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Abstract

The role of methoxide species in selective formation of isobutene from CO and H, over ZrO, was investigated by means
of *C tracer method. Analysis of Be_3¢ coupling in the formed isobutene showed that 2co hydrogenation over ZrO,
pretreated with '*CO and H, formed '>CH,=">C(**CH,),, while ">*CO hydrogenation over (**CH,),0-adsorbed ZrO,
formed 13CH2 =12C(13CH3)2. It was proposed from these results that methoxide species gave central carbon of isobutene,
while the other carbons came from gas phase CO. A reaction path through methoxide species was proposed.
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1. Introduction

CO hydrogenation over oxide catalysts selec-
tively forms branched-chain compounds such as
isobutane [1], isobutene [2], isoprene [3], 2-
methylpropanal [1,4], and isobutanol [4]. ZrO,
catalyst is especially selective for isobutene
formation [2]. The in situ IR measurements of
ZrO, at 523 and 673 K showed the presence of
only methoxide and formate species on the sur-
face [5]. °C CP MAS NMR measurements of
ZrO, treated with a mixture of CO and H, at
523 and 653 K, rapidly cooled by liquid nitro-
gen, and then slowly warmed under vacuum
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confirmed the surface species [6]. The chemical
trapping of the surface species on the same
ZrO, with a vapor of diluted aqueous HCI
solution at room temperature and of dimethyl
sulfate at 553 K formed only methanol and
methyl formate, respectively [6]. The addition of
dimethyl ether to a mixture of CO and H,
enhanced the formation of hydrocarbons main-
taining the high selectivity of isobutene [7].
These results indicate the participation of
methoxide species in the formation of isobutene.

Regarding the formation of isobutanol from
CO and H, over oxide catalyst, Mazanec pro-
posed the mechanism of CO insertion into the
M-C bond of a surface-bound aldehyde [8].
Chain-branching mechanism on isobutene for-
mation over ZrO, proposed by Ekerdt and
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coworkers consisted of two paths (i) CO inser-
tion into the zirconium-—carbon bond of ad-
sorbed aldehydic intermediate and (ii) condensa-
tion between 7-enolate and methoxide species
[9]. On the other hand, it is well known that
methanol synthesis catalysts can produce isobu-
tanol from CO and H,, which has the same
carbon framework with isobutene. Nunan and
coworkers have studied in detail the formation
mechanism of higher alcohols from CO and H,
over methanol synthesis catalysts, where the CO
hydrogenation was carried out in the coexis-
tence of “C-labeled oxygenates such as
“CH,OH, '"“CH,”CH,OH, and ">CH,OH-
12CH312CH20H. The conclusions were as fol-
lows: (i) dominant source of both carbons of
ethanol was methanol [10], (ii) branched pri-
mary alcohols were formed through addition of
C, species to B-position of C, surface species
[11], and (iii) linear primary alcohols were given
through C, addition steps at the alcohol end of
the growing chain [11]. Ueda and coworkers
showed that the reaction of ethanol or propanol
with methanol over modified MgO catalysts
formed propanol and isobutanol, respectively,
although the reaction of methanol alone over the
same catalyst gave no higher alcohols [12]. In
our previous papers, it was shown that CeO,
forms 2-methylpropanal at 523 K as the second
main product, while the addition of In,0; to
CeO, lead to the hydrogenation product of
isobutanol from 2-methylpropanal as a main
product at the same temperature [4]. Since CeO,
gives isobutene at 673 K as a main product, the
branched C, oxygenates at the lower tempera-
tures are likely to be precursors of isobutene.
Our purpose in this paper is to demonstrate the
role of methoxide species for the formation of
isobutene by means of BC tracer method.

2. Experimental
Zirconium was prepared according to the pre-

vious papers [2,7]. CO hydrogenation with C
tracer was carried out in a glass vacuum system

equipped with a gas circulation pump. Total
volume of the circulation system was 470 ml, in
which volume of the reactor was 55 ml. The
reactor was able to be isolated from the gas
circulation line for changing the reaction gas.

