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The hydrogenative ring-opening reactions of methyl- and pro-
pylcyclobutane were studied over Ni/SiO; catalyst in wide temper-
ature and hydrogen pressure ranges. Firstly, the temperature de-
pendence of ring opening was determined and maximum curves
were observed for both reactants. On the basis of the temperature
dependence curves, various temperatures were selected for hydro-
gen pressure studies. At both 523 and 573 K, only hydrogenative
ring opening occurred, and the ring opened mostly in the sterically
less hindered direction in the case of methylcyclobutane over clean
as well as working catalysts. However, for propylcyclobutane the
selectivity was close to statistical or opposite to that for methylcy-
clobutane, especially at lower hydrogen pressures over the initial
catalyst. At the lowest temperature at which ring opening oc-
curred at all, exclusive heptane formation (ring opening in the
more hindered direction) was observed. The hydrogen pressure
dependence curves over the initial and working catalysts were
used to draw mechanistic inferences concerning the ring-opening
reactions.  © 1995 Academic Press, lnc.

INTRODUCTION

The transformations of cyclopropanes and cyclopen-
tanes (especially methylcyclopentane) over supported
and support-free transition metals are model reactions
that are widely used to explore the characteristic behav-
iour of various types of catalysts (1-3). In contrast, only
a few publications deal with alkyl-substituted cyclobu-
tanes, including study of the H-D exchange and ring-
opening reactions in hydrogen atmosphere. These data
have been reviewed (1, 3). We earlier gave an extensive
summary concerning the transformations of alkylcyclo-
butanes over metal catalysts (4, 5). In the present com-
munication, only basic conclusions concerning methyl-
and propylcyclobutane and results relating to cyclobu-
tanes and Ni catalysts are summarized briefly as follows:

(i) Gault and co-workers investigated the regioselec-
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tivity and kinetics of ring-opening and H-D exchange
reactions (6, 7) of methylcyclobutane over Pt, Pd, and Ni
catalysts. Zimmermann and Hayek studied the hydro-
genative ring opening of methylcyclobutane over sup-
ported platinum model catalysts (8).

All authors agree that the sterically less hindered ring
scission predominates and that the cyclobutane ring ad-
sorbs reversibly at low temperatures and partly irrevers-
ibly at elevated temperatures.

(i) New results were published recently on the trans-
formations of propylcyclobutane over Pt/SiO; catalyst.
Hydrogenative ring opening (4, 5), ring enlargement and
aromatization (9), and the role of surface carbonaceous
deposits as selectivity-influencing species were investi-
gated (10). Propylcyclobutane was found to exhibit oppo-
site regioselectivity in ring opening to those for all substi-
tuted cyclobutanes studied, yielding mainly heptane via
cleavage of the sterically more hindered C-C bond.

(iii) Only sporadic results are to be found concerning
the hydrogenolysis of methyl- and 1,2-dimethylcyclobu-
tanes (6, 7b, 11) and H-D exchange reactions of methyl-
and ethylcyclobutane (6, 12) over Ni catalysts. It seems
that nickel is not frequently used in catalytic transforma-
tions of alkylcyclobutanes in contrast with cyclopro-
panes and methylcyclopentanes. Data related to cyclo-
propanes (13) and methylcyclopentanes (14) were
collected earlier. It was concluded that nickel induced
extensive cracking and preferred a sterically less hin-
dered ring opening.

The lack of relevant data to cyclobutanes prompted the
present work with the aim of a better understanding of
the characteristics of Ni-catalyzed cyclobutane reac-
tions. We report the effects of temperature and hydrogen
pressure on the hydrogenative ring opening of methyl-
and propylcyclobutane over Ni/SiO, catalyst. The con-
struction and comparison of hydrogen pressure depen-
dence curves, a method proven to help determine the
type of adsorption mechanisms of ring opening of cyclo-
alkanes, are applied in the present study.
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EXPERIMENTAL

Methylcyclobutane was prepared by a recently pub-
lished method (15), while propylcyclobutane was kindly
donated by the Bragin Laboratory of the Zelinskii Insti-
tute (Moscow). They were gas chromatographically pure
and were used without further purification except for a
couple of freeze—evacuate—thaw cycles immediately be-
fore preparation of the reaction mixture.

