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Abstract: Photolysis of dibenzothiophene sulfoxide results in the formation of dibenzothiophene and oxidized solvent.
Though quantum yields are low, chemical yields of the sulfide are quite high. Yields of the oxidized solvents can
also be high. Typical products are phenol from benzene, cyclohexanol, and cyclohexene from cyclohexane and
2-cyclohexenol and epoxycyclohexane from cyclohexene. A number of experiments designed to elucidate the
mechanism of the hydroxylation were carried out, including measurements of quantum yields as a function of
concentration, solvent, quenchers, and excitation wavelength. These data are inconsistent with a mechanism involving
a sulfoxide dimer, which also does not properly account for the solvent oxidations. It is suggested that the active
oxidizing agent may be atomic oxygen3®J or a closely related noncovalent complex, based on the nature of the
oxidation chemistry, comparison to known rate constants f6PDeactivity, and the quantum yield data.

Introduction

The oxidation of benzene to phenol during the course of the
nearly quantitative photochemical deoxygenation of diben-

zothiophene sulfoxidel] to dibenzothiophene2f was a result
that immediately grabbed our attention.
municated this and other hydrocarbon functionalizatfoWith

this paper, we report a series of experiments designed to
determine the mechanism of the deoxygenation and a further

investigation of the oxidation reactions.

G0 = GO

We recently com-

of cases, as fot, the lack of observation of sulfone rules out
a disproportionation mechanisth®

Two different mechanisms have been proposed in the
literature to account for this reaction. The first of these was
explicitly suggested by Sheltband implied by Posnér. Laid
out in Figure 1, we shall refer to it as “the dimer mechanism.”
The precise structure of the diméris less important than the
notion that an excited triplet sulfoxidf is trapped by another
ground state molecule, leading to an intermediate that
ultimately produces two sulfides and molecular oxygen, O

An alternative mechanism was later proposed on the basis
of a series of chemically induced dynamic nuclear polarization
(CIDNP) measurement&1! We shall refer to it as “the sulfinyl
mechanism,” illustrated in Figure 2. Its first step is an
o-cleavage reaction to produce the sulfinyl radi¢aWhich is
well precedented in sulfoxide photochemistry. The critical
transformation, though, is the reduction of the sulfinyl radical

Posnetand Sheltofindependently and nearly simultaneously  to the sulfenyl radica® by means of oxygen transfer to another
published their observations of the photochemical deoxygenationspecies. While not specified completely, this is assumed to be
of a number of aromatic sulfoxides. Since then, other examples another radical in solution. Recombination of the sulfenyl and
in which deoxygenation is the principal photochemistry have alkyl radicals generates the sulfide.

been observed,” and the sulfide is reported as a minor or trace

product in a number of other instance$? In the vast majority

® Abstract published irAdvance ACS Abstract§)ecember 15, 1996.
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Both the sulfinyl mechanism and the dimer mechanism
(providing 10, is produced) would be expected to induce
oxidation of solvent substrates. Indeed, Posner’s suggestion of
10, production (path A, Figure 1) was based on isolation of an
oxidized substrateuv{de infra). In a preliminary report, we
showed that photolysis df results in oxidation of the solveft.
However, the scope of the oxidation is sufficiently broad that
singlet oxygen is an unlikely candidate. In this paper, we report
additional oxidations and further investigation into the mech-
anism of photodeoxygenation of dibenzothiophene sulfoxide.
We conclude that, at least fdy;, neither the sulfinyl nor the
dimer mechanism is correct. We speculate that the oxidizing
agent may be a ground-state oxygen atorfPPproduced by a
unimolecular dissociation of the SO bond.

Despite its fundamental importance, we are unaware of any
previously reported method for cleanly producing®®)(in
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o actinomete?’ Quantum yield data using the two actinometers varied
S by no more than 10%. For quantum yield measurements in which the
.S, S.. initial absorption was less than 2, corrections were made to compensate
R R R R K . ) . .
3 r for the incomplete absorption of light. For all quantum yield measure-
ments, photolyses were stopped at low conversi20), and sulfide
2R-S-R' + O, (’Ag) yield was nearly quantitative. Oxygen was removed from all samples
R R 5 either py flushing with argon or by freez@ump-thaw (FPT)
-/S—O—O-S\- degassing.
R' 4 R’ Path B , 3. - Oxidation Experiments: General. Unless otherwise reported, the
2R-S-R' + O; (°Zq) . o S .
following conditions were observed for all the oxidation experiments.
] ) ] 5 ) Samples were degassed by the FPT method. Conversichsvefe
Figure 1. “Dimer mechanism”. In path A, the dimer collapses to yield moderately low, typically<25%. Starting concentrations were-3
the sulfides and singlet oxygen. In path B, molecular oxygen is produced mM. The lowest concentrations were for alkane solvents, where

0]

3 (0]

_—

Path A

in its ground state. solubility of 1 was a limitation. In a few instances, as noted, cosolvents
were used. Most typically, dichloromethane was the solvent of choice.
Q hv Re Essentially identical oxidation results were obtained for cyclohexane
A CH, ArSOs + CHg® and cyclohexene with and without a cosolvent. Product identifications
6 7 8 were done by comparison to authentic samples with GC and@€.

CHae Individual response factors were determined for all compounds.
ArSe + RO» ———~ ArSCHy Product Identifications and Quantification. All product identi-

9 10 1 fications were made by comparison with authentic samples, either
Figure 2. “Sulfinyl mechanism”. obtained commercially or prepared by standard literature methods. GC

MS was the major method of comparison. Cyclohexene was assayed

solution, in contrast to the workable methods available for gas- as the dibromide, formed by bubbling of Bthrough photolyzed
phase study. We make a strong circumstantial case thatsolutions until color was _per_sistent, followed t_)yArqushing to remove
photolysis of dibenzothiophene sulfoxide may be just such a the excess Brbefore injection. Because Bis known to oxidize
convenient solution-phase method. Photolysit fquires only ~ Sulfides, quantification of formation o2 was handled in separate
modestly energetic light<~350 nm), does not have any injections. Hexadecane was used as an internal standard, and molar

. - - . . response factors were determined for all products relative to it.
important competing reactions, and does not inherently bring i : o

S . . ; Octene Oxidations. The cis-andtrans-4-octenes were individually
other oxidizing species(g.,O,) into solution.

purified by distillation from LiAlH,. Freshly distilled alkenes were
used to prepare the solutions, which contained 10 iI0% alkene
by volume, and either acetonitrile or dichloromethane. No significant

Materials. Dibenzothiophene sulfoxidewas prepared by oxidation difference in results was observed between the two solvents. Photolyses
of 2 with Bu,N*10,-, catalyzed by (5,10,15,20-tetraphenylporphine)- were carried out using Rayonet 300 nm bulbs in quartz glassware. The
iron(lll) chloride” All solvents exceptcis-3-methylstyrene were resulting allylic alcohols were not separated from one another, but all
commercially available. When necessary as indicated by GC traces,other products were. Control experiments showed that neither the
they were purified by distillation, typically from LiAlld or Cak. alkenes nor the epoxides isomerized under the reaction conditions.
Cyclopentadiene was freshly cracked before use. GC analysis was usedPxidation of the alkenes witin-CPBA provided an assessment of their
to check for oxygenated impurities in solvents immediately before their purity. Less than 1%is-epoxide was obtained from-CPBA oxidation
use. EPA is an acronym for a 5:5:2 mixture of ethyl ether, 2-meth- of the trans-olefin, and about 5%rans-epoxide was obtained from
ylbutane, and ethanol. m-CPBA oxidation of thecis-octene.

