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180 isotope labelling studies of the CO oxidation-assisted
epoxidation of propene, catalyzed by a mixture of Au/TiO,
and TS-1, using a methanol-H,O solvent showed the O in the
epoxide was exclusively from O, and not HO or methanol.

Although the high activity of supported Au catalysts for low
temperature CO oxidation has been known for some time, '
the detailed mechanism of this reaction has not been resolved.
Adsorbed CO has been detected by IR under conditions
relevant to catalysisf‘4 but information about the adsorbed
oxygen is noticeably lacking. In particular, the manner in
which molecular oxygen is activated remains unknown. Unlike
other noble metals, such as Pt and Pd, that are less active but
nonetheless good oxidation catalysts, there is no evidence of
dissociative adsorption of oxygen on Au under catalytically
relevant conditions. Conventional temperature programmed
desorption experiments could not detect any oxygen desorption
from a sample that had been treated in a flow of O,, and there
is no useful spectroscopic evidence of adsorbed oxygen.

Computational studies offered some insight into the oxygen
activation/adsorption process. Molecular (associative) adsorption
appears feasible,”’ and it is enhanced by coadsorption of
water® or the presence of negative charges on the Au
cluster.® 1% However, the role of this form of adsorbed O, in
catalysis has yet to be established.!"!? Associative adsorption
of O, was also proposed in the reaction mechanism without
any supporting evidence.'>!*

Recent experimental evidence offered some insight into the
form of adsorbed oxygen important in CO oxidation. When
CO oxidation was conducted in an aqueous medium, significant
amounts of H,O, were formed, even in the absence of H,.!"
Whereas the formation of H,O, from H, and O, is thermo-
dynamically feasible and the reaction can be catalyzed by
Au,'*"® the oxidation of H,O to form H,Oy:

H,O() + 1/20, —» H,0,(1) (1)
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is thermodynamically highly unfavourable (AG® =
116.8 kJ molfl). Thus, for this reaction to occur during
CO oxidation, it must be mechanistically coupled to CO
oxidation so as to achieve a thermodynamically favourable
(AG° = —140.4 kJ mol~") overall reaction of:

CO + H,O(l) + O, —» H,0,() + CO, )

The fact that eqn (1) is thermodynamically highly unfavourable
argues that the mechanism to form H,O, cannot involve
dissociative adsorption of O, to form two identical adsorbed
O atoms, which react independently with H,O in two identical,
parallel pathways. This is because each of these two pathways
would be thermodynamically unfavourable. It follows that the
two O atoms of the activated O, responsible for H,O, formation
during CO oxidation must react differently.

In our effort to gain insight into the CO oxidation-assisted
peroxide formation process, we coupled it with epoxidation of
alkene and probed the origin of the O in the epoxide with 80
isotope. This Au-catalyzed, liquid phase CO oxidation was
conducted by bubbling a gas mixture of CO, O,, propene, and
He through a suspension of Au/TiO, and TS-1 catalysts. TS-1
is a titanium substituted silicalite that is active for epoxidation
of alkenes using H,O,.!” The rates of CO, O, and propene
consumption and formation of volatile products, including
propene oxide (PO), acetone, propanediol, and 2-propanol,
were monitored by analyzing the gas phase products at the
reactor exit periodically with an on-line GC-MS. CO, was also
analyzed, but its rate of formation could not be calculated
accurately from the exit gas due to significant dissolution into
the liquid. At the conclusion of the experiment, the liquid
phase was analyzed for organic products by GC-MS, and
for peroxides by titration. More experimental details are in
Supplementary Information.

Table 1 shows some representative results. (See Table S17
for a more complete set of results and additional experiments.)
When H,O was the solvent, propanediol was the majority
organic product, most probably formed by hydrolysis of
propene oxide (Exp. 1). However, when the liquid contained
>80% methanol, propene oxide was formed selectively, without
any detectable propanediol (Exp. 2 and 5). This could be a
consequence of the hydrophobic nature of the TS-1 pores that
partitions CH3OH preferentially to H,O. Within the uncertainties
(estimated 10%) in both O, and propene balances over the
course of the experiment, little combustion or hydration of
propene had occurred under these conditions. Titration identified
the presence of peroxide in the liquid (last column, Table 1),
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Table 1 Results for liquid phase CO oxidation-assisted epoxidation of propene

Reaction rate,” pmol min~!