A 3.0% Ni/Si0, catalyst was made by impregnating a
Cab-0-Sil M5 support (BDH product) with an aqueous
solution of Ni(NQs), in the presence of aqueous NH,OH.
A high-temperature reduction (flowing hydrogen, 773 K,
16 h) ensured the complete elimination of Ni ions (16).
After the initial reduction the catalyst was kept in a
closed vial in a vacuum desiccator, separately from the
place where the reactions were run. The dispersion value
of the catalyst (exposed Ni atoms) was determined
(6.8%) by hydrogen chemisorption at room temperature
in a pulse system (17).

Before kinetic measurements, the catalyst was acti-
vated in 26.6 kPa H, at 673 K for 1 h. The system was
then cooled to the reaction temperature.

Reactions were performed in a conventional closed cir-
culation apparatus (for more details, see (18)). A Carlo
Erba Fractovap 2150 gas chromatograph with a flame
ionization detector was attached to the system. A
4-m-long 20% squalane/Chromosorb PAW was used for
analysis. A mixture of 1.33 kPa hydrocarbon and various
amounts of hydrogen (except for the temperature depen-
dence, where 19.9 kPa H; was always used) were pre-
mixed in the circulation part of the system before reac-
tion.

At a certain hydrogen pressure, the product yield vs
time (f) functions were always determined over a fresh
sample of catalyst (10 mg). Measurements were repro-
ducible within 10%. Both initial and steady-state rates
were determined. These rates were converted to turn-
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SCHEME 1. Reaction pathways in the transformations of methyl-
and propylcyclobutane over a Ni/SiO; catalyst.
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FIG. 1. Turnover frequency of product formation vs temperature
curves over the initial surface at 19.9 kPa hydrogen pressure.

over frequency (TOF, molecule exp. atom~! s~!) data on
the basis of exposed Ni atoms.

RESULTS AND DISCUSSION

Temperature Dependence of Transformations,
Especially the Ring-Opening Reactions

It is known that different types of transformations may
occur in transition metal-catalyzed reactions of cyclic hy-
drocarbons, such as hydrogenative ring opening, hydro-
genolysis (cracking), isomerization, and aromatization.
These transformations were observed in the present
study, although the selectivity depended strongly on the
reactants and temperature. The reactions which occurred
with both reactants were the hydrogenative ring opening
and cracking. Ring enlargement also proceeded, leading
to different products. Cyclopentane was formed from
methylcyclobutane, while propylcyclobutane ring en-
largement was followed by aromatization and subsequent
cracking, producing benzene exclusively (Scheme 1).

We concentrated on hydrogenative ring opening, the
main reaction at most temperatures for both reactants,
which gave exclusively saturated hydrocarbons at each
temperature, in accordance with the results when sup-
ported Ni catalyst prereduced at high temperature was
used (13). Experimental results show that the total ring-
opening rate vs temperature curves pass through a maxi-
mum (Fig. 1).

Besides the activity, the distribution of various reac-
tion pathways and the regioselectivity of the ring opening
are important factors in investigation of the temperature
dependence. These results are given in Table 1.

These experimental findings can be interpreted as fol-
lows. It is well known that the temperature affects both
activity and selectivity in metal-catalyzed hydrocarbon
reactions. It can regulate the hydrogen coverage of the
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TABLE 1

Distribution of Reaction Pathways and the Selectivity of the Ring-Opening Reaction of Cyclobutane
Derivatives at Different Temperatures (1.33 kPa Hydrocarbon, 19.9 kPa Hydrogen, 5 min Sampling

Time)
Selectivity (%)
T Ring Ring
Compound (K) Cracking opening® Aromatization®  enlargementc S4

Methylcyclobutane 473 — 100 _— — 0.64
523 — 100 —_ — 0.59
548 — 100 — — 0.62
573 1 99 —_ — 0.56
623 16 83 — 1 0.61
673 50 46 — 4 0.51

Propylcyclobutane 473 — 100 —_ — 0
523 — 100 — — 0.32
573 38 62 — — 0.30
623 57 40 3 — 0.39
673 68 21 11 — 0.31