2co hydrogenation on ZrO, catalyst pre-
treated with a mixture of *CO and H, (1/3)
was carried out as follows. ZrO, (4.0 g) was
evacuated at 973 K for 3 h. After the reaction of
CO and H, at 643 K and 67 kPa for 3 h, the
gas in the circulation line except a small volume
of reactor was changed to ?CO and H, while
keeping the temperature of the reactor, and then
2co hydrogenation at the same temperature
and pressure started. The products were col-
lected at liquid nitrogen temperature. After the
2co hydrogenation in a given time, the catalyst
was heated at 773 K for 1 h in air and evacuated
at 973 K for 30 min. The treatment with >CO
and H, followed by the reaction with >CO and
H, restarted. This reaction cycle was repeated 8
times for the collection of products enough to
obtain clear *C NMR spectra.

CO hydrogenation on dimethyl ether (180
Torr)-adsorbed ZrO, (4.0 g) was carried out at
643 K for 20 min. The products were collected
at liquid nitrogen temperature.

CO with 99.3% purity was obtained from
MSD isotopes. 2CO was purified by a trap at
liquid nitrogen temperature. H, was purified by
a deoxo and a liquid nitrogen temperature.

®C NMR spectra were recorded at room
temperature on a JEOL-GX-500 as a CDCl,
solution using TMS as an internal standard. The
assignment of carbons of isobutene was carried
out using the products from the reaction of
CO and H, over ZrO,. The assignments of
carbons of ethylene and propylene were carried
out using unenriched ethylene and propylene.

3. Results
3.1. Estimation of BC concentration

The concentration of >C tracer in three kinds
of carbons of isobutene was estimated as an
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Fig. 1. "*C NMR spectrum of the products formed from 2C0 and H, at 643 K for the initial 20 min over ZrO,, which was treated with

*CO and H, at 643 K for 3 h.

approximate value from the coupling spectra
because of inadequate peak splitting of 'H NMR
spectra and NOE effect of C NMR spectra.
Methylene, central, and methyl carbons in
isobutene are denoted as C(a), C(b), and C(c),
respectively.

Fig. 1 shows the BC NMR spectrum of
products in '*CO hydrogenation at 643 K for
initial 20 min over ZrO, pretreated with Bco
and H, at the same temperature for 3 h. The Bc
NMR spectrum of isobutene formed in Pco
hydrogenation over a fresh ZrO, indicated that
the peaks of 142.40, 110.45, and 24.10 ppm
were due to C(b), C(a), and C(c), respectively,
and the coupling constants of 'J(C(a)-C(b)),
'J(C(c)-C(b)), and 'J(C(a)-C(c)) were 71.72,
41.20, and 3.05 Hz, respectively. A singlet at
124.85 and a triplet at 77.21 ppm in Fig. 2
correspond to CO, and CHCI;, respectively.
Therefore, Fig. 1 shows that the products con-
sist mainly of isobutene. Fig. 2 shows that the
singlet of C(a) is smaller than the doublet due
to the coupling with >C(b). The ratio of peak
area of the doublet to the singlet would give
ratio of the concentration of >C to '>C in C(b).

The same ratio could be estimated also from the
peaks of C(c).

The calculation of >C concentration in C(a)
and C(c¢) was more complexed because of the
coupling of C(b) with one “C(a) and two
C(c)s. When all combinations of the couplings
are perfectly separated, there should be 15 peaks.

| T T T T T L ppm Al
o 10.5 10.0

Fig. 2. Enlarged *C NMR spectrum of the C(a) region of Fig. 1.
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Fig. 3. Enlarged ">C NMR spectrum of the C(b) region of Fig. 1.

