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Photocatalytic Oxidation of Multifunctional Organic Molecules. 
The Effect of an Intramolecular Aryl Thioether Group on the 

Semiconductor-Mediated Oxidation/Dehydrogenation of a 
Primary Aliphatic Alcohol 

A remote thiophenyl group retards the TiO2-mediated photocatalytic oxidation of the alcohol 
group in 4-thiophenyl-l-butanol. Model studies implicate intramolecular bridging in the adsorbed 
cation radical and/or hole trapping by sulfur in the primary oxidative photoprocess at the photocata- 
lyst-liquid interface. © 1990 Academic Press, Inc. 

INTRODUCTION 

Site selectivity in catalytic oxidations of 
multifunctional organic molecules remains 
a significant challenge. Our investigations 
of irradiated semiconductor surfaces show 
them to be promising vehicles for control- 
ling photocatalytic oxidations. Such studies 
can also probe the catalytic features which 
can direct reactivity along a desired 
pathway. 

Photocatalysis begins by band gap excita- 
tion of a metal oxide semiconductor pow- 
der, generating a surface-bound electron- 
hole pair. In the presence of adsorbed oxy- 
gen, the electron, which is poised at the 
potential of the conduction band edge, is 
trapped, leaving a free surface-localized 
hole which can effect a single-electron oxi- 
dation of an oxidizable adsorbate (1, 2). 
When photocatalytic oxidations are con- 
ducted as aqueous suspensions, water is the 
dominant adsorbate, and the primary prod- 
uct of this interfacial electron transfer is of- 
ten an adsorbed hydroxy radical (3). Long 
known for its high reactivity, this species 
can indiscriminately attack coadsorbates 
bearing abstractable hydrogens, thus pro- 
ducing adsorbed free radicals. It is also pos- 
sible, although less likely in most systems, 
that OH. can diffuse from the surface into 
the contacting solution, where analogous re- 
actions can ensue. 

In the presence of oxidatively inert sol- 
vents, this reaction mode is inhibited, how- 
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ever, and direct oxidation of adsorbed sub- 
strates, with better oxidative specificity, can 
represent the major route for photoinitiated 
reactivity. A polar, nonhydroxylic solvent 
thus presents the best opportunity for con- 
trolling oxidative reactivity at the interface 
between a liquid reaction mixture and a solid 
irradiated photocatalyst. This reactivity can 
occur either by photooxidative formation of 
surface-bound cation radicals or by hydro- 
gen transfer at a metal island deposited on 
the semiconductor surface to introduce a 
junction to assist in separation of the elec- 
tron-hole pair. In molecules bearing more 
than one oxidizable functionality, oxidative 
selectivity can be influenced by adsorption 
effects, band-edge redox energetics, light 
flux effects, and the kinetics of electron-hole 
recombination and back electron transfer 
from adsorbed redox reagents (4). We de- 
scribe herein product analysis and kinetic 
competition experiments which allow us to 
define the photocatalyst characteristics 
which govern site selectivity in the photoca- 
talytic oxidation of 4-thiophenyl-l-butanol 
1-S and in several model compounds. 

METHODS 

Titanium dioxide (MCB technical grade, 
anatase powder or DeGussa P-25 powder) 
and platinized (1% metal loading) TiO2 (5) 
were dried overnight in a vacuum oven at 
120°C and were stored under nitrogen before 
use. Oxygen or air was dried by passage 
through a drying tube containing dry cal- 
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cium chloride. Acetonitrile (Fisher, hplc 
grade) was distilled and stored under vac- 
uum until use. The substrates 1-S (6), 1-O 
(7), and 4 (8) were prepared via literature 
routes and were recrystallized before use. 
Substrates 1-Ctt 2 and 6 were commercially 
available (Aldrich) and were recrystallized 
before use. 