7 Both ring-opened products.
% Benzene.
< Cyclopentane.

4 Selectivity of the ring-opening reaction. S = r,(r, + r,), see Scheme 1.

surface, the extent of coking, and the hydrogen content
of the carbonaceous deposits. It is also known that a
clean metal surface is necessary for ring-opening reac-
tions of cyclic hydrocarbons such as cyclopropanes (19)
and methylcyclopentane (20) to occur, and elevation of
the temperature makes the catalyst surface quite com-
plex, generating carbonaceous material on metal crystal-
lites. Thus, the maximum curve observed for the temper-
ature dependence of the ring-opening reaction is to be
expected, since coking decreases the clean metal surface
at higher temperatures. This type of temperature depen-
dence is usually observed in the ring opening of alkylcy-
clobutanes (4, 21).

Side reactions such as ring enlargement and aromatiza-
tion have minor importance. These reactions have been
extensively studied for propylcyclobutane over a Pt/SiO,
catalyst (9). However, the formation of toluene as aro-
matic product (with the same carbon number as pro-
pylcyclobutane) is not observed at all over a Ni/SiO, cat-
alyst. Instead, benzene is formed, probably via loss of the
methyl group from the adsorbed precursor of toluene.
The other possibility, which is toluene readsorption and
loss of the methyl group in this adsorbed state, can be
excluded on the basis of the complete absence of toluene
among the products.

The formation of cyclopentane, as the sole ring en-
largement product of methylcyclobutane, can be inter-
preted on the basis of the general ring enlargement mech-

anism for cyclic hydrocarbons (2), which assumes an
adsorbed Cs cyclic intermediate in ring enlargement reac-
tions. Under these relatively mild conditions, products of
homologization reactions cannot be observed.

Hydrogen Pressure Dependence of Hydrogenative
Ring-Opening Reactions

On the basis of the experimental findings various tem-
peratures were selected for hydrogen pressure studies:
523 and 573 K for methylcyclobutane and 523 K for pro-
pylcyclobutane. The main reasons for this selection were
that 523 K was convenient for kinetic measurements of
ring opening for both reactants, while for methylcyclobu-
tane the highest ring opening rate with negligible side
reactions occurred at 573 K. The ring opening of pro-
pylcyclobutane could not be studied at 573 K due to side
reactions.

The hydrogen pressure dependence studies were per-
formed in the hydrogen pressure range 0-60 kPa. Typical
product yield vs time curves can be seen in Fig. 2.

From these curves both initial and steady-state rates
were determined when possible. One is from the initial
rates (first linear part), while the other is from the second
linear part, which were thought to be characteristic for
the clean and the working catalyst, respectively (for more
details, see Refs. (4, 21)).

Exclusive ring opening occurred at 523 K, whereas
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FIG. 2. Product yield vs time curves in the ring-opening reactions of methyl- and propylcyclobutane over Ni/SiO, catalyst at (a) isopentane
(from methylcyclobutane), 523 K; (b) heptane (from propylcyclobutane), 523 K; (c) isopentane (from methylcyclobutane), 573 K.

cracking products were observed to some extent at 573 K
(Table 1). In general, two types of H, pressure depen-
dence curves were observed over the initial catalyst
(Fig. 3).

At 523 K, the curve exhibited a maximum for both
compounds, while at 573 K the curve increased monoton-
ically in the lower hydrogen pressure range and displayed
saturation character at higher hydrogen pressures in the
pressure range studied.

The unsaturated character of the adsorbed species can
be deduced from the shapes of these curves. This topic
has been discussed extensively in previous papers (4, 22,
23) and a recent book (24); here, those results are used
only to interpret hydrogen pressure dependence curves.

The initial ring-opening rate (expressed as TOF) vs H,
pressure functions at 523 K describe a curve with a maxi-
mum for both reactants (Figs. 3a, 3b). These maximum
curves may reflect the inhibition of C-H rupture in sur-
face species; thus dissociative adsorption is also sug-
gested for both compounds. However, this shape does
not exclude the hydrogen excess simply being large
enough to remove any reacting intermediates from the
surface (Langmuir-Hinshelwood mechanism).