Gas Chromatography. Gas chromatographic (GC) analyses were cis- and transf-Methylstyrene. trans{3-Methylstyrene was puri-
carried out on a Hewlett-Packard 5890 instrument equipped with a flame fied by two successive distillations from LiAlH Palladium-catalyzed
ionization detector. Most analyses were carried out using a Hewlett- hydrogenation of 1-phenylpropyne followed by purification with a silica
Packard HP-1 capillary column of 10 m. The remainder (typically those column (hexane) afforded 99.1% puwis{3-methylstyrene.
involving separation of alcohol isomers) were carried out using a 25  Freshly distilledtrans8-methylstyrene was used to prepare the
m HP-20 column or a 30 m DB1701 column. @IS analysis was  solutions, which contained 6 mM, 10% alkene by volume, and
carried out with a Finnigan benchtop Magnum instrument, which uses benzene or CkCl, as solvent. Photolysis of theans-alkene solution
ion trap detection and a DB-5 column for separations. was carried out at 328 12 nm, using the Xe arc lamp. Tlés- and

Luminescence. Phosphorescence spectra were measured using antrans-alkenes along with both epoxides and cinnamyl alcohol were
Edinburgh FL-900 spectrometer. Spectra obtained at 77 K were characterized by GC. Analysis after photolysis showed no isomerization
obtained using a quartz 5 mm NMR tube and a quartz liquid nitrogen of the alkene had occurred within experimental error. A control
immersion Dewar flask, as previously descriBéd. experiment showed that the neither of the epoxides isomerized during

Irradiations: General. Two systems were used for irradiation. The  the photolysis conditions.
first was a Southern New England Ultraviolet Rayonet mini-reactor A mixture of 10%cis{3-methylstyrene (by volume) and 10 mM of
that had been modified to have both a fan and magnetic stirring. The 1 jn benzene was photolyzed at 34012 nm with the 150 W Xe arc
300 nm bulbs were Used, which emit a wide band centered at |amp Control experiments showed that—-45% of the alkene
approximately 300 nm. The fan keeps the solution temperature at jsomerized during the photolysis. However, no epoxide isomerization
ambient levels. The second system was a Photon Technologies, Inc..occurred under the photolysis conditions.

150 W Xe lamp focused directly on a monochromator used to select Isotope Effect Experiments. Benzene and benzemg-were used

the wavelengths of irradiation. Typically, it was used with slit widths ;¢ received. Mixtures of approximately 1:3, 1:1, and 3:1 of the
allowing £12 nm linear dispersion from the quoted wavelength. egpective isotopomer pairs were used to determine selectivities.
Samples are put in a permanently mounted cell in such a way that all o angification of the two phenols was done by analysis of the molecular
the exiting light hits the_ sample cell without further focusing. Photoly5|s ions using the ion trap GEMS equipped with a 30 m DB-5 column.

of valerophenone to yield acetophenone was used as an actindteter. pasponse factors against an internal standard for the two phenols were
For variable-wavelength studies, azoxybenzene was used as the,qt jgentical, but were accounted for. The benzene and berdeene-

Experimental Section

(17) Takata, T.; Ando, WTetrahedron Lett1983 24, 3631-3634. solutions and 10 mM were photolyzed in the Rayonet mini-reactor
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2289.
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ane, save for differing solvent ratios. Cyclohexene, as usual, was 0.012—-
assayed as the dibromide.
Singlet Oxygen Trapping. Singlet oxidation was generated by o.o1o—£§ (1) @
visible irradiation of oxygen-containing solutions with methylene blue @
as a sensitizer. Verification of singlet oxygen production was obtained 20.008_
by quantitative oxidation of dibenzyl sulfide (11 mM) to dibenzyl E
sulfoxide at O°C, which took less than 2 h. In the absence of methylene 20,006
blue or light, no oxidation of dibenzyl sulfide took place. A solution S
of 1 mL of 1-methylcyclohexene, 4 mL of CD&land methylene blue OO 004
was photolyzed at OC for 4 h with air bubbling. NMR analysis of Rt @é
the solution immediately after photolysis showed the appearance of E@A o
two broad singlets at 7.4 and 7.9 ppm, attributed to hydroperoxides. 0.002 l { I I |

| ]

0 23 1|o 15 20 25 3|0 35
Initial concentration, mM

Figure 3. Quantum yield for formation of dibenzothiopher® és a

ffunction of initial concentration ol. Circles: THF solvent, 270 nm

excitation. Squares: THF solvent, 320 nm solvent. Triangles: benzene,

320 nm excitation.

These peaks disappeared on addition eDdr on standing at room
temperature for 1 h. In the latter case, a new peak at 4.8 ppm appeared
which also disappeared on addition of@ Also, the just-photolyzed
solution could be added in equal portion to a test reagent solution o
21 mM dibenzyl sulfide. Analysis of the mixture after standing at room
temperature for a few minutes provided dibenzyl sulfoxide. When the
photolyzed solution was allowed to stand tbh before mixing with Table 1. Quantum Yield of Formation of Dibenzothiophene with
the dibenzyl sulfide test reagent, no sulfoxide was obtained. Identical 300+ 12 nm Irradiation

