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Abstract: When adsorbed to optically transparent, thin films of Fi@noparticles on glass, the aqua complex

[RU' (tpy)(bpy(PQH,)2) (OH)]2" (bpy(PQH.)2 is 2,2-bipyridyl-4,4-diphosphonic acid; tpy is 2.%',2"-
terpyridine) is oxidized by C&(NH,)2(NOs)e in 0.1 M HCIO, to its RUY=0?* form as shown by UV-visible
measurements and analysis of oxidative equivalents by oxidation of hydroguinone to quinone. Kinetic studies
on the oxidations of cyclohexene, benzyl alcohol, phenol, teaus stilbene by surface-bound Re=O%" by

UV —visible monitoring reveal direct evidence for initial 2-electron steps to giveiRiermediates in all four

cases. These steps are masked in solution whee-RRU' reduction is followed by rapid reactions between

Ru' intermediates and R(=0?" to give RU'. Reactions between Ruand RW=0?" on the surface are
inhibited by binding to the surface, which restricts translational mobility. Rate constants on the surface and in
solution are comparable, pointing to comparable reactivities. The surface experiments give unprecedented
insight into oxidation mechanism with important implications for achieving product selectivity in synthesis by
limiting oxidation to two electrons.

Introduction

There is an extensive oxidation chemistry of high oxidation
state rutheniumoxo complexes in solutiohWe have previ-
ously reported the appearance of'RtOH*"/RU'~—OH,?" and
RUV=02"/Ru""—OH?" couples of [Ru(tpy)(bpy(PH>)2)-
(OHL)1?" (bpy(PQHy), is 2,2-bipyridyl-4,4-diphosphonic acid,;
tpy is 2,2:6',2"-terpyridine) adsorbed on optically transparent
ITO (In,O3:Sn) electrodes by phosphonate binding to the
surfaceZ One finding was an inhibition toward oxidation of
Ru'"—OH?* to RUV=02" on surfaces dilute in complex. Direct

Experimental Section

Materials. High-purity acetonitrile was used as received from
Burdick & Jackson. House-distilled water was purified further by using
a Barnstead E-Pure deionization system. High-purity (99.9%) benzyl
alcohol was obtained from Aldrich and used as received. Cyclohexene
was obtained from Aldrich and purified by fractional distillation. Phenol
was received from Aldrich and used as receiviedns-Stilbene was
obtained from Aldrich and recrystallized from ethanol. Purity of all
substrates was verified by GC-MS prior to use. Ammonium cerium-
(IV) nitrate, sodium hypochlorite solution (3@3% available chlorine),

. . . v and perchloric acid (70%) were used as received from Aldrich. All
OXIgimon" IS SlOZVX because of the high pOter.]tlal c.)f thé Ru other common reagents were ACS grade and were used without
OH**/RU"—OH?* one-electron couple. Chemical binding to the 4 ygitional purification.

surface restr!cts trqnslational mobility a}nd, with it, an altgrnate Preparations. The ligand 2, 2bipyridyl-4,4-diphosphonic acid was
mechanism involving cross-surface disproproportionation by provided by Fabrice Odobel, prepared by a published method.
proton-coupled electron transfer, eq 1. We report here the use  |ry(tpy)(bpy(POsH2)2)(OH2)](CIO4).. This salt was prepared by

2+
2+

+ Ru“=0
¢Y]

H. 4 H
2 RJ—oH 2t — Ru”'—oiH;o—Ru'“ T — Ru'—o

of RuV=0?* adsorbed on optically transparent ithin films

modifying the procedure used to synthesize [Ru(tpy)(bpyXPH
(ClOy4)2,° and has been slightly modified since first reporieflp-

proximately 10 mg of [Ru(tpy)(bpy(P#i.).)(C)](PFs) was heated at
reflux in approximately 20 mL 4 M HCI under argon for 16 h. Water

to obtain results which give unprecedented insight into oxidation and HC (gas) were removed by rotary evaporation. The product was
redissolved in approximately 20 mL of water and a slight excess of

meqha_nisms and WhiCh_ s_,ug_gest a po_ssible_ new apF?rO""_Ch tOAg(:IO4W<';\s added to remove any remaining GAgClI(s) was removed
achieving product selectivity in synthesis by limiting oxidation  py gravity filtration. The resulting solution was used to prepare films.