It may also be clear that nondissociative adsorption
takes place at 573 K, since there is a monotonic increase
in the hydrogen pressure functions in the hydrogen pres-
sure range studied (Fig. 3¢). Gault and co-workers re-
ported that the adsorption becomes largely irreversible as
the temperature is elevated, and the competitive adsorp-
tion changes to noncompetitive. Thus, since the hydro-
carbon adsorbs more strongly, excess hydrogen cannot
remove it from the surface. Therefore, the only role of
hydrogen remains to be reactant for hydrogenation.

After the initial catalysts, we can analyze the TOF vs
H; pressure functions determined over the working cata-
lysts (Fig. 4). )

As described earlier (4, 21), these curves were con-
structed from the steady-state part of the product yield vs
time functions.

The formation of surface carbonaceous deposits in cat-
alytic hydrocarbon reactions is a well-known fact. Many
results are to be found on the formation and effects of the
carbonaceous overlayer (25). The continuous formation
of different types of surface carbonaceous deposits in the
transformation of propylcyclobutane has also been ob-
served (10). However, our previous results show that at
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FIG. 3. Turnover frequency of product formation vs hydrogen pressure curves over the initial catalyst at (a) methylcyclobutane, 523 K
(O, isopentane; A, pentane); (b) propylcyclobutane, 523 K (O, 3-methylhexane; A, heptane); (c) methylcyclobutane, 573 K (O, isopentane; A,

pentane).

lower temperatures, or especially at lower reaction rates,
the building up of a carbonaceous overlayer is very slow,
and thus the formation of a working catalyst is not neces-
sarily observed. This is precisely what was found here at
523 K. The working surface did not exhibit significant
differences from the initial one at low reaction rates. The
shape of the H; pressure dependence curves of the work-
ing catalyst was very similar to that of the curves ob-
tained over the initial catalysts for both reactants (Figs.
4a, 4b), in agreement with product accumulation curves
where the two parts can hardly be distinguished. Thus, it
can be deduced that the adsorption over the working cat-
alyst did not change significantly, i.e., dissociative ad-
sorption was the main type. A simple Langmuir-Hinshel-
wood mechanism, however, cannot be excluded. In
contrast, at higher temperature (or activity) for methylcy-
clobutane the working catalyst differed appreciably, as is
clearly shown by the shape of the product yield vs time
curves (Fig. 2c); the two parts of these curves can easily
be separated. Hydrogen pressure dependence curves
(Fig. 4c) also show this difference. A large maximum is
now observed, indicating that the adsorbed species are

very different from those initially formed. This means
that the nondissociative adsorption has become dissocia-
tive or that the large excess of hydrogen simply sweeps
the reacting species from the metal surface.

Selectivities of Ring-Opening Reactions

The hydrogen pressure dependence curves permit a
quick conclusion; nevertheless ring-opening selectivities
yield additional information concerning the mechanisms
of the ring-opening reactions. Selectivity data are shown
in Table 2.

These data are in agreement with the results mentioned
in the introduction, but there are significant differences
between the two reactants. Although methylcyclobutane
opens in both positions, good selectivity is exhibited in
the sterically less hindered position. In contrast, the se-
lectivity is close to statistical for propylcyclobutane, or
even selectivity to the more hindered position is ob-
served, especially over the initial catalyst. This is in ac-
cordance with our previous findings on this topic (4, 5). A
comparison of the ring-opening selectivities of methyl-
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FIG. 4. Turnover frequency of product formation vs hydrogen pressure curves over the working catalyst at (a) methylcyclobutane, 523 K

(O, isopentane; A, pentane); (b) propylcyclobutane, 523 K (O, 3-methylhexane; A, heptane); (c) methylcyclobutane, 573 K (O, isopentane; A

pentane).
TABLE 2
Selectivity of the Ring-Opening Reaction
Methylcyclobutane
Propylcyclobutane
523 K S73 K 523 K
PH,

(kPa) a b a b c d
3.3 0.43 0.95 — — — —
6.6 0.55 0.87 0.57 0.55 0.31 0.41
9.9 0.57 0.57 — — 0.32 0.74