In general, a 0.02 M solution of the sub- 
strate was prepared in dry acetonitrile, and 
a weighed quantity of the photocatalyst 
(usually 5 to 10 mg/100 ml of solvent) was 
added to the solution. The mixture was 
transferred to a pyrex reaction vessel, soni- 
cated in an ultrasonic bath while bubbling 
with the purging gas (oxygen or nitrogen), 
and irradiated for a measured period in a 
Rayonet photochemical reactor equipped 
with phosphor-coated low pressure mercury 
vapor lamps blazed at 350 nm. The suspen- 
sion composition was maintained by stirring 
with a magnetic stirrer and by a slow stream 
of purging gas. The light flux of the reactor 
had previously been calibrated by actino- 
metric measurements with potassium ferri- 
oxalate and agreed within 10% in all cases to 
manufacturer's specifications (24 W about 
90% in the 350 -+ l0 nm range, 1.5 to 5 × 
1016 photons s-1 cm 2). 

The relative rate measurements were con- 
ducted by following the course of disappear- 
ance of the substrate through about 20% 

conversion of starting material and extrapo- 
lating to the initial rate of consumption. Dur- 
ing these experiments, triplicate samples of 
each of the samples being compared were 
rotated inside the Rayonet photoreactor to 
ensure equal light exposure during the pho- 
tocatalytic reaction. 

After filtration through a medium porosity 
frit to remove the solid photocatalyst, the 
product solution was extracted with diethyl 
ether and concentrated. The resulting or- 
ganic concentrate was analyzed by gas chro- 
matography (gc) on a Hewlett-Packard 
5890A chromatograph equipped with a 
flame ionization detector and a capillary col- 
umn or by gas chromatography/mass spec- 
troscopy (gc/ms) on a Finnegan 4023 auto- 
mated gc/ms with an INCOS data system 
using a 50 m DB-1 capillary column. Prod- 
ucts were identified either by coinjection 
with authentic materials and/or by compari- 
son with known gc/ms library fragmentation 
patterns. Quantitative analysis was con- 
ducted against added pentamethyl benzene 
as an internal standard. 

RESULTS 

Upon band gap irradiation of TiO2 sus- 
pended in anhydrous acetonitrile, 1-S and 
its non-sulfur-containing analogs 1-O and 1- 
CH 2 are converted to a mixture of aldehydes 
2 and acids 3 in high chemical yield, 

PhX(CH2)40 H h~, "rio2 :, PhX(CH2)3CHO + PhX(CH2)3CO2 H 
02, CH3CN 

1-X 2-X 3-X 
(X = S, O, CH2) 

2-S + 3-S = 78 -+ 10% 
2-0 + 3-0 --- 97 --- 2% 
2-CH2 + 3-CHz = 93 --- 5% 

(1) 

The distribution of 2 and 3 was dependent 
in each case on the level of substrate conver- 
sion, since the aldehydes 2 were themselves 
converted under the reaction conditions to 
the acids 3 (1, 9). Although traces ofbutyro- 

lactone could be detected, the phenyl ester 
(which might have been expected had a radi- 
cal a to the ether oxygen been formed (10)) 
was specifically absent from the reaction 
mixture derived from 1-O, 

1-O h~, TiOz> PhOCH(CH2)30 H __o_~ PhOCO(CH2)30 H ~ 1__.._(CH2)3CO2_ I (2) 
02, CH3CN (trace) 
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Similarly, since only trace quantities of 4- 
hydroxyvalerophenone could be detected 
from 1-CH 2, 

1 - C H  2 h~, XiO2 > PhCH(CH2)4OH .._o&_> PhCO(CH2)4OH ' 
02' CH3CN (trace) 

(3) 

oxidation at the alcohol was at least an order 
of magnitude more efficient than abstraction 
at the benzyllic position, despite literature 
precedent for TiO2 activation of the benzyl- 
lic hydrogens in alkyl-substituted benzenes 
(11, 12). 

In contrast, the nonalcoholic analog 4 was 
converted to the corresponding sulfoxide 5 
in a lower yield process, with C-S cleavage 
(signaled by the formation of thiophe- 
nol) representing the major competing 
route. 

