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Tunable gold catalysts for selective hydrocarbon
oxidation under mild conditions

Mathew D. Hughesl. ¥i-Jun Xu’, Patrick Jenkins', Paul McMara', Philip Landon', Dan I. Enache’,

Albert F. Carley', Gary A. Attard', Graham ). Hutchings',

Ken Griffin® & Christopher J, Kiely*

Orcicdation is an important method for the synithesis of chemical
intermediates in the mannfacture of high-tonnage commaodities,
high-value fine chemicals, amdumcuk and pharmaceuticals:
bt axidations are aften inefficient’. The introduction of catalytic
systems using axygen from air is prefermed for green’ processing’.
Gold catabysis is now showing potential in selective redox
processes™, particularty for aloohel axidation” "™ and the direct
synthesis of hidrogen perosade’'. However, a asjor challengs
theat persists {5 the synithesis of an epoxide by the divect electro-
philic addition of ooygen to an alkene™. Although ethene s
epoxidized efficently wsing me r oxygen with slver catalysts
in a large-scale industrial proces', this is unique because
higher alkenes can only he effectively epnxidized wsing hydragen
peroxide™ ", hydroperaxides"™ or stoichiometric ovygen donoes.
Here we show that nanocrystalline gold catalysts can provide
tunahle active catalyses for the oxidation of alkenes using air, with
exceptionally high selectivity to partial oxidation products
(--88%) and significant comversions, Our finding significantly
extends the discovery by Haruta™™ that nanocrystalline gald
can epoxidize alkenes when hpdrogen is wsed to activate the
molecular axygen; in our case, no sacrificial reductant is needed.
We anticipate that our finding will initiate atternpds to understand
mare fully the mechanism of eopgen activation at surfaces,
which might lead to commercial exploitation of the high redox
activity of godd nanocrystals.

O initial experiments investigated the eddation of cpclaheene
using 1% AulCwitl encypen using polar solvents { for ecample, water)
in a stirred autoclave reactor or a stired pon-presarized glass
reactor. Bven under relatively mald conditions (60-80°C, 4-24h),
wmly 0, formie actd and oxalic aod were fommed witl op o 100G
eyelolewene comveraon | Table 1), but no O, produscts were observed.
Experiments ivalving the potential reaction of expected O, producs
with water as solvert under identical cnnditions indicated that had
these beers fommed they would have been observed | comversions:
cyelolemene mxide 565, Toyelahesen- Lol §.2%, 2-cpclohenen-|
one 5.70%, trans-1,2-cyclohexanediol 026, Lé-heanediol 23.0%), Ttis
theerefore chear tha in pelar sobeents the odation of the alkene docs
ot proceod via the epoxide. At this stage, we carried out a key
experinent in the absence of solvert but in the presence of molecular
aocyged, in A stimred autoclave reactor, In this case, 2-opclohewens- |-
ot and 2-cyclolsenen- 1-od wire chaerved.

T viewr af these proemising results, we ivestigated a range of
apolar solverits and shonwed that with these media we could readily
achieve select fior €, prodiscts mm the range G080, with yields
of 10-307% | Table 1), provided that 2 small amount of an initator
wias added at the start. In the abaence of annittor (erther H,O, or
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t-hutyl hydroperoxide, TBHP) no cychohexene comersion was
ohserved; boweever, we emphasize that only catabytic amounts of
these initiabors are required {Supplementary Tabde 10, Tn the absence
of the gold caralyss, bat in the presence of the catalytic amount of the
radical initiaror, again no conversion was ohserved, confirming that
the nanocorvstalline gold catalyst is necessary, The most significant
finding with these solvents & that the G, product distribution is
dependent on the sobvert. The highest selectivity for cpclalwename
oncide (500%) was ebserved with 1,23, 5-tetrarmethylbereene with 1%
A as catalyst | Table 1), and decreasing the Au loeding decreased
the vield of cyelohesene ouide (Table 2 Supplementary Table 1)
Irnvesitiga som of the reactiom profile with reaction tme {Supplemen-
tary Fag. 1) indicated thas has 1o be carefully monttored o ensure the
highest yields are achieved, 25 the eposide = formed as 2 pramary
procuct and the other producs are formed 25 2 consequence af
sequential exidation, These findings suggest that the Aw'C catalysts
are tunable by careful seection of the reaction conditions. With
toluene as salbvent, 2-cpdlabexen-1-ol and 2-cycdobexen-1 -ome were
formied and wo cpclohesene oodde was frrmed (Table 1) The use of
dy-deuterotoluere did not lead to any discernable change in the rate
of reaction, nor did we chserve the incorporation of dewterium into
the products, This indicates that the solvent is not invobeaed inti-
ratehy with the reaction, and the absence of a kinetic isotope effect
indicates that the solvent was not acting, &5 a sacrificial source of
Iydrogen in the rate-defermining step, in contrast o the way
in which sacrificial H; is required in previous studies for propene
oncidatien®*