13.3 0.62 0.63 0.65 0.60 0.36 0.63
19.9 0.59 0.66 0.53 0.62 0.32 0.54

26.6 0.60 0.72 0.55 0.57 0.54 0.59

33.2 0.72 0.76 0.68 0.64 0.56 0.61

39.9 0.76 0.76 0.69 0.65 0.54 0.51

46.6 0.68 0.77 0.66 0.71 — —

53.2 — - 0.65 0.72 0.52 0.50

59.8 0.72 0.78 0.67 0.66 — —

66.5 — — 0.66 0.71 —_ —
Note. a = riygali /(rinilial i + rinilial,penlane); b= rworking.isopcnlane/

(rworking,isopentane + rworking,penlane); c = rinilial,}-melhylhexane/(rini(ial,J-melhylhexane +
rinilial.hep!anc); d= rworking.3-mclhylhcxane/(rworking,l-mclhylhcxane + rwurking.hcplanc)-

B

and propylcyclobutane shows that there is a difference
between the adsorbed species of the reactants. It is clear
that the results observed cannot be explained by a single
mechanism for both compounds and all temperatures. At
523 K, dissociatively adsorbed species predominate for
both reactants over clean and working catalysts. Since
the selectivities are good for methylcyclobutane in the
sterically less hindered direction, a 2,3 C-C bonded,
edge-on species is suggested as the major adsorbed inter-
mediate. The minor product (pentane) is probably formed
through either 1,2 C-C bonded intermediate. In con-
trast, the selectivity is close to statistical for propylcyclo-
butane, and the sterically more hindered ring scission is
the major ring-opening route at low H, pressures (0-20
kPa). Our recent results (4, 5 10) led to the proposal of
side-chain bonded adsorbed intermediates for propylcy-
clobutane. This anchoring effect is probably also the ba-
sis of the interpretation of the selectivity differences. A
side-chain bonded edge-on species exists probably over
the initial catalyst in the low hydrogen pressure range (0
20 kPa) proposed by good selectivities in the sterically
more hindered position. The geometry changes as the H,
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pressure increases; propylcyclobutane lies to the surface
and anchoring disappears. This flat-lying species pro-
vides very similar opportunities for both 1, 2 and 2, 3 C-
C bond rupture as selectivities show. The working cata-
lyst does not differ to a large extent from the initial one at
this temperature; a dissociatively adsorbed simple flat-
lying complex is proposed over working catalyst.

At 573 K the picture is significantly changed. First, the
reaction rate vs H, pressure function determined over the
initial catalyst suggests a noncompetitive adsorption be-
tween the hydrocarbon and hydrogen. The adsorption of
methylcyclobutane is probably irreversible to a large ex-
tent; the hydrogen cannot remove it from the surface and
affects the ring-opening reaction practically only as a re-
actant. The selectivity is similar to that at 523 K, and thus
the same edge-on adsorption geometry is suggested for
the adsorbed intermediates. In contrast with the situation
at 523 K, at 573 K the working catalyst differs from the
initial one, in agreement with our earlier findings (4, 21).
H, pressure functions and selectivity data allow the pro-
posal of a dissociatively adsorbed edge-on species since
the selectivities are good in the sterically less hindered
position and they are nearly identical in the whole hydro-
gen pressure range applied.

CONCLUSIONS

The transformations, especially the ring-opening reac-
tions of substituted cyclobutanes over a Ni/SiO; catalyst,
have been studied in hydrogen atmosphere. Ring opening
was found to be the main reaction pathway at most tem-
peratures. At higher temperatures, cracking, ring en-
largement, and aromatization occurred as side reactions.
Cyclopentane was formed from methylcyclobutane, and
benzene from propylcyclobutane.

Analysis of the shapes of turnover frequency vs H,
pressure functions and geometrical considerations per-
mits conclusions concerning the intermediates of the
transformations. Over the initial as well as the working
catalysts dissociatively adsorbed species characterize the
ring opening of both reactants at 523 K. Edge-on interme-
diates are formed from methylcyclobutane, while pro-
pylcyclobutane reacts via a side-chain anchored edge-on
(0-20 kPa H,), flat-lying complex over the initial catalyst
and via flat-lying intermediates over the working catalyst.
At 573 K methylcyclobutane adsorbs probably nondisso-
ciatively over the initial catalyst, in contrast with the
working catalyst, where dissociative adsorption occurs.
On the basis of the selectivity data edge-on intermediates
are suggested for both types of catalysts.
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