to two electrons. Formation and Characterization of Modified Films. Films of
T Present address: Los Alamos National Laboratories, MS A127, Los nanoparticle TiQ (3—5 um) on glas&were modified by adsorption of
Alamos, NM 87545; e-mail imeyer@lanl.gov. . o [Ru(tpy)(bpy(PQH)2)(OH2)](CIO,), from HCIO, (pH ~2) to give
" (é) (I?O%a%ﬂg% YQQJS ;7ec2ki5% ?b) IgtTI?ZOSI’_CK Egzﬁg{]eaAdRHmA glas$TiO,—RU'—OH,2* surface structures. The extent of surface
- ' \ ' : SPY: 0 () loading was estimated by UWisible measurements at.x = 486
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3.0 band gap excitation of the semiconductorhe amount of

1 benzoquinone produced was determined by-tWisible spec-
troscopy withe(248 nm)= 143 M~1 cm1, ¢(290 nm)= 2600

M~ cm1 for hydroquinone anel(248 nm)= 20 700 M1 cm,
€(290 nm)= 357 M~ cm! for benzoquinoné¢ Hydroquinone
reduction restored the MLCT band of the surface-bound
complex at 486 nm (Figure 1). Surface coverages obtained by
analysis of quinone produced and by assuming complete
oxidation to RUV=0?" on the surface were systematically
higher (16-15%) than by direct UV-visible measurements,
presumably because of a slightly decreased molar absorptivity
on the surface. Blank experiments on films with adsorbet-Ru
OHx2" in the absence of air and light gave no benzoquinone

Absorbance

0.0 N — product. . . o
350 400 450 500 550 600 650 700 These results are consistent with surface oxidation and
A (nm) reduction as in eq 2.

Figure 1. UV —visible spectra of) [Ru' (tpy)(bpy(PQH,)2)(OH,)]?*-
and () [Ru"(tpy)(bpy(PQH,),)(O)]* after oxidation of the aqua  glas$TiO,—Ru'—OH,”" + 2Cé" — glasgTiO,—
complex by C&(NH4)4(NO3)s in 0.1 M HCIO, and of ©) [Ru'(tpy)-

(bpy(PQH>),)(OH,)]?" after rereduction by % 10-¢ M hydroquinone RuY=0"" + 2Cé" (2a)

in water. . VP . I
glasgTiO,—RUY=0*" + H,Q — glas3$TiO,—Ru'—

[Ru"(tpy)(bpy(PQH>)2)(OHy)]?".? Surface adsorption at 2& followed OH22+ +Q (2b)

the Langmuir isotherm wittkk = 3 x 10° M~ for surface binding,
with equilibrium coverage achieved in dilute solutionsl(x 1075 M)
after 3 days. The maximum coverage was approximately 107
mol/cn?, which corresponds te-1000 effective monolayers based on
the area of the surface and assuming a monolayer coveragé of

The TiG; films are acidic because of the presence of surface
aqua and hydroxyl groups and the aclthse equilibria,

1071° mol/cn? as estimated from van der Waals r&dii. TiO,—Ti—OH,",CIO,” = TiO,—Ti—OH + H" + CIO,”
Kinetic Studies. UV —visible spectra were collected as a function (3a)

of time with a Hewlett-Packard 8452A diode array spectrophotometer

interfaced with a Gateway computer. Films of [Ru(tpy)(bpy{R&%)- TiO,~Ti—OH=TiO,~Ti—O + HT (3b)

(O)I(ClO4), were placed in substrate solutions in acetonitrile at room
temperature in standard quartz cuvettes. Solutions were stirred to avoid
a contribution to the kinetics from diffusion with a NSG Precision Cells
electronic cell stirrer. There was no dependence on stir rate with any
of the substrates under the conditions used for kinetics experiments.