experiments, carried out with cyclohexene, rather than 1-methylcyclo-

hexene, produced no exchangeable NMR peaks or sulfide oxidation. solvent quantum yield 1o
acetonitrilé 0.0026+ 0.0004 0.50
Results benzeng 0.0030+ 0.0003 1.30
. cyclohexane 0.003& 0.0002 0.50
The photoreduction ol was found to be a well-behaved, cyclohexene 0.0108 0.0004 1.32
one-photon process. The absorption spectrutheftends out cyclohexeng 0.0080+ 0.0002 1.20
to about 350 nm; from this and the fluorescence spectrum, the  2,2-dimethylbutane 0.0028 0.0003 0.30
spectroscopic singlet energy is taken as 82 kcalAh¥i. On glmethi/llgul(f:ox;gg e O%%%Z& 8-8882 8%3
the basis of phosphorescence data at 77 K, the spectroscopic hgig?]e (CGFCRCD 0.0029.L 0.0004 0.33
triplet energy is 61 kcal/mol in polar solvent and 58 kcal/mol 2-methylbutane 0.003% 0.0003 0.28
in nonpolar solvent® When the deoxygenation reaction is 2-propandi 0.00344+ 0.0003 1.67
carried out to modest conversionsZ5%), the yield of sulfide tetrahydrofuran 0.002f& 0.0003 111
2is essentially quantitative in all solvents. The yield of sulfide ~ tétrahydrothiophene 0.00850.0002 3.10

after complete conversion of sulfoxide ranges from 70 to 100% __toluené 0.0028 0.0003 1.89
in different solvents, with quantitative conversion being observed 2 Oxygen removed by Ar flushing, rather than FPT degas$iag%
in benzene, in agreement with Poshewhile oxygen was not ~ AcOH added.

found to affect the quantum yield for loss significantly, it did

L 020 —20000
affect some product distributions. 0.020 m
Photochemical disproportionation &fto the sulfide2 and &
the sulfonel2 was ruled out by product study. Under no o 0018 — 15000 2
circumstances was the sulfone observed. In princii2eould 2 =
o
have been formed and then undergone subsequent photochem- E 5010 10000 %
. .. . =3 =
istry, perhaps much more efficiently thdn such that it was E 2
not observed. In a separately published sttfdywas shown 3 z
that 12 is virtually photoinert in many solvents, benzene in 0.005 - 5000 ?
particular. However, it is reduced to biphenyl on photolysis in 3
2-propanol. Biphenyl was not observed. 0.000

0
260 280 300 320 340 360

Wavelength, nm
(0]

N\e”

o]
S Figure 4. Quantum yield as a function of excitation wavelength and
absorption spectrum in THF. Initial concentrations for quantum
yields: 0.24 mM in hexane (circles), 1.5 mM in acetonitrile (squares),
12 3.0 mM in THF (triangles). The line without illustrated points is the
absorption spectrum.

The quantum vyield of formation & from 1 was measured ) o )
under a variety of conditions. One important issue was the @ @ function of excitation wavelength. Samples of fixed
influence, if any, of the initial concentration &fon the quantum concentrations were irradiated at.d|fferent wavelengths, and
yield. As shown in Figure 3, no significant concentration effect 2Z0xXybenzene was used as the actinometer. The data are shown

is observed over a range of about-93 mM. in Figure 4. The UV spectrum is obtained withi2 nm
In Table 1 are given the quantum yields as a function of resolution, whereas the quantum yields were measured with light
solvent. In each case, the value is the average of at least thredVith 24 nm total linear dispersion. Thus, we interpret the data
independent measurements, and the error limits are standard® IMPlY that the increase in quantum yield coincides with the
deviations. The initial concentration afin alkane solventsis ~ ©NSet of the second significant absorption band. There does
limited by solubility. The quantum yield was also measured Ot @ppear to be another increase in quantum yield on going to
the third major UV band.
Cor(élc)tTlgleu;’ai"sugz"fkf;/rﬁ%al‘"mo' in ref 18 is a typographical error. The A sjgnificant issue in mechanistic organic photochemistry is
(22) Jenks, W. S.; Taylor, L. M.; Guo, Y.; Wan, Zetrahedron Lett. the identity of the excited state(s) from which reaction occurs,
1994 35, 7155-7158. and diene quenching experiments are one of the classical
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Figure 5. Absorption spectra of (a) neat benzene, (b) 100 mlySEh

in benzene, and (c) 2.10 mMin benzene. b

methods of testing for long-lived triplet stat€s.As a first

attempt, isoprene was used as a potential triplet quencher and

guantum yields were measured as a function of its concentration.

Rather than a drop in quantum yield, excreaseof 15—40%

was observed when 1.23 M (10%) isoprene was added to

acetonitrile, benzene, Freon 113, hexane, 2-propanol, or toluene.

No decrease was noted in any solvent. It was recognized that

the triplet energy of isoprene is about 60 kcal/fHfdligh enough

that there might be some ambiguity in the interpretation of these

data. However, neither cyclopentadiene (triplet energy 58 kcal/

mol;?* concentrations up to 1 M) nor 1 atm saturated;a.

9 mM) quenched the reaction in benzene. Figure 6. Phosphorescence spectra showing the grow-i2 a6 a
Several experiments were run that were attempts to test thefunction of photolysis time in EPA glass at 77 K. (a) 1 mM initial

dimer mechanism explicitly. The first of these was to photolyze concentration of; (b) 6 x 107 Minitial concentration ofl. The bump

a mixture of sulfoxidesi and another compound) in whidh at about 520 nm s an artifact.

could be selectively irradiated. With an excess of the other

sulfoxide available, asymmetric dimetsvould be formed, and

both sulfides would be observed on analysis. Diphenyl sul-

foxide undergoes photochemical deoxygenation, though not

quantitatively® It was felt that PBSO would be an acceptable

quencher” sulfoxide fod, and therefore, botAand PlS were phosphorescence spectrum indicated only the presende of

expected if the dimer mechanism were in force. Also, it was While remaining frozen, the solution was irradiated for 15 min
predicted that there would be a dependence of the quantum yield 9 '

for formation of2, ultimately leading to half the original value with 300 nm bulbs of a Rayonet m|n|_—r_eactor.. A second
at high concentrations of BRO. spectrum showed the appearanc@.oRepetition of this process

