethyl-
amino and 4-cthoxycarbonyl groups—
which possess opposite electronic effects—
will be due to coadsorption of the substit-
uents through their frec electron pair and
w-electrons, respectively. No significant
contribution of this type is observed for
both the methoxy group and the phenolate
anion.

The strength of adsorption of the tri-
fluoromethyl compound in n-heptane is
much smaller than that of the correspond-
ing methyl and ¢-butyl compounds. After
correction for the small electron-donating
character of the 3-alkyl group a Hammett
p value of about —2 is obtained. According
to this picture we would expect about the
same strength of adsorption in the case
of the equally strong electron-withdrawing
ethoxycarbonyl group as the substituent.
The much stronger adsorption found (10-
20 times stronger than trifluoromethyl)
implies weak adsorption of the ethoxy-
carbonyl group itself, as shown before in
the basic medium. In n-heptane, the de-
crease in strength of adsorption of the
ethoxycarbonyl compound by the electron-
withdrawing effect of the substituent is
almost compensated by coadsorption of
the ethoxyearbonyl group on the catalyst.
The strong adsorption of the dimethyl-
amino compounds in n-heptane is caused
by coadsorption of the nitrogen. In a
strong acid medium like trifluoroacetic
acid this coadsorption is completely in-
hibited by protonation of the dimethyl-
amino group. It may be noted that in n-
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heptane the 4-substituted olefin is more
strongly adsorbed than the 3-substituted
one, in contrast with other substituents like
methyl, #-butyl, methoxy, and ethoxy-
carbonyl. The difference in adsorption of
at least 2.1 units is in accordance with
the much greater electron-donating power
of the dimethylamino group from the 4-
than from the 3-position. The result is a
higher electron density and a stronger
adsorption of the olefinic hond, in accord-
ance with the negative p value.

The fact that 2 adsorbs more strongly
than 1 will be due to the more favorable
flat conformation of the former. About 1
keal/mole is required for 1 to acquire this
conformation, because of steric repulsion
of the methyl group and the ortho hydro-
gen atoms of the aromatic nvcleus (5).
The effects of the methoxy substituents in
2 further support the influence of electronic
effects on the strength of adsorption. This
is in contrast to 1, X = 3- and 4-methoxy,
where the electronic effects are probably
obhscured by steric interactions of the sub-
stituents with the catalyst surface as found
for the alkyl groups.

Altogether, the observed substituent ef-
fects support the occurrence of a =-
complexed olefin species, in which the
olefin—palladium donor bond (#-spd over-
lap) is more important than the backbond
(n*-d overlap) between palladium and
the olefin (17). For an eclipsed 1,2-di-
adsorbed species (o-bonded) the sub-
stituent effects are expected to be just the
reverse (18, 19).

Substituent Effects on the Rate of Hydro-
genation

In n-heptane, acetic acid, and trifluoro-
acetic acid the rate of hydrogenation of 1
proves to be independent of the electronie
nature of the substituents. Thus, in n-
heptane, the p value of the Hammett rela-
tion (20) is 0.0 = 0.1, z.e., the electronic
nature of the transition state is quite
similar to that of the initial state. The
same picture applies to 2, in which the
different electronic character of the meth-
oxy group at the 5- and 6-position with
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respect, to the reaction center has no in-
fluence on the reaction rate.

In 0.5 M potassium hydroxide in ethanol
somewhat more pronounced effects are ob-
served. However, the rate of reaction is
also more governed by retarding sterie
factors than in n-heptane, which is demon-
strated by comparison of 3-, 4-, and 7-t-
butyl with the unsubstituted compound.
The total picture remains rather irregular,
even after correction for steric influences.
Since a highly scattered Hammett relation
(p =~ —03) is obtained, we may tenta-
tively infer a slightly positive transition
state with respect to the initial state in this
medium. A similar trend is observed for 2
in the basic medium. Finally, the data
exclude a serious contribution of the ad-
sorption constants to the experimental
reaction rate constants in the basic medium
because the experimental k values and
selectivity factors could not be correlated

by

(kX) exp
(kH) exp

derived from Eq. (1) with Cx = Cyx and
bxCx, byCy < 1 + =bC. In conclusion we
may state that the difference in electronic
character of the initial state and the
transition state for the hydrogenation of

~ SX,H,

the olefinic bond over palladium is
negligible.
CHs fli
CHy X _
CH3
»* ¥*
3
CHs CHa
CHy 4 [ -CH,
— H
CH'J H CH:!
* % ¥
4 5

The reaction sequence may be considered
as a stepwise addition of hydrogen through
the a-adsorbed species 4 as the half-
hydrogenated state. This is supported by
both the much higher degree of H/D ex-
change at the o- than at the B-methyl

VAN BEKKUM

group upon deuteration and the earlier
observed “phenyl effect” (21). When the
formation of 4 is rate determining, the
transformation of the wm-complexed species
3 into the o-bonded species 4 should result
in a greater sensitivity of the reaction rate
constant towards the substituent constants,
because of the opposite substituent effects
on the stability of these species (17-19).
Therefore, we may conclude that the rate-
determining step is the reduction of the
half-hydrogenated state 4, in accordance
with the suggestion of Smith et al. (21).

CONCLUSIONS

The influence of polar effects on the
rate of hydrogenation of the olefinic bond
over palladium is rather small or negligi-
ble, .e., the electronic nature of the transi-
tion state of hydrogenation is quite
similar to that of the initial state. In the
basic medium the adsorption of the olefinic
bond is hardly influenced by the substit-
uents. In neutral or acid media the
strength of adsorption is decreased by
electron withdrawal and enhanced by
electron donation by substituents. A =-
olefin complex is involved in the adsorption
on palladium. Dimethylamino and ethoxy-
carbonyl groups show a significant contri-
bution to the adsorption on palladium.
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