On the basis of potentiometric titrations on anatase P25 powder,
the K, values of the above equilibria are 4.98 and 7.80,
respectively
. . ) Because of potential complications from acid-catalyzed
PLodggggréalys!s. C?Irganlc Emd”its Werﬁ antilyzgi‘g’&a Hewlett- o4 ctions after oxidation, such as ring opening of epoxides (see
Packar series Il gas chromatograph with a 0.26 @2 mm x ) - N2+ :
0.33um film thickness HP-FFAP column and a Hewlett-Packard 5971A E:Igvg, ?rllm; %%rg:l;)nr:g?eRguffgi ;,2/ e;a a;s.,g %?;ﬁ%gzgi e
mass selective detector both interfaced with a Hewlett-Packard Under these conditions, the same absorbance changes were
computer. Product analysis was perfprmed by using multiple films of observed but of lesser r,nagnitude. This may be due to partial
[Ru(tpy)(bpy(PQH2))(O)](CI0)2 in a nitrogen-purged glovebox under -~ complex from the surface at the higherptiOxidation

red light. When the reaction was complete, the films were rinsed several der th diti . B0 adsorbed idi
times with a solvent chosen based on preliminary TLC experiments un fert ese Zgn itions gives RerO~" adsorbed on a nonacidic
surface, eq 4¢

on the possible products. The solution containing the organic products

was concentrated on a vacuum line before GCMS was performed.
TiOH," HPO5 TiOH
glass| TiO, + HPOZ + OCI —» glass| Tio} +CI'+ H0 + 2H,PO,

Results and Discussion o Suteo @

Phosphonate binding to the surface provides a water-stable
linkage in acidic solution (in contrast to carboxylate bindifg).
Oxidation of the modified film by C#(NH4)2(NOs)g in 0.1 M
HCIOy leads to loss of the characteristic MLCT absorption band
at 486 nm accompanied by the formation of glags,—RuvV=
02" (Figure 1). The extent of oxidation on the surface was  (9) (a) Bard, A. JScience198Q 207, 139. (b) Bard, A. J.; Frank, S. N.

established by adding an aqueous solution of hydroquinone?J: Phys. Cheml977 81, 1484. (c) Henglein, ABer. Bunsen-Ges. Phys.
y 9 q ydrog Chem 1982 86, 241. (d) Al-Ekabi, H.; Serpone, N.; Pelizzetti, E.; Minero,

([H2Q] ~ 2 x 107° M) and monitoring the quinone (Q) product ¢ :Fox, M. A.; Draper, R. BLangmuir1989 5. 250. (¢) Larson. S. A.;
spectrophotometrically. Experiments were carried out in the Widegren, J. A.; Falconer, J. . Catal 1995 157, 611.

; ; ; ; idati ; (10) (a) Mills, A.; Morris, S.J. Photochem. Photobiol.:AChem 1993
absence of air and light in order to avoid oxidation by direct 71,75, (b) Schindier, P. W.. Ganisjer, H. Discuss. Faraday Sod971

Oxidation of Cyclohexene. Based on the results of
kinetic studies, 80 isotopic labeling, and elucidation of
intermediates, the first step in the oxidation of cyclohexene by
cis-[Ru(bpyx(py)(O)]?" in CH;CN has been proposed to occur

52, 286.
(7) Trammell, S. A.; Meyer, T. 1. Phys. Chem. B999 103 104. (11) Heimer, T. A.; D’Arcangelis, S. T.; Farzad, F.; Stipkala, J. M.;
(8) Zakeeruddin, S. M.; Nazeeruddin, M. K.; Pechy, P.; Rotzinger, F. Meyer, G. J.Inorg. Chem 1996 35, 5319.
P.; Humphry-Baker, R.; Kalyanasundaram, K.;'Zed, M.; Shklover, V.; (12) Kelly, C. A.; Farzad, F.; Thompson, D. W.; Stipkala, J. M.; Meyer,

Haibach, T.Inorg. Chem 1997, 36, 5937. G. J.Langmuir1999 15, 7047.
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Figure 2. UV—vis spectral changes for the reaction between 6.0

1073 M cyclohexene and glagO,—RuY=0?" in CH;CN at room
temperature.
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by C—H insertion!3 This step is followed by oxidation of the

H

I, I

H Ru™—O,
w0 — "0

H H

RU" intermediate by RM=0?*, which occurs rapidly to give
an observable Ri(enolatej* intermediate. It undergoes further
reaction to give the final product, 2-cyclohexen-1-&hAt high

2+

%)

cyclohexene concentrations, the corresponding alcohol, 2-cy-
clohexen-1-ol, also appears as a minor product due to oxidation

of free olefin by RU'.13
Absorbance changes that occur on glag3,—RuY=02"
following addition of cyclohexene reveal a stepwise reaction
(Figure 2). In contrast to the reaction in solutighe initial
product of reduction of Ré—02" is RU' rather than RU'. The
Ru' intermediate that forms has a characteristig,at 510 nm.
There is no evidence for Ruas an intermediate oxidation state.
Once formed, the Ruintermediate undergoes solvolysis to
give glassTiO,—RU'=NCCHz2" (Amax = 462 nm). Solvolysis
occurs by biexponential kinetics, eq 6a. In eq B4 is the
absorbance change at the monitoring wavelemth, A, with
A the absorbance at timeand A. the absorbance at= co.