A series of photolyses were carried out in benzene solventShowed continued grow-in dfover the course of an hour. The

with 340 + 12 nm excitation. At this wavelengtt, has result_s of this experiment _are Sh.O\.N.n in Figure _6a. The
significant absorption, but the absorption of diphenyl sulfoxide :L(ﬁg;'irgeergsv;/g; ;ip&atle;;lv ':;Ih ;23 't?]'é'?ngﬂsci?t:ﬁgﬁge?ife;he
is nearly negligible (Figure 5). In each solution, the initial ’

concentration ofL was kept at 2.10 mM, while the diphenyl gf T:fts(’)ﬂ?;‘;ngfre;uzvg? tlrr:eF;gL(laﬁrgkr)ﬁe{grorifgt%cI?eC;zaesde
sulfoxide initial concentration was 0, 32, 64, or 96 mM in '9 IS€, Siit Wi P were | ’

different samples. Photolyses were carried out to low conver- S° the resolution of the latter data is lower. There is no doubt,
sion (<10%) of 1. Under these conditions, the yield Bfwas _howe_rver, that the resulting spectra are du td’he data shown
always >95% and the quantum yield was constant within in Figure 6b are completely untreated and show that the

experimental error at 0.0032. No f&hwas observed in any of photochemical deoxyge_na@ion @foccurs under'these condi-
the samples tions. The only ambiguity is whether the reaction proceeds to
In anothef approach to testing the dimer mechanism, the complete conversion, since quantitative analysis of such small,
photoreduction ol could be carried out under conditions where dilute samples by other means was d'ﬁ'qu.lt.' .
dimer formation would be severely restricted. Dilution and Another issue to address was the possibility of the formation

immobilization were the obvious strategies, so the reaction was of singlet molecular oxygen, A0Ay), in solution. It.had been .
run in a frozen organic glass. In addition, the polar nature of su_ggested that the obs,_ervau_on of 2-cyclohexenol in the reaction
the sulfoxide function suggested that it ought to be tied up with mgitl:ézuacf:i% rnpvcgtsog\fi';’e?lunofq;ﬁ:gh:\fgﬁéo?gc;ﬂsﬁ:iiq:ﬁm
hydrogen-bonding solvents to prevent any question of micro- . ; i . .
aggregation. EPA glass at 77 K was chosen as the medium allylic hydroperoxide by the well-known ene reaction of singlet

The strong phosphorescence2dt 77 K enables its detection g:ygtir:erwss Itgr?att)g?s ;grr tt#ésgde:érz\rl]iebglf'?x:dctzizﬁemé%r:l
at low concentration. The phosphorescencé &f to the red xp ' PP y X )

and significantly weaker, making the distinction between the Moreover, it came to our attention that, after Posners expert-
ments, cyclohexene was found to be a good physical quencher

0, 5, 15, 20, 30,
40 min. photolysis

A 4&0 4%0 560 séo 660
Wavelength, nm

two straightforward® To demonstrate that phosphorescence
could be used to monitor the progress of the photodeoxygenation
of 1, a 1 mM solution of 1 in EPA was prepared. It was
deoxygenated by Ar flushing and then quick-frozen to 77 K,
forming a clear glassni a 5 mm quartz NMR tube. A

(23) Turro, N. J.Modern Molecular PhotochemistryBenjamin/Cum- of 1O,, but a lousy chemical quenchef (= 1.6 x 1° M1
mings Publishing Co.: Menlo Park, 1978.
(24) Murov, S. L.; Carmichael, I.; Hug, G. Handbook of Photochem- (25) Ando, W.; Takata, T. IrSinglet OxygenFrimer, A. A., Ed.; CRC

istry, 2nd ed.; Marcel Dekker, Inc.: New York, 1993. Press: Boca Raton, 1983; Vol. Ill.
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sL, kxn = 3 x 10° M~1 s71).25 We sought to test, therefore, Table 2. Oxidation Products Observed on Photolysis of 1

whether cyclohexene, under conditions similar to ours, could substrate total
possibly act as a chemical trap f0,. As a positive control, (solvent) yield? (%) products and rel ratio
the oxjdation of 1-methylcycloh§xenez which is known as a good “onzene 6665% phenol
chemical quenchef, was examined first. cyclohexane 95100%  cyclohexanol (2.1)
The allylic hydroperoxides generated by ene reactions with cyclohexene (1)
cyclohexene or 1-methylcyclohexene were not expected to be cyclohexene 6570 cyclohexene oxide (1.2)
especially stable at ambient conditions. HPLC or GC detection 2-cyclohexenol (1)
idered problematic due to stability, and NMR d 3-(3-cyclohexenyl).
was considered problematic due to stability, an seeme cyclohexene (0.25)
problematic because we would be looking for a small amount 2-methylbutane 4045 tertiary alcohol (1)
of material in the presence of a large excess of alkene. secondary alcohol (0.35)
Nonetheless, two broad, exchangeable singlets at 7.4 and 7.9 _ primary alcohols (0.25)
ppm were observed on generation of singlet oxygen in a 20% 2:3-dimethylbutane 4550° secondary alcohol (1)
1-methylcyclohexene solution in CD£Lat 0 °C. Consistent : primary alcohols (0.55)
. yclol : g cis-4-octené 50—-601 cis-epoxide (1)
with expectations for hydroperoxide behavior, these peaks trans-epoxide (1.1)
disappeared over the course of an hour and were replaced with alcohols (trace)
a new exchangeable peak at 4.8 ppm. It was also observed trans-4-octené ~60 trans-epoxide (1)
i i i _ i cis-epoxide (0.4)
that the solution, immediately post-photolysis, was capable of
. P . . - . alcohols (trace)
partially oxidizing solutions of dibenzyl sulfide to dibenzyl :

. . . o ) allylbenzene ~30 epoxide (5.4)
sulfoxide, also consistent with a hydroperoxide intermediate. 1-phenylpropenol (2.8)
After the peaks at 7.4 and 7.9 had disappeared, the solution cinnamyl alcohol (1)
was no longer capable of oxidizing the sulfide. Repetition of cis{-methylstyrent ~20 cis-epoxide (1)
the experiments with cyclohexene did not generate similar new trans-epoxide (2.8)
NMR peaks, nor did it cause the oxidation of dibenzyl sulfide. N alcohols (trace)

o . trans3-methylstyreng¢ ~20 trans-epoxide (28)
If it is suggested that the fate of the O atom is other than cis-epoxide (1)
formation of Q, one must account for it as best as possible. It alcohols (trace)

was obsethle(;j l;hat mucht(a:jn? sc.)metl.r(r;ets neafrlt);all) c?f th? lost 2Yields calculated relative to formation &f ® Possible cyclohexa-
Oxygen could be accounted for In oxidation of the SOIVENt, S giane not included, so actual yield is probably higher. Neither is the

we have reported. In all of these experiments, degassing was cyclohexene dimer, as small quanities of it are formed on photolysis
accomplished by the freez@ump—thaw method to ensure the  of cyclohexene in the absence bf¢ Possible olefinic products were
most reliable reproducibility. Representative data, some of not measured, so the actual total yield is likely higiéFhe product

; ; ot ; yields for the octenes reflects only the epoxides. The actual yields
which are drawn from the previous publicatidare shown in were higher, including the allylic alcohol$Carried out as 10%

Table 2. ) ) solutions of the alkene in dichloromethanhélp to 15% cis/trans
The hydroxylation of 2-methylbutane was examined at several isomerization was observed by the end of the experiment. See text.