Quantity,” 10> moles

Liquid composition

Exp.” MeOH-H,O, mL:mL Rxn time, min CO 0O, Alkene Total PO, +1 Other products? C3Hg cons. 42 —OOH® £0.2
1 0:50 292 2.5 1.6 0.83 2.7 14.6 24 0.34

2 40:10 232 11 5.8 0.88 21 Trace 22 0.72

5 47.5:2.5 251 4.0 2.5 0.81 23 Trace 20 0.37

7 50:0 > 100 0 0 0 0 0 0 Nd

8 47.5(EtOH):2.5f 240 1.8 1.1 0.08 1.5 Trace 2+1 Nd

“ Reaction conditions: 100 mg Au/TiO, + 150 mg TS-1, 40 °C, 480 kPa total pressure; gas feed: 2.5% CO, 1.25% O, 1.65% propene in He, total
flow rate 40 mL min~!; 50 mL liquid (CH;OH + H,0).? Steady state rates, determined by analysis of composition of gas exiting the
reactor. ¢ Sum of products formed or propene consumed over the reaction time indicated, determined from both the gas and liquid phase
compositions. ¢ Only byproduct detected in any significant amount was propanediol in Exp. 1. ¢ Total peroxide (H,O, + ROOH) in the liquid at

conclusion of experiment. / Ethanol was used instead of methanol.

but the technique could not distinguish H,O, from other
peroxides, such as CH3;00H. When methanol was replaced
by ethanol (Exp. 8), the CO oxidation rate decreased by a
factor of about 2.5, and propene oxide formation by over a
factor of 10. The slower epoxidation rate in ethanol than in
methanol has been reported, although the decrease was less
than that observed here. Control experiments showed little
propene oxide formation when either Au/TiO, (not shown) or
TS-1 (Exp. 8, Table S1{) was missing from the catalyst
mixture, supporting the hypothesis that a stable intermediate
oxidant was formed on Au/TiO, that diffuses to TS-1 to effect
epoxidation. CO was necessary (Exp. 9, Table S1t), confirming
that this intermediate oxidant cannot be formed by oxidation
of water or methanol directly, but by a mechanism that is
coupled to CO oxidation. Finally, when methanol was replaced
by acetonitrile in the solvent (47.5/2.5 acetonitrile-H,O, Exp. 9),
no propene oxide was formed, no peroxide was detected in the
liquid by titration, and the CO oxidation activity was low.

H,'®0 was used to determine whether the formation of
propene oxide in experiments using a CH;OH-H,0 mixture
was from H,0,. We reasoned that oxidation of H,'®0O would
form H'80!SOH, and consequently, the epoxide formed would
be 50:50 '°0: 80-labeled. Table 2 shows the results of these
experiments (Exps. 12—-14). Only '°O-labeled PO was detected
both in the exit gas and the liquid. In contrast, a distribution
of C'0,, C'°0"™0, and C'0,, enriched in 'O content,
was detected in the gas phase product. The formation of a
distribution of isotopically labelled CO, indicates oxygen
scrambling between CO, and H»O, most likely via a bicarbonate
intermediate.

Complementary experiments were conducted using '*0, in
the feed. The results (Exp. 15 and 16) show that only
80-labeled PO was formed until at least 1 h into the experiment,
when small amounts of '®O-labeled PO began to appear.
Interestingly, the CO, was mostly labelled with '°O, consistent
with rapid isotope scrambling with water. A similar observation
was obtained using the ethanol-H,O solvent (Exp. 17). Only
180-labelled PO was formed when using '*0,. In addition to
the fact that the methanol results have been repeated (Table 2),
other evidence also suggested that these results were not
experimental artifacts due to scrambling in the detection
system. Injection of a solution of unlabelled propene oxide
in H,'®0 into the GC-MS did not change the cracking pattern
of the propene oxide (Fig. S31), although a huge m/z = 20

peak due to the labelled water was observed. In the experiments
using H,'%0, trace amounts of '8O-labelled (>90% labelled)
acetone could be detected, which was likely formed by
hydration of propene followed by oxidative dehydrogenation
of the propanol product. Thus, labelled reactive organics
could be detected accurately.