Gallagher and Meyer

glassTio,—RuU'—0OH,?" + CH,CN — glassTiO,—Ru'—
NCCH*" + H,O (7)

When monitored at 484 nm, an isobestic point between the
Ru' intermediate and Ru-NCCH?*3, the absorbanegtime
changes for the initial redox step also followed biexponential
kinetics. Treatment of the data by using eq 6b gaye/land
a plot of [(k,pd s [cyclohexene] from 0.001 to 0.1 M was linear,
showing that the surface reaction was first order in olefin. From
the slope[Kk= 0.85+ 0.05 M1 s71, compared tdk = 0.16+
0.01 M~1 s71 for oxidation of cyclohexene byis-[RU"Y (bpy)-
(py)(O)J?" in CH3CN at 25°C 222 This comparison shows that
RuV=0?* reactivity is retained on the surface. The increase in
rate constant for the surface-bound reaction is a consequence,
in part, of the fact that adsorbed [R(tpy)(bpy(PQH,),)(0)]>"
is a stronger 2-electron oxidant thais-[Ru"Y (bpy)(py)(O)]Z+
in solution by 160 m\2

In contrast to the solution reaction, product analysis by GC-
MS after oxidation and solvolysis showed that 2-cyclohexen-
1-ol was the major product and 2-cyclohexen-1-one a minor
product!® This observation and the appearance of thé Rsi
an intermediate provide direct evidence that the mechanism of
oxidation of cyclohexene by R{+=0O?" is initial C—H insertion
followed by solvolysis, eq 8. The ketone probably originates

O = O
+

+ CH4CN .
Ru"’o\ H
H

TTIT

RUIV=02¢-

7T

Riu”—NCCHaz‘

11

®)

from oxidation of 2-cyclohexen-1-ol released by solvolysis from
the surface. Oxidation of the alcohol lmys-[Ru' (bpy)(py)-
(O)J?" in solution is more rapid than oxidation of the olefin by
a factor of~14 with k(25 °C, CHCN) = 2.2 M1 s 113
Oxidation of Benzyl Alcohol. Use of a similar protocol, but
with benzyl alcohol as the reductant, also results in the
appearance of a Runtermediate withlmax ~ 486 nm, also
without the intervention of RU. In the reduction otis-[Ru'V-
(bpy)(py)(O)F* by benzyl alcohol in solution under comparable
conditions,cis-[Ru" (bpy)y(py)(OH)?" appears as an interme-
diate!M A kinetics study with benzyl alcohol from 0.001 to 0.1

AA; andAA; are the contributions to the total absorbance change \; i cH,CN showed that the surface reaction is first order in

by the two kinetic component®\A = Ay — A, with Ag the
absorbance at= 0. The component rate constants kyeand
k.. The average rate constafi[] was calculated from eq 6b.

AA = AA exp (ki) + AA,exp(—(k)  (6a)

K= (K AA; + KAA)I(AA + AA) (6b)
The solvolysis kinetics were independent of monitoring
wavelength witHRso = 1.1(0.2) x 102 s™1. These observa-
tions rule out surface-bound RaOH2*, glas$TiO,—Ru'—
OH,2*, as the initial intermediate, since itsax occurs at 486
nm and it undergoes solvolysis witks, (= 1.6(=0.1) x 1073

s™1 by independent measurement, eq 7. The appearance of
nonexponential kinetics on the surface is presumably a conse-

guence of there being a distribution of surface sites which differ
somewhat in reactivity, in this case toward solvolysis.

(13) (a) Stultz, L. K.; Huynh, M. H. V.; Binstead, R. A.; Curry, M.;
Meyer, T. JJ. Am. Chem. So200Q 122, 5984. (b) Seok, W. K.; Dobson,
J. C.; Meyer, T. Jinorg. Chem 1988 27, 5.

alcohol. From the slope of a plot &fps Vs [benzyl alcohollk
= 3.00.5) M1 s71.16 For the equivalent reaction in GBN
with cis-[Ru(bpy)(py)(O)]*+ as the oxidantk = 1.54@-0.08)
M~1s11hRate constants for the surface reaction were the same
when glasgTiO,—Ru'—0OH?* was oxidized at pH 7.3 as when
oxidized at pH 1. This shows that the reaction on the surface is
unaffected by changing the local surface environment from
—Ti—OH,",ClO4~ to —TiOH, eq 4. Product analysis by GC-
MS gave benzaldehyde as the sole product.