0 
tl 

P h S ( C H z ) 3 C H 3  hv, Ti02) P h S ( C H z ) 3 C H 3  + P h S H .  
4 02, CH3CN 5 (35 --+ 5%) (60 -- 8%) 

(4) 

This route is thus analogous to that observed 
with diphenylsulfide 6 itself (13), 

O 
+io2 II 

PhSPh > PhSPh (5) 
6 02' CH3CN (95 + 3(~) 

except that in 4 C-S cleavage, ultimately 
producing mineralization, intervenes to a 
much greater extent than in Eq. (5). 

The relative rates for photocatalytic oxi- 
dation on irradiated TiO2 and of dehydroge- 
nation on Pt/TiO2 for this family of com- 
pounds are summarized in Table 1. 

TABLE 1 

Relative Rates of Photooxidative Consumption of 
4-Thiophenyl-l-Butanol and Analogs 

Compound Relative rates of disappearance 
(photocatalyst/atmosphere) 

TiO2/O 2 Pt, TiOz/N2 

1 - C H  2 1.6 -+ 0.4 1.5 -+ 0.2 
1-O 1.5 -+ 0.2 1.5 -+ 0.3 
1-S 1.0 -+ 0.2 1.0 -+ 0.2 
4 0.6 -+ 0.1 0.3 -+ 0.2 
6 0.5 -+ 0.1 0.0 -+ 0.1 

DISCUSSION 

Photocatalytic oxidation of sulfur-con- 
taining aliphatic alcohols occurs mainly at 
the alcohol group, presumably because the 
primary interfacial electron transer at the 
OH, by virtue of the possibility of proton 
exchange, is significantly less reversible 
than at the thioether site. Both photoxida- 
tion (occurring on native TiO2 via direct 
electron transfer from the oxidizable ad- 
sorbate to a photogenerated, surface-con- 
fined hole which is likely to chemically re- 
semble a surface-bound oxy radical) and 
photodehydrogenation (occurring on plati- 
nized TiO2 via hydrogen transfer on the 
metal surface) follow a similar kinetic profile 
(Table 1), indicating that the relative reactiv- 
ity of the adsorbed substrate, rather than 
the mechanism of the primary photoprocess 
itself, governs the critical branching ratio 
which establishes the product distribution 
observed. The requirement for adsorbed ox- 
ygen for efficient photocatalysis presumably 
derives from the need for an effective trap 
for the conduction band electron: thus, sec- 
ondary chemical steps may involve either 
adsorbed oxygen or superoxide. 

The high chemical yields of aldehyde and 
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carboxylic acid (its secondary oxidation 
product) observed in these conversions (Eq. 
(1)) clearly demonstrate the usefulness of 
this semiconductor-mediated photooxida- 
tion as a synthetically viable route for ma- 
nipulating oxygen functionality in multi- 
functional molecules, with alcohol 
oxidation dominating over other possible 
oxidative modes involving stabilized radi- 
cals. Thus, photoelectrochemical activation 
at neither the a-phenoxy radical discussed 
in Eq. (2) nor the benzyllic radical consid- 
ered in Eq. (3) can kinetically compete with 
that at the alcohol functional group. 

The lower yield of alcohol oxidation prod- 
ucts observed in l-S, Eq. 1, together with 
its lower rate of reaction (Table 1), indicates 
that the sulfur atom either competes directly 
with the OH group in the interfacial electron 
transfer step or acts as an intramolecular 
nucleophilic trap (14) to stabilize the incipi- 
ent cation radical at oxygen. In either case, 
substantial cation radical character devel- 
ops at sulfur, thus either reducing the ob- 
servable oxidation rate by facilitating back 
electron transfer from the negatively 
charged semiconductor surface or initiating 
C-S cleavage as a mechanistic alternative. 
The absence of S-oxidation product in the 
reaction of 1-S contrasts with their occur- 
rence in those of 4 and 6. From the isolated 
yields in Eq. (1) and (4), respectively, we 
conclude that in this family of compounds, 
alcohol oxidation is about 4 times as efficient 
as C-S cleavage, which in turn is about twice 
as favorable as sulfoxidation. This latter 
route becomes the dominant process (Eq. 
(5)) only when the thioether cation radical 
is particularly stabilized (as in Ph2 S÷) and 

when C-S cleavage forms a particularly un- 
stable fragment, e.g., the phenyl cation. 
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