These results show that H,O, although necessary for CO
oxidation, is not involved directly in the epoxidation reaction.
We believe that the role of moisture is to maintain the activity
of the active site on Au for CO oxidation, as suggested in the
literature.?! Alcohol is needed for epoxidation, which does not
occur in the acetonitrile-water solvent. Whereas the data
unequivocally show the formation of a stable intermediate
oxygen carrier that is formed from O, on Au/TiO; and diffuses
to TS-1 to effect epoxidation, unfortunately, there is no direct
observation on the nature of this intermediate. Two logical
possibilities are: H,O, and CH3;00H (or C,HsOOH if ethanol
is used).

H,0, could be formed according to Scheme la. O, is
adsorbed on the active site on Au/TiO, as peroxy or
superoxide, which reacts with CO to form CO, and an
adsorbed O. The adsorbed O may react with another CO in
a nonproductive pathway, or react with methanol to form a
surface OH and a CH,OH radical. Two surface OH combine
to form H,O, which carries the same isotope label as O,. This
mechanism would postulate HOCH,CH,OH as a byproduct.
Unfortunately, we searched for but could not detect its
presence, although its concentration might be too low for
detection.

Alternatively, the Au-superoxide picks up a proton from
water or methanol to form Au-peroxide (Scheme 1b), which
reacts with methanol or methoxide to form CH;OOH, in
which the O of the OH would have the same isotope label as
0,. The methylhydroperoxide is responsible for propene
epoxidation. In the literature, it has been reported that stable
alkylperoxide can be formed by catalytic oxidation of alkane
with H>O, under reaction conditions similar to those used
here.?>?* Reaction of Au-superoxide with CO would lead to
nonproductive consumption of CO.

We have provided isotope labelling evidence to show that
the source of oxygen in propene epoxide in the liquid phase,
Au-catalyzed CO oxidation-assisted epoxidation of propene is
from O, and not H,O. A stable intermediate, formed on Au
with a mechanism that is coupled to CO oxidation, serves as
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Table 2 Results of '*O-labeled experiments

Isotope distribution in products’

Exp.“ H,0 isotope ratio, '*0/°0 0, isotope ratio, '*0/'°0 Reaction time, min C'80,:C"%0™"0: C'*0, P'*0:P'®0
12 1/0 0/1 310 48:68:1 0:1
13 1/0 0/1 110 52:64:1 0:1
14 1/0 0/1 120 48:6.3:1 0:1
240 48:6.3:1 0:1
15 0/1 1/0 60 0:0.1:1 1:0
180 0:0.1:1 1:0
16 0/1 1/0 120 0:0.02:1 1:0
17 0/1 1/0 120 0:0.1:1 1:0
180 0:0.1:1 1:0

¢ Reaction conditions same as Table 1; CH;OH-H,O = 47.5:2.5 except Exp. 16, which was 40: 10, and Exp. 17 which used ethanol instead of
methanol. ® CO, in the gas product stream, and propene oxide in both gas and liquid products.
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Scheme 1 Proposed mechanisms for formation of oxygen-carrying
intermediate.

the oxygen carrier to TS-1 where epxoidation occurs. However,
the nature of this oxygen carrier is not established, and
additional experiments are needed to identify this intermediate
and to establish the reaction mechanism. These results offer a
novel method to perform epoxidation using green reagents,
since the reactants (CO, O,, and alcohol) and the byproduct
(CO,) are environmentally much more friendly than the
typical reagents used, such as nitrous oxide, oxychlorides,
and oxometal complexes.
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