For the solution reaction, an initial two-electron step followed
by rapid comproportionation was proposéd.

RUY=0?" + PhCHOH — RU'—0H,?" + PhCHO (9a)

(14) Moyer, B. A.; Meyer, T. Jinorg. Chem 1981, 20, 436.

(15) Quantitation of the product distribution by GC-MS has proven
difficult because of the small amounts of products produced in the surface
experiments.

(16) The kinetics in this case are exponential. The form of the kinetics
in these reactions may be symptomatic of the key microscopic (rate
determining) steps that occur in the mechanism.
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RUY=0?" + RU'-OH,*" — 2RU"—OH*"  (9b)
Two-electron transfer is observed on the surface without
complication from comproportionation, eq 9b, because of the
loss in translational mobility due to surface binding.

There is additional information in these data. The mechanism
originally proposed for benzyl alcohol oxidation was hydride
transfer with formation of RttOH,2" (eq 9a)t" However, the
intermediate that forms on the surface undergoes solvolysis with
EKsond= 5.4 x 107* s71 in acetonitrile. This is significantly
slower than solvolysis of glagiO,—RU'—OH,2", with Kson
= 1.6 x 1072 s71, The observations made here are consistent
with the recent suggestion of a mechanism in which the initial
step is C-H insertion to give a bound aldehyde hydréate,
followed by solvolysis and dehydration of the hydrate, eq 10.

OH

H—r::—Pn

F: Ph\c on 12t

FI;U'V=O2+ . RIUH_O; H +CHCN_ Fz]u“—-NCCH32++ PhCHO + H,0
[ NN I (10)

Oxidation of Phenol. Oxidation of phenol bgis-[Ru" (bpy)-
(py)(O)]?" in acetonitrile occurs by the net reaction in eq'g1.

Q. 0
2 cis {Ru(bpY)2(pY)(O)®* + CeHsOH +2 OH,ON —> 0= )=0 + @

88% 12%

+ 2 cis-[Ru(bpY)(pY)NCCHgIP" + 2 HoO (11)

With glasgTiO,—RuV=0?", rapid reduction of RY occurs to
give a RU intermediate with a characteristig,x at 680 nm,

J. Am. Chem. Soc., Vol. 123, No. 22, 26811

A= 630 nm

Absorhance

Alnm)

Figure 3. UV —vis spectral changes observed for the reaction between
1.0 x 1073 M phenol and glag3iO,—RuV=0?* in CH;CN at room

temperature. The insert shows an absorbance vs time trace at 680 nm.

If this suggestion is correct, the amount of benzoquinone
intermediate Amax = 680 nm) should decrease as the initial

surface coverage of R{=0?" is decreased. Experimentally,
the absorbance change at 680 nm decreased by a factor of 10
whenT was decreased fromyl x 1077 to ~5 x 108 mol/

cn?. This observation is reminiscent of the surface coverage
dependence of the disproportionation of IFQU"—OHZ" by
cross-surface, proton-coupled electron transfer, &q 1.
Quantitative product analysis in this case is difficult because
of the small scale of the reaction, but there is evidence for
o-benzoquinone Anax = 390 nm) on fully loaded surfaces.

Figure 3. The absorbance change at 680 nm is small and appeargiydroquinone is presumably the dominant or sole product on

to represent a small fraction of the total reaction. A related
observation was made in the oxidation of phenokks/[Ru'v-
(bpy)(py)(O)F*" in acetonitrile, which gave an intermediate with
Amax = 675 nm. It subsequently underwent solvolysis to give
RUu—NCCHgz?" with k = 3.8 x 10? s71.19 The intermediate was

surfaces dilute in RU=0?" with solvolysis at the two-electron
stage competing with further oxidation, eq 14.

Oxidation of trans-Stilbene.In a final study, the oxidation
of trans-stilbene by surface -bound Re=O?" was investigated.
A detailed report has appeared on the oxidatiotmaris-stilbene

proposed to be the bound 4-electron quinone product formedpy cis-[Ru'v (bpy)(py)(O)]?* in acetonitrile in which the fol-

by the stepwise reactions, shown in eq 12gdsenzoquinone.