wavelengths: 254, 270, 290, 310, 330 nm. The hydroxylation ° Carried out as 3% solutions of the alkene in dichloromethasea%

selectivity was identical within experimental limits at all ~Cis/transisomerization was observed by the end of the experiment.
| th See text! Ratios set against one compound arbitrarily set as 1. Ratios

wavelengtns. o . o were generally reproducible t510%, though a few were slightly more

In order to test the origin of the oxygen atoms in the oxidized variant.

substratesf0]-1 was prepared by analogy to literature methods

involving exchange of K80 into ordinary sulfoxidedé—3° Table 3. Competitive Oxidation Experimerits
Isotope enrichments were determined by analysis of appropriate rate product
GC—MS peaks. Dibenzothiophene sulfoxide containing 5.5% constant selectivity
180 was produced. Photolysis of tH&Q]]-1 in benzene resulted compd A compdB ratio (A/B) ratio (A/B)
in formation of phenol that contained 5.1%0. This appeared  benzene cyclohexene 0.021 0.019
to be identical within experimental error to the enrichment of Egg;ggg g}’ﬁq‘g{‘h‘;ﬁﬂgne 0.88 gfz
11é(§)ut we cannot rule out that there was a small preference for |2 °° - (@4e) benzene (De) 0.8 1.1(0.9)
: cyclohexane cyclohexane 6.0 6.5 (cyclohexanol)
Several experiments were carried out in which mixed solvents  (CgH1) (CeD12) 6.2 (cyclohexene)

Were.e.xposed td and light in order to dete.rmlne the rela_tlve 2Rate constant ratios taken from ref 31 and have-2@% error
reactivity of these substrates. These reactions were carried OUfimits. Product ratio errors are of comparable magnittideaken from

in the same fashion as for the previous oxidations. Products Scaiano’s values for benzene and cyclopentene and adjusted by 10%
were quantified and compared to the mole fractions of the for the difference between cyclopentene and cyclohexene as determined
solvents to determine product-basedselectivity. Selected I the gas phas#. Does not take into account cyclohexene, so the

results are shown as Table 3. In the cases examined, there Wag;solute number should be slightly lowed.1 is the absolute product

L . > AR tio. 0.9 is a selectivity ratio, adjusted for the ratio of recovery of
no significant change in the chemoselectivity of oxidation of a phenol from GHs and GDs.

given compound caused by the addition of the second oxidation

substrate. All data shown are for multiple measurements at eacfkinetic-basedselectivities based on rate constants determined

of multiple concentration ratios. Also shown in Table 3 are for O@P) quenching in solution by Riner and Scaian¥.

(26) Tillett, J. G.Chem. Re. 1976 76, 747-772. A subset of the competitive oxidation experiments were
Chng]) giggiySMy-;]gﬂi]gf%figig_-;zggmbamtta, S.; Isola, M.; Senatore] L. isotop_e_ effect measurements. In this_ case, products were

(28j John"son, C. R.: McCants, D.J.Am. Chem. S0d.965 87, 5404 quantified by GCMS. Two cases were investigated, cyclohex-
5409. ane and benzene. The product isotope effects for cyclohexane

(29) Annunziata, R.; Cinquini, M.; Colonna, S. Chem Soc,, Perkin  were found to be 6.5 (cyclohexanol) and 6.2 (cyclohexene), in
Trans. 21972 20572059.

(30) Ookuni, I.; Fry, A.J. Org. Chem1971 36, 4097-4101. good agreement with the kinetic value of 6.0 observed tghu
(31) Bicher, G.; Scaiano, J. Q. Phys. Cheml994 98, 12471-12473. and Scaiano.
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A product isotope of 1.4 for benzene was previously reported, Ka ] hv 2
which was in significant disagreement with the value of 0.83 21 2 —
derived from Scaiano’s data. We have reexamined this data ”°”‘,°?V:'e””y g
and now revise our earlier statements. Aside from the disagree- A iy
ment, the value we reported was disturbing. An inverse _. . . o
. . . Figure 7. Dimer mechanism scheme based on preassociation in the
secondary isotope effect for hydroxylation of benzene is
. . e round state.
expected regardless of the detailed mechanism, if it is assumeag

that the product- and rate-determining step for both involve {hat ejther may be an exceptional case, and therefore restrict

addition to the aromatic ring. our conclusions at this time solely to compouhdnd not all
A necessary correction for the MS response factors of phenol geoxygenations.
and phenols was not included in our original data. Further- The present data show thitloes not undergo reductioia

more, it was observed on careful rechecking that the fraction the dimer mechanism. More than the oxidations, which are
of phenolds relative to 2 in the reaction mixtures was  merely unaccounted for, others of the results are contradictory
consistently about 83% of that for ordinary phenol (again ith Figure 1. First among these are the quantum yields as a
compared to2) when the two were photolyzed separately. fynction of concentration, which, in contrast to the report for
Because we are not accounting for all the O atoms, and the 3 are invariant.

isotope effect is near 1, this correction becomes important. It According to Figure 1 (assuming other ordinary processes

implies that between addition to the ring and formation of ang that dimer formation is irreversible), the quantum yield
phenol, there is another isotope-dependent branching step, akhoyid be given by

which an intermediate commits to a pathway leading either to
phenol or a different, unidentified product. Taking this into — . . -1
account, as well as the differing response factors, we now find Dy = Pk [1]-(K[1] + Zky)
that the actual product selectivity is 1.1, but that the selectivity
of what we presume to be the first step, that is addition of O to
the ring and disruption of the aromaticity is 0.9, in much better
agreement with Scaiano’s resuifs.

where @1 it the quantum yield of the reactive state akkh
represents all of the other unimolecular and pseudounimolecular
decay rate constants for relaxation of the triplet. The insensitiv-
ity of @y, to [1] implies either that the scheme does not apply
Discussion or thatk/[1] > Xky throughout the whole region of concentra-

. . . tions. Since the lowest value of]p was just under 1G M,
Of the proposed dimer and sulfinyl mechanisms, the former ihe |atter condition would require a lifetime & (7o = [Zkd 1)
has received more attention, and we address it first. It was of at least 1us, assuming approached 0 M~1 s L. While
proposed by Shelton on the basis of the products, and becausgys s certainly reasonable, longer values would be required if
many of the reactions were run with traditional triplet sensitiz- | \yere smaller.
ers* We have only addressed direct irradiation, since some of Let us assumé ~ 10° M1 st andz, = 1 us. In this

the sensitizers used almost certainly have insufficient triplet .55e it is expected that either dienes eniuld quench the
energies for energy tr_ansfer, implying an.alte_rnate sensitization ya5ction by providing an additional energy transfer decay
mechanism832 The triplet state was also implicated by Posner, pathway for®l. Neither isoprene, cyclopentadiene, nart@s
who found that piperylene prevented the deoxygenation of hat effect. Assuming smaller values fronly increases the