Ina further set of experiments, styrene wis wed 22 substate, nang
1,24 5 tetrarmethydbenzmne with 1% An'C, and selectivities up o
470% were alserved (Supplementary Table 1) To comfirm the general
apphcability of this codation catalyst, experiments were conduced
with cis-stilbene, and again selectvities: for the eproade of wp b 30%,
were achioved (Supplementary Table 2}, The ohseration of high
selectivities for the frans q:lrrl'kie' indicates that the twn C-Cr bands
of the eporide are frormed sequentially with this substrate. Interest
ingly, we have abso found recently thar the same Aw'C catalyses are
effective for dkane oxidation; initial experiments indicate that
cvcbolienane can be eoddized at 70°C to @ mivture of cuclolexanons
ard cydohexaned with & combined selectivity of pear 100% an o
cormersion, and we ane currently exploring these preliminary resuls
in rabere detail ™,

Wi e alse irvestigated the modification of e AwC catalyss
using B, The addition of B s well kiow wo affect the selectivity of
supported P catalysts™, but 1o date effective prometers have ot
b reported for Au aatalyite Addation of B markedly enhances the
selectivity for O, oeadation prodiscts from cycohesens (Table 2}
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With the Br-modifed 5% Aw/C catalyst, the sdectivaty for
products was the highest oheerved (57:9%0) The vields obarved
with these modified catalysts are higher than these previoudy
re for the oxidatiers of alkenes using maolecular mopgen'™,
wihiere Hy was used as a serificial reductant, The promation effect
vons: sl observed with poodene as solvert (Table 21, Xoray photo
electron spectroscopic (XPS) analysis of the catalyss before and
after reaction revealed a boss of Bi from the caratyse surface {Sup-
plementary Fig. 23, The initial molar ratio of BizAu for the fresh
samiple was 40, which decreased 0 025 after reaction. To rule out
thee prossihiliny that the leachad B was promoting o hormogenens
veaction, the wsed catalyst was ve-tested with a new reactant
pritire—the corversion and selectivity obasrved were almoat
identical wo thase obtained during the inital experiment with the
fresh Bi-modified Au'Cocatalpd (Table 2 and the BizAu satin
decrensierd further 10 I3 In both s the solution recovered
Froom the catalytic reactor exhibited no ctalytic activaty, confirmng
that the Bi-modifiation wies die 10 2 heterogenecusdy catalyied
reachim. Chasly, only relatively small ameunts of B are requised 10
erhance the sdectivaty of the gold aialst. Furthermore, initial
experiments using S0, Sb and Ph as prometers (Supplementary

Table 3} sy that some enhancement in activity can be observed
with thise dopants, and this indicates there is potential for the design
of mmproved gold oxidation catalysts invalving promoters.

We have used cyclic voltammetry 0 study the Bi-modified
carzlysts. Figure la shows the first vilammetric cude of the Bi
mindificd (5% AwC catalysts ax 2 function of incressing hismuth
weverage, The inftial stages of hismuth adsorption give rise tooa serics.
of redos peaks between 0. and 0.6V associated with an imeversibly
adenrbed surface bismuth layer in contact with the gold surface. Such
surface intenmediates have alveady been seported for biamuth on
patinum™ %, The fommation of the initial momolayer oonerage i
associated with a feature st —04-045V (Fig. La). Omece these states.
are filled, a multilager bismuth stripping peak is ohserved on the
proitive poteritial geeep at 0.2% whidh grows contimuously with
merensang bismuth loading, Figure 1 shows the cpelic voltammao-
grams {CVa] of the modified cialyst before and after reaction. It i
eyadent from thiese data that the B multilayer peak intensaty s much
reduced afler reaction, with some attenuaton ol the fir bismuth
monalayer iates. This finding i m accordance with the KPS results
mwesurerd pre- and post-reaction (Supplementary Fig. 20, Fradently
only the adsorbed bismuth in the first monolayer is stable (and
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Figmre 1| Cychc voltammegrams of 0.5wi% An/carben catalyst.