However, Fig. 3 shows the overlapping in the
lower field and the separation in the higher
field. The peak assignment of “*C-containing
compound would be as follows:

Compound Peak assignment

BcH,

13y, =3¢ —HcH,
CH,

== (1),(3),(5),(6),(9),and (12

BCH, mul3C —1CH,
1BCH,

= (2),®, (D, 1D

CH=C —"CH;
CHj

== (3),(6),and (10)

13CH ymee*C —CH;
CHy

== (3)and(8)

CH, ==et3C —13CH,
CH,

> (@ and(?)
CH,=d’C — CH, —=—=> (6

where carbons without superscript 13 stand for
C and figures in parentheses correspond to the

?osition in Fig. 3. Thus, the concentrations of
*C in C(a) and C(c) could be estimated.

3.2.2co hydrogenation over ZrO, treated with
“CO and H,

CO hydrogenation over ZrO, pretreated
with a mixture of >CO and H, was carried out
using ZrO, of 4.0 g at 643 K, at which the
selectivity and the yield of isobutene were
higher than those at 673 K. Fig. 4 shows the
time course of >C concentrations in C(a), C(b),
and C(c) carbons, which were obtained as de-
scribed above. The data of the reaction time of
10 min were obtained from the products col-
lected for the initial 20 min. Similarly, the
reaction times of 30, 90, and 150 min refer to
the product collection from 20 to 40, from 60 to
120, and from 120 to 180 min, respectively.
C(b) was higher in "C concentration than C(a)
and C(c). >C concentrations of C(a) and Clc)
were almost the same, showing the fast isomer-
ization of double bond. '*C concentration in
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Fig. 4. Time course of C concentration in each carbon of
isobutene produced from >CO and H, at 643 K over Zr0Q,,
which was treated with >CO and H, at 643 K for 3 h. O: C(a),
O and @: C(b) estimated from coupling with C(c) and C(a),
respectively, and M: C(c).

C(b) carbon was nearly 90 and 75% at 10 and
30 min, respectively, while those of C(a) and
C(c) were less than 60 and 40%, respectively.
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3.3 ®co hydrogenation over 12CH3O-pread—
sorbed ZrO,

Fig. 5 shows BC NMR spectrum of the
products from CO hydrogenation over '>C-di-
methyl ether-adsorbed ZrO,. Since the spectrum
was measured under off-resonance condition,
the coupling between H and e appeared
clearly. Methyl of isobutene is quartet at 24.1
ppm due to coupling only with proton, and
therefore, there was no coupling of methyl car-
bon with C(b) carbon. Similarly, methylene
was a triplet at 110.45 ppm. No peak due to
C(b) was observed around 142.4 ppm.

A quartet at 18.7 ppm is due to a methyl
group of propylene. Although methylene of
propylene is observed as a triplet at 115.4 ppm,
there is no doublet due to methine. A triplet due
to methylene of ethylene was observed at 122.8
ppm.
Although BC-H couplings are observed, no
PC-"C coupling was detected.
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Fig. 5. *C NMR spectrum of the products formed from '>CO and H, at 643 K for 20 min over ZrO,, which was treated with dimethyl

ether at room temperature and 180 Torr.
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4. Discussion
4.1. Chain branching mechanism

Isobutene has been thought to be formed
through dehydration of isobutanol, which is
given by the hydrogenation of 2-methylpropanal
[6-9]. Aldol-condensation-type reaction of
propanal with C, oxygenate and carbonylation
at carbon of carbonyl of n*-adsorbed acetone
have been proposed for chain branching to form
2-methylpropanal. Mazanec proposed the mech-
anism as shown in Scheme 1, where chain
branching occurs through CO insertion at car-
bon of n?-acetone.Nunan and coworkers have
studied the formation mechanism of higher al-
cohols from CO and H, over Cs-doped and
undoped Cu/ZnO catalysts in detail [11]. The
reaction of CO and H, in the presence of
C-labeled methanol or ethanol revealed that
lower alcohols were incorporated into the syn-
thesis to form higher alcohols and that carbon
chain growth occurred in a step-wise manner
dominated by the addition of oxygenated C,
intermediates at the B carbons of the oxy-
genated C, (n > 2) intermediates, although the
formation mechanism of C, to C; alcohols
depends on the presence and absence of Cs
dopant. Thus, the chain branching and the chain
growth are explained by the aldol-condensation
type reaction. On the other hand, Ekerdt and
coworkers proposed the mechanism for the for-
mation of branched hydrocarbons over ZrO,
catalyst, which consists of both the carbonyla-
tion similar to Scheme 1 and the aldol-con-

CH, A Hs CH,
CH —C
(IZSCH o<c\/c-o<——=Hsc_o’i \o
—C—CH, === =
X o o
H
HG fHs
R H XA HsQCH CH,-OH
0 =/ —/— —L™
HO\N/: H3c/

Scheme 1. Proposed mechanism for carbon chain branching [8].