PhSO? . . requiredr, and, therefore, the vulnerability éf to quenching.
The dimer mechanism was supported by a report of the A jong-lived triplet31 can be eliminated.

photochemistry of several benzothiophene derivativého- An alternate “rescue” for the dimer mechanism involves

tolysis of most of these compounds leads mainly toH2] preassociation of the sulfoxides and static quenching (Figure

dimerization at thea,f-olefin, but 2-methylbenzothiophene — 7) " Here, the reactive state, singlet or triplet, is unimportant.
sulfoxide 13 leads only to tars and a modest yield of the The only requirement for a constant quantum yield over the
deoxygenation product. The quantum yield for formaﬂqn of range of ], is thatKa is sufficiently large to tie most of the
14 was determined from 29 mM and was concentration  mgjecules up as dimers so that the concentratiob,dfacks
dependent, with values ranging from about 0.03 to 0.08. A jinearly with [1] over the range used in the experiments. This
cbuble-reuprocal plot of quantum yields concentration was  \yould requireK, > 10* M~L While such dimerization of
linear and yielded a StefrVolmer constankz, of 4.3. These  gyjfoxides is well knowr235 Mislow showed that it is generally
data, consistent with the dimer mechanism, was somewhatjimited to dialkyl sulfoxides and is extremely solvent dependent,
balanced by ambiguous results for diene quenching experimentsyith ethanol and acetonitrile yielding monomeric species for
done on the assumption that the reactive sta@weds a triplet.  pty] methyl sulfoxide even at concentrations approaching 100
mM. Diaryl sulfoxides were not found to be significantly

Q associated, even in cyclohexane. Thus, both the nature of the
S S A , .
p hv ) plus substrate and the similarity of the quantum yields in solvents
tars such as 2-propanol and cyclohexane argue strongly against this
13 14 hypothesis.
Conversion ofl to 2 at submicromolar concentrations at 77
The structural analogy betwednand 13 makes it difficult K is, of course, inconsistent with the “dynamic dimer” mech-

to understand why there might be different mechanisms for the anism of Figure 1. As the EPA glass contains significant
deoxygenation of each, and we have no reason to doubt thequantities of ethanol, and the concentrationlds so low to
report of the photochemistry af3. However, the current results (33) Watson, R. F.; Eastham, J. F.Am. Chem. Sod 965 87, 664

are definitively against the dimer mechanismIpas we discuss 665.

immediately below. We must therefore allow for the possibility = (34) Mislow, K.; Green, M. M.; Laur, P.; Chisolm, D. R. Am. Chem.
Soc.1965 87, 665-666.
(32) Charlesworth, P.; Lee, W.; Jenks, W.JSPhys. Cheni996 100 (35) Mislow, K.; Green, M. M.; Laur, P.; Melillo, J. T.; Simmons, T.;
15152-15155. Ternay, A. L. J.J. Am. Chem. Sod.965 87, 1958-1976.
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begin with, we assert that it is also inconsistent with a o hv OH .

preaggregation mechanism. Sp RH O g Sg T R —— RSR + R'OH
Finally, the experiments in whicli is photolyzed in the 17

presence of diphenyl sulfoxide also argue against a dimer

mechanism. Itwould have to be the case that there was at least ~ § hv /o—<7 A, s

a 2 order of magnitude selectivity af for itself in either self- S N A RTR

qguenching (dynamic case, Figure 1) or association (static R

quenching case, Figure 6). 18

As a second option, we consider the sulfinyl mechanism, Figure 8. Reaction schemes involving carbonyl-type chemistry.
which was proposed on the basis of CIDNP measurements s
during the photolysis of a series of aryl methyl sulfoxide's h .

. ; . _n + O solvent oxidized
Deoxygenation accompaniedcleavage chemistry. The NMR 1 —= —_—, 2+ products
spectra of the product sulfidesl showed polarization of the )

CHa, but not of the aromatic ring. This was interpreted to

signify that the sulfide was formed “as an immediate result of Figure 9. Deoxygenation ofl by S—O bond cleavage.
the primary photochemical event, by the escape path of [the ) .
radical pair7/8.” 1! The sequence in Figure 2, with transfer of €lass of mechanisms. It draws on an analogy with ketone
an O atom from the sulfinyl radical to another compound, photochemistry to suggest that the sulfoxide may abstrapt a
presumably another radical, was used to account for theseydrogen atom from solvent to produce the sulfuranyl radical
results. 17. Oxidation of the solvent substrate occurs by transfer of
Contrary to the dimer mechanism, which we cannot rule out the hydroxyl group to the solvent radical. The mechanism can
for other cases, we believe the sulfinyl mechanism can be be adapteq for epoxidations by suggesting that (also like ketones)
generally dismissed on energetic grounds, despite the CIDNPthe sulfoxide can add to the double bond to produce biradical
observations. The-SO bond of a sulfinyl radical is very strong. 18 Whose reactivity is dominated by epoxide formation with
On the basis of Benson’s estimate for the heat of formation of éléase of the sulfide. Because of the quenching results

the phenylsulfinyl radical (13 kcal/mol7, Ar = Phy® and discussed above, this reactivity must be attributed to either a
experimental values for the other relevant compotfidshond ~ Singlet or very short-lived triplet. . .
energy ofca. 102 kcal/mol is obtained for the-80 bond of We do not favor the carbonyl-type mechanisms. First,

PhSC; the C-S bond is some 35 kcal/mol weaker. The transfer €vidence for hydrogen abstraction by sulfoxides is sorely
of the O atom from phenylsulfinyl to methyl is estimated to be acking, though it has been suggested as a mechanism in several
endothermic by 12 kcal/mol. Further, epoxidation of ethylene instances> Simply put, there are no published instances we
by PhSO (analogous to the alkene oxidations reported herein) know of in which transformations cannot b(_e accounted for by
is endothermic by about 17 kcal/mol! o-cleavage as well as hydrogen abstraction. We have run
The results in Tables 2 and 3 make it abundantly clear that Several test cases designed to promote internal hydrogen
some sort of powerful oxidizing intermediate is produced on abstraction and see products that could be attributed to it
photolysis of 1. As argued in the Results, formation of Unambiguously. (Among these, for instance, are compounds
2-cyclohexenol from the photolysis df in cyclohexene and  designed to undergo “Norrish type II” cleavage.) None of these
reductio? should no longer be considered good evidence for reactions have been obser/éd.
the presence ofO,. In those original experiments positive Furthermore, the quantum yields for formatior2dh solvents
qualitative tests for peroxide were also observed before the Whose reactivity is as diverse as 2-propanol, benzene, acetoni-
reduction step. A similar test, usirid, did not yield a positive trile, and toluene are nearly identical. Even that in Freon 113
test for hydroperoxides, but the product(s) if any of cyclohexene is Within 20% of those previously mentioned. The mechanism
oxidation are unreportel. Similar results were obtained with ~ ought to account better for similar quantum yields in solvents
167 Unspecified experiments to trap liberated oxygen from with such different hydrogen atom donation ability. While it

photolysis of13 were also unsuccessftl. is possible to rationalize an increased reactivity in cyclohexene,

and even tetrahydrothiophene (perhaps electron transfer), it is

hard to understand the presence of DMSO in the “high quantum
S yield” group of solvents for this class of mechanisms.