& Changes in vellamesetric respanie s 4 functian of irrcversibly adiodbed
Bi The featwre a1 D405V is associated with Bi inoibe first msonokayer.
Walii-lapers of Bi are assnciated with a siripping peak al 8.2V, Bi leading
{mmalie solid Fne, 0; dot-dashed, 003; dashed, 148 dovied, 292, B Loss of

active) under neaction conditions. Hiavever, m addition there are
cleardy some molecular fragments still strongly adsorbed on the
surface, as indicated by the attemsztien of the ‘reade’ regron between
L and L6V relative in the OV for the modified catalyst before
reaction,

In a final set of experiments, we imvestigated the radation of
ascyelooctene both in the presence (Supplementary Table 3) and
sheence | Table 35 of solvents, Tn particular, we wished to determine it
the ot of radical initiator could be markedly reduced compared
o our initial studics (Tabldes |, 2 and Supplemertary Tables 1, 20,
We frund that with cis-cpdonctens (Table 5] as substrate, high
sebectivities can be achieved oven wisen the amount of TEHP is
devressed to a8 low s 2 g per Miml substrate, representing a
aycloocteneTBHE molar vativ of 300 and a molar ratio of eposide to
peraxide of 32 With our mon-optimized systerm, vields of 35 mol
product per mal Au per b { L9 mal per ky cataly per h) can be
achieved, which i ligher than previous reports for propene epoxi-
dation by Harutz and en-workers™™. We alsn found thar, with
careful tuning of atalyd and enndition, sdective oeidatson could
e achieved sathout the need For the addition of selvent {Tahle 3],
which is 2 major tenet of “green’ chemi

The high selectiviey for the cposide, particulady for opclohexens
andd cis-cyclonctene, demonstrates that direct oxidation of the
carbon = carbom double bond is ccoarving with this catalyst spstem.
Commenting on the mechanism, we consider thar HOUH and
Bur2eFH act as initiators of 4 chain reaction, whidh is sustained by
mdemlar ooygen. The cheervation of frms-stilbene covde strongly
auggests that for this substrate the twn G0 homds in the epoide are
vt formed simultareosly; the formation of the ras-epocide is
evidence of 4 rotation abeut te C-C bond fllowing the formation
of the initial -0 bod, Howsever, this behaviour ray be restricted te
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muglti-leyer Bi afler resction as demsnsirated by the aniznwation of the Bi
stripping peak. The presence of the Bi monalayer calure sugaests that sosme
Bi rensaing on the catalyst Solid ling, before reacitiong deiied line, alter
reaciion,

ammatic substrates, whach may interact differently with the gold
surface as compared with non-aromatic alkenes. Experiments at low
conversion indicate that the epxide 1% formed mitially | Supplemen-
tary Fig. 1} and that the other reaction products observed represent
the products of a sequential ooddation process that competes with
nomeselective oodation, The active species and intermediates leading
to the desired epocide product, s well as the sequential products, are
likedy e bee closely associated with the pold surfice, and we consider
that they do not imelve very reactive O-centred radicals, as the
prefirved solvents comtain benmdic C-H bonds and these are not
attacked {zs evident from the absence of deuterated products from
the reaction in deuterotoluene). Such attack at the benedic C-H
ool moseriver be expociad to lead to benzyl dimer formation, and
the fevermation of selective enddstion products would be diminished
becanse of ihibition of the chain process imalving molecalar
xygen; alsn, we see no dimenic products. The solvent does, howeser,
influence the selectivity ohaerved, possibly by contralling the mtes af
the ermeecutive coadation steps as well as the formaton of the actve
intermediates. The mediation of the salvent i the oxidatiom proces
could be via o weak interaction with the gold surface, particularty
influencing the ease of electron transfer to, or from, the gold
n.'\ru'rplﬂrﬁc to establizh the active chain carrier, Surh a weak
interaction has been ohservad with the S -mediated agpregation
of gold nanoparticles by Brust o al *.

At present, our Tesults show the gold catalyet wo have significant
poteritial for selective epoxide forration rather than the competing
allylic exdation, This characteristic is promising, but we note that in
arcer b [ 2 practical irmpact an the comumercial level, vields will
need oo be sgnificantly improved (perhaps using continuous fow
reactors) and the long-term stability and performance of the catalyst
demonstrated. Wk along these lines is e in progres,
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