AN
H ,,0

Il o®
e . =0 — HC—CHD G

Cs H

Scheme 2. The mechanism of C, oxygenate formation through
two C, oxygenates reaction by Ref. [10].

densation of aldehyde with methoxide species
[9]. We have proposed [6,13] the aldol-con-
densation type reaction for the chain branching
over oxide catalysts based on that (i) addition of
basic additives such as NaOH to ZrO, pro-
moted the formation of isobutene [14] and (ii)
cofeeding of acetaldehyde or acetaldehyde
dimethylacetal to CO and H, remarkably en-
hanced the formation of isobutene [7]. The
present low pressure conditions of less than 1
atm could prefer the aldol-condensation-type re-
action to carbonylation at the carbon of car-
bonyl double bond. It is also known that
Cp,Zr(n*-acetone) intermediate formed from
Cp,Zr(CH;), and CO underwent carbonylation
at the carbon atom of carbonyl group, while the
reaction of the similar Zr complex with ketones
or aldehydes under CO atmosphere gave only
their enediolate-coordinated Zr complex but not
the carbonylation product [15]. This may indi-
cate the difficulty of carbonylation at the carbon
atom of carbonyl double bond.

4.2. The role of methoxide species

Nunan and coworkers reported the detailed
investigation using PC-enriched methanol and
ethanol on the higher alcohol synthesis from
syngas over modified methanol synthesis cata-
lysts [10,11]. One of their conclusions is that
ethanol is formed by coupling of oxygenated C,
intermediates originating from methanol as in
Scheme 2.The similar mechanism was first pro-
posed by Fox and coworkers for the higher
alcohol synthesis from methanol but not syngas
[16] and was also presented by Foratti and
coworkers [17]. This means that no carbons of
higher alcohols are incorporated into the prod-
ucts without passing the path from CO to
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methanol and that the mechanism is similar to
higher alcohol synthesis from methanol and
ethanol over MgO-based catalysts [12]. On the
other hand, the results of Figs. 4 and 5 show
that isobutene from CO hydrogenation over
ZrO, catalyst is composed of central carbon
from surface methoxide species and methyl and
methylene carbons from gaseous CO. The spec-
trum in Fig. 5 shows that there are no carbon-
carbons couplings between two carbons of ethy-
lene and between central carbon and methyl and
methylene carbons of propylene. Different from
the reaction over methanol synthesis catalyst,
the results in Figs. 4 and 5 mean that (i) one
carbon of ethylene comes from methoxide
species and the others from gas phase CO, (ii)
the central carbon of propylene originates from
methoxide species and methyl and methylene
carbons from gaseous CO, and (iii) methyl and
methylene carbons of isobutene come from
gaseous CO and the central carbon from
methoxide species. These seem to indicate that
the CO-H, reaction over oxide catalysts is
different from that over methanol synthesis cata-
lysts.

Two mechanisms have been proposed for the
formation of C, species from CO and H,. One
is CO insertion into u’-formaldehyde [8] and
p’-formyl species [13] as in Scheme 3. CO
insertion products in Scheme 3 undergo either
(a) hydrogenation to afford acetaldehyde or (b)
hydrogen shift by carbene-like character of car-
bonyl carbon to form enediolate dimer as in the
reaction of Zr [18,19] and Th complex [20].