S0 ©;1Ji As Wagner demonstrated so elegantly for hydrogen abstrac-

OO tion reactions, arguing about mechanism from quantum yields

for product formation can be dangerous, as intermediates can
be prone to returning to starting materials, giving an extra

We find that 2-cyclohexenol is produced on photolysisof ~ efficiency-determining stef:*#3% While acknowledging that
in cyclohexane but that the reduction step is not necessary.Possibility, this group of solvents seems diverse enough to make
Indeed, photolysis under conditions nearly identical to those of such a leap.
Posner gave a yield quite consistent with his repotinder We propose one further possibility, with which we believe
those conditions (which include acetic acid as a cosolvent) in all the experiments are consistent. Figure 9 shows a mechanism
our hands, a small, but detectable, amount of epoxycyclohexaneln which the excited state sulfoxide undergoesCscleavage.
is observed. The small quantity may explain the discrepancy The result is generation of an O atom, which, for energetic
with Posner, who did not observe any. reasons, must be in its ground state®®)( The O atom is

We suggest two other mechanisms for consideration. The ultimately trapped by reaction with solvent 2r We do not
first is given in Figure 8, and will be called the “carbonyl-type” rule out some sort of noncovalent complex that might involve

(0]
15 16

(36) Benson, S. WChem. Re. 1978 78, 23—35. (38) Wagner, P. J.; Kelso, P. A.; Zepp, R. &.Am. Chem. S0d.972
(37) Stein, S. E; Lias, S. G.; Liebman, J. F.; Levin, R. D.; Kafafi, S. A. 94, 7480-7488.
Database 25 NIST Structures & Propertie¥ersion 2.0; U.S. Department (39) Wagner, P.; Park, B.-S. [@rganic PhotochemistryPadwa, A., Ed.;

of Commerce, NIST: Gaithersburg, MD, 1994. Marcel Dekker: New York, 1991; Vol. 11, pp 22B66.
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interaction of the oxygen atom with the system of2 or an Photolysis of NO in hydrocarbon solutions with 185 nm light
excited state whose reactivity merely effectively mimicSR)( produces mainly GD).5 A very slight selectivity for secondary

An important issue is the strength of the-© bond and its or tertiary hydroxylationys primary was attributed to minor
relationship to the excited state energies. Fluorescence ancamounts of ground-state 8X). Hydroxylation ofcis-decalin
phosphorescence measurements place the singlet and tripledlso proceeded with retention of configuration (95% &0).
energies ofl at 82 and 61 kcal/mol, although there is some All of these point to direct insertion, in contrast to the results
variation with solvent® Experimental heats of formation are in Table 2. Once the number of hydrogens are taken into
available for many sulfides, but only a few sulfoxides: DMSO, account, there is approximately 1 order of magnitude selectivity
a few other simple dialkyl sulfoxides, and /0. Fromthese, for secondary hydroxylation over primary and a similar, if
and the heat of formation of €R), bond energies of 800 slightly lower, preference for tertiary hydroxylation over
kcal/mol can be establishé®l. These are several kcal/mol more secondary. Taken with the isotope effect of about 6 observed
than what is available from the relaxed singletloAind make for both products of cyclohexane, a stepwise oxidation pathway
the dissociation mechanism appear unlikely, especially at 77 of hydrogen abstraction followed by recombination (or dispro-
K. However, in a recent computational stuthit was shown portionation) is suggested.
that the aromaticity o2 effectively lowers the SO bond energy Similarly, the partial randomization of stereochemistry in the
of 1 down to the range of 7478 kcal/mol, now well under the  epoxidation of octene anfi-methyl styrene isomers suggests
energy of the singlet excited state. (This bond weakening effect that the reaction is stepwise, though the intermediate still has a
is larger and larger still for benzothiophene sulfoxide and fairly short lifetime, as gauged by the incomplete equilibration
thiophene sulfoxide, respectively.) of stereochemistry. Significaris/transisomerization of the

The pattern of quantum yields is qualitatively understood as alkene under the reaction conditions was observecti®p-
a reflection of the reactivity of the solvent with the nascent O methylstyrene, but for none of the others. Even in that case,
atom. There exists a competition between recombination with however, the percentage éfansepoxide far exceeded the
2, diffusive separation, and reaction of the O atom with solvent. percentage ofrans-olefin.
Intuitively, it is reasonable to expect that tetrahydrothiophene,  For all the alkenes, epoxidation is favored over hydroxylation.
cyclohexene, and DMSO would be qualitatively more reactive However, one example in particular deserves attention. In the
with OCP) than the other substrates, as one anticipates reactiongphotolysis ofl in allylboenzene, both cinnamyl alcohol agd
analogous to an electrophilic triplet carbene. An increased were identified. Assuming for the moment that the initial
reactivity of the solvent with GP) then leads to an increase in  oxidant is OfP), this is rationalized by the presence of a discrete
the observedp . allyl-type radicall9.

We are not aware of any clean method to generat® )t

solution, aside, perhaps, from photolysis bf This means . ph X CHzOH

ordinary chemical tests such as those used to prob¥toare o - . Ho. 7 20

not available. While atomic oxygen, due to its importance in ph\F P o oH

combustion and atmospheric chemistry, has been investigated 19 _

repeatedly in the gas phase, data regarding its solution phase Ph

reactivity are very limited, particularly with regard to organic 21

substrates. Nonetheless, the products in Table 2 are consistent . L .
with intuitive expectations for GP), which we would expect We presume that benzene is oxidized to phenol by stepwise

to behave like an electrophilic triplet carbene. All of the &ddition of O to the ring, forming benzene oxide. The latter is

observed products can be explained on the basis of a reactiorf?ought to rearrange to phenol under the reaction conditions.
sequence that begins with hydrogen abstraction or addition of 1 "€ Small isotope effects are consistent with the initial step of
O to an olefin (or arene). addition to the ring. Similar isotope effects were recently
The hydroxylation reactivity reported in Table 2 is similar ©btained for the hydroxylation OI xylene “isotopomers by
to that observed for Cytochrome P-450 models, much of which Microsomal cytochrome P-458. The®O-labeling experiments
can be described in terms of Groves' “oxygen rebound” clearly show that the O atom derives frdm We find no direct
mechanisnt25° Essentially, hydroxylations are described as evidence of benzene oxide or of oxepin. However, it is well
a net hydrogen abstraction followed by delivery of a hydroxyl known .that benzene qmde/oxepm readily isomerizes to phenol
radical to the substrate radical, as would be anticipated for a (Sometimes along with ott514er products) in the presence of
true triplet oxene. (In contrast to the current results, however, Bronsted acid, heat, or ligh¢:>* The less than quantitative yield

the P-450 model epoxidations are usually stereospecific.) of phenol may reflect undetected products derived from other
(a0) Herron, J. InThe Chemistry of Sulfoxides and Sulfareatal, S. processes available to the benzene oxide/oxepin. Indeed, the