RI"=0* + HO—) —

T 2+
Ru'—0—)—OH

H
2+ 2+
|
RUM=0% + Ru—0—{)—OH — Ru"—0=<")=0

+ Ru'—0OH,*
12)

The appearance of the low-energy absorption band for the

surface-bound intermediate points to a quinone intermediate on

the surface as well, and at least a minor contribution to the
mechanism in eq 13. In this mechanism, initiatB insertion

is followed by a second, cross-surface oxidation. It is in

competition with two-electron transfer on the surface as shown
in eq 14.

Fl(u"’=02* O=F|1u'v + PhOH R ! o—@—OH oHu"’ 2 Ru"—0=<:>=0 HeO-Ru' 2

1177 /////// ///////
(13)

T“N=02+ +PhOH R“ _O‘Q‘OH CHgon R —NCCH™

777 VAvaVaw: e e

14)

(17) Lebeau, E. L.; Meyer, T. Jnorg. Chem 1999 38, 2174.

lowing steps were proposéd.
RUY=0?" + olefin — Ru'(epoxide§*

RUV=0?" + Ru'(epoxide}" + H,0 — Ru" —OH*" +
Ru" (epoxide§" + OH~

Ru'(epoxide§* + CH,CN — Ru'=NCCH,*" + epoxide

Ru" (epoxidef* + CH,CN — Ru'=NCCH;*" +
oxidation products

Disproproportionation of Rli—OH?" into RUY=0?" and Rl{—
OH 2" further complicated the kinetics and obscured the
interpretation of absorbaned¢ime data. Application of global
analysis led to the conclusion that a minimum of four distinct
kinetic processes were occurring simultaneously.

The surface reaction is far simpler. Under anaerobic condi-
tions, reduction of RY is accompanied by absorbance increases
at Amax ~ 380 and 490 nm with subsequent solvolysis to give
glassTiO,—RU'=NCCHz?" with Amax = 460 nm. The appear-
ance of the higher energy feature is reminiscent of Rubut
the appearance kinetics were the same at both wavelengths with
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kKO~ 1 x 103 M~ s71 There was a slight wavelength dectected along with trace benzaldehyde. Under aerobic condi-
dependence in the subsequent solvolysis kinetics WkiHg, = tions, the absorbanegime changes are more complex. This
1.3x 103%stand®4g = 1.9 x 103s™L, chemistry is currently under investigation.

These_ obs_ervat|ons are consistent W_|th a mechamsm on theConclusions
surface in which concerted 2-electron oxidatiortrahs-stilbene ) )
occurs by O-atom transfer to give a bound epoxide intermediate. . 1 1€ results of the experiments described here demonstrate

It has a characteristitmax at 490 nm, and undergoes solvolysis the value of surface adsorption of the oxidant combined with
with [RO= 1.9 x 103 s to give the surface-bound nitrile spectrophotometric monitoring to elucidate the mechanistic

complex details of oxidation reactions at a level of detail not available
in solution. The comparability in rate constants demonstrates
that solution reactivity is maintained on the surface. This

O,
N \/cf—\c(Ph approach relies on the loss of translational mobility of the
P ot T P oxidant by chemical binding to the surface and the optical
Voo u“/glcf h JNCOHE" transparency of the underlying oxide film. Re_actions with
| soron 1 cyclohexene, benzyl alcohol, phenol, atrdnsstilbene all
I 77 777 (15) involve an initial 2-electron step and formation of adsorbe# Ru

intermediates. Surface binding of the oxidant prevents oxidation
Initial attempts to identify organic products by GCMS were past the two-electron stage. This changes the dominant product
unsuccessful. A concern was that any epoxide product generatedf oxidation of cyclohexene from ketone to alcohol and the
on the acidic oxide surface could undergo acid-catalyzed ring oxidation oftrans-stilbene to simple epoxidation. As shown by
opening to the diot® which would adsorb strongly to the T:O the cyclohexene result, there may be important implications in
surfacet® By using glasgTiO,—RuUY=02" generated at pH 7.3,  these results for the control of product selectivity in synthesis
eq 3, as the oxidant, small amountst@isstilbene oxide were by limiting oxidation to two electrons.
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