(o]
fl
/OCHZ\ co /OCHz-C\

Nk—gH+MH———>M M—> M M

(a) CO insertion into p2-formyl species by Reference 13

CH, C-cH

CHp— VAR N2

N /0 cCO o= /3 . O\ /o
M = M - M

(b) CO insertion into u2-formaldehyde species by Reference 8

Scheme 3. Mechanism of formation of C, oxygenate through CO
insertion. (a) CO insertion into u?-formyl species by Ref. [13]. (b)
CO insertion into u>-formaldehyde species by Ref. [8].

The two carbons of enediolate dimer formed
by the hydrogen shift can not be distinguished
from each other. Therefore, the present result
that each carbon of isobutene formed from CO
and H, over ZrO, has the clear history as
shown in Figs. 4 and 5 would eliminate this
mechanism. The second path of acetaldehyde
root (Scheme 3(a)) can not be denied by the
present results if formyl comes from methoxide
species. In this case the acetaldehyde formed is
to consist of methyl given from formyl species
and formyl from gaseous CO. In our previous
paper, we reported that the reaction of CO and
H, over ZrO, forms paraformaldehyde type
adsorbed species even at room temperature [21],
while methoxide species slowly appears at 373
K [22]. ZrO, at 473 and 523 K began to form
methanol after induction time of 20 and 3 h,
respectively [7]. These results would indicate
that formyl and formaldehyde are in equilibrium
with gas phase CO and H,, while methoxide is
not. Therefore, if m”-formaldehyde species in
Scheme 3(a) is a precursor of the methyl group
in acetaldehyde, the species must be given from
methoxide but not directly from formaldehyde
which is in equilibrium with the gas phase.

On the other hand, it has been reported that
zirconium-hydride complex undergoes carbony-
lation to yield m*-formaldehyde complex
[18,19,23], which can be converted to methyl
species by the reaction with zirconium-hydride
complex [24], and thermolysis of the similar
trimeric (n>-formaldehyde)zirconocene complex
at 473 K results in the cleavage of three CO-de-
rived —CH,— groups to form the ‘Cp,Zr oxide’
trimer [23]. These suggest that n*-formaldehyde
species can be transformed to methyl or methy-
lene species. The similar mechanism was also
reported in the reaction of tantalum hydride
complex with CO at low temperatures to form
pu-methylene complex [25]. If this kind of reac-
tion should be possible on the ZrO, surface, the
mechanism for the formation of n*-formal-
dehyde intermediate could be proposed in
Scheme 4. On the other hand, the direct cleav-
age of methyl-oxygen bond of alkoxide cluster
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Scheme 4. Proposed mechanism of n’-formaldehyde intermediate
formation.

is reported for the formation of methyl-metal
species [26]. Since ZrO, is one of the difficult-
to-reduce oxides [27] and even the H,-treatment
at 973 K showed no ESR signal due to Zr®*, it
may be proposed that the formation of methyl
and methylene species from 7*-formaldehyde
species would be preferred to the direct forma-
tion of methyl species from methoxide species.
Thus, methoxide species would be the direct
precursor of n2-formaldehyde species, which is
transformed to methyl or methylene—metal
species of the precursor of C, oxygenates.

5. Conclusions

2co hydrogenation over ZrO, treated with a
mixture of °CO and H, and “CO hydrogena-
tion over '>C-dimethyl ether-adsorbed ZrO,
showed that central carbons of propylene and
isobutene stemmed from methoxide species and
the other carbons from gas phase CO produced
*CH,=CH,, "“CH,=CH-"CH,, and
BCH,=C(*’CH,),. From these results was pro-
posed the reaction path which consists of the
sequence of (i) conversion of methoxide species
to m°-formaldehyde species, (ii) formation of
methyl or methylene species from the n°-
formaldehyde species by hydrogenation or ther-
molysis, (iii) carbonylation of the methyl or
methylene species to form C, oxygenate, (iv)
aldol-condensation type reaction to form
branched C, oxygenates, and (v) formation of
branched hydrocarbons from the hydrogenation
followed by dehydration. It was proposed that

the role of methoxide species was to form the
n>-formaldehyde species, which was not given
directly from formaldehyde in equilibrium with
gas phase CO and H,.
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