Rappoport, Z.. Stirling, C. J. M., Ed.; John Wiley and Sons Ltd.: New Percentage recovery of phenol differed for benzene and benzene-

York, 1988; pp 95-105. Ds, directly indicating an isotope-dependent branching prior to
(41) Jenks, W. S.; Matsunaga, N.; Gordon, MOrg. Chem1996 61, phenol formation.

1275-1283. : : :
(42) References 4350 are meant as leading sources, not an exhaustive For comparison to preylous results V\,”thael' the best data

list. are the rate constants of Buer and Scaian¥,who generated
(43) Meunier, B.Chem. Re. 1992 92, 1411-1456. OCP) by photolysis of pyridineN-oxide. This compound
(44) Weber, L.; Hommel, R.; Behling, J.; Haufe, G.; Hennig JHAm.

Chem. Soc1994 116, 2400-2408. (51) Varkony, T. H.; Pass, S.; Mazur, ¥.Chem. Soc., Chem. Commun.
(45) Higuchi, T.; Shimada, K.; Maruyama, N.; Hirobe, M.Am. Chem. 1975 457-458.

So0c.1993 115 7551-7552. (52) Hanzlik, R. P.; Ling, K.-H. JJ. Am. Chem. S04993 115 9363-
(46) Nam, W.; Valentine, J. SI. Am. Chem. Sod993 115 1772~ 9370.

1778. (53) Vogel, E.; Gater, H.Angew. Chem., Int. Ed. Endl967, 6, 385~
(47) Groves, J. T.; Subramanian, D. ¥. Am. Chem. Sod.984 106, 401.

2177-2181. (54) Jerina, D. M.; Witkop, B.; Mcintosh, C. L.; Chapman, O.JLAm.
(48) Groves, J. T.; Viski, PJ. Org. Chem199Q 199Q 3628-3634. Chem. Socl974 96, 5578-5580.
(49) Groves, J. T.; Gross, Z.; Stern, M. Ikorg. Chem1994 33, 5065 (55) Hata, N.; Tanaka, . Chem. Phyd962 36, 2072-2077.

5072. (56) Ogawa, Y.; lwasaki, S.; Okuda, Setrahedron Lett.1981, 22,

(50) Tsuchiya, S.; Seno, MChem. Lett1989 263—266. 2277-2280.
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predominantly undergoes rearrangement processes, but it hasuggests that the oxidation agent may b&Rppr a solvated
been shown that a small fraction of the molecules dissociate to complex with similar reactivity.

pyridine and OfP)5556 (It should also be noted that this also

represents a precedent for)X0 photochemical cleavage from  symmary

hypervalent organic compounds.) Rate constants (only) were

determined for the reaction of &) and a variety of substrates Photolysis of dibenzothiophene sulfoxide produces diben-
in organic solution, ranging from 2 101 M~1s~1 for Br~ (as zothiophene in very high chemical yield and low quantum yield.
BusN™) to 2 x 10°P M~ s~ for chloroform and dichloromethane.  The quantum vyield is independent of sulfoxide concentration.
Interestingly, they showed that &) is a significantly more  This and other experiments rule out the formation of any sort
selective reagent than HO, as judged by rate constants, whichof sulfoxide dimer as part of the mechanism for formatioi

tend to cluster between 1@nd 16° M~ s™1 for HO. Product proposed mechanism for deoxygenation based on O-atom
competition studies are more difficult for rate constant differ- transfer by sulfinyl radicals is ruled out on energetic bases.
ences of more than about 2 orders of magnitude, but the casesMechanisms based on direct interaction between solvent and
shown in Table 3 are consistent with the kinetic data. the excited state oflL in reactions analogous to carbonyl

Regarding the photoactive state bfthe quenching experi-  photochemistry cannot be ruled out, but seem unlikely due to
ments are consistent with either a short lived (unquenchable)the pattern of quantum yields in different solvents.

trlpler: or a _smglet sttate ofl. 'tlfd artl tS_O bond fctlﬁava%e f In addition to2, photolysis ofl produces a species that is

;;noeck ar:}fnmlls (r:orr:aci a:niex:il eds are er]ﬁ:?y Or Ie dor e'[ho capable of oxidizing benzene to phenol and hydroxylating
hosct?oregceﬁt tr? Iee?:fwr?oseetcrsslzse)rqer ing:J;S Il(J)w%?r € alkanes. The yield of such oxidized products ranges from
phosphoresc P piet gy ’ modest to nearly quantitative. The pattern of reactivity is
If reactivity is out of the lowest excited singlet &f whose - A . -

. consistent with intuitive expectations for 3} or a similar
fluorescence energy is about 82 kcal/mol, then we must substance, and it is speculated that this may be the mechanism
recognize that we are postulating a formally spin-forbidden forformati(')n of2 Deﬁ: drogenation of aIkar):es has also been
process. On the other hand, the quantum efficiencies are quited trated T.h N ydrog t  the hvd lati i
low, which may be consistent with this notion. Another hemgns rze : ;astegv[\)/ls? na utr_eo fg tﬁ r?xyha;orére_ac Loln
possibility is that a short-lived upper triplet state is involved. as been demonstrated by formation of both alcohols derivable

The unusual dependence of the quantum yield on the excitationf,rorn a 1-phenylallyl radical. The stepwise nature of epoxida-

wavelength may support this idea, particularly in combination tions is demonstrated by the partial loss of stereochemistry in
with the observation that the hydroxylation selectivity is acyclic substrates. Product competition studies are consistent
independent of the excitation wavelength. The latter suggestsWith kinetic comparisons to rate constants for removal GR)(

(but does not prove) that a common oxidizing intermediate is @S determined by Scaiano.

produced, simply with a higher efficiency with higher energy
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