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Abstract: The reactions of singlet oxygen with a series of allylic sulfoxides, sulfones, and sulfides have been examined as a
function of extent of reaction, temperature, and solvent. Hydroperoxy groups but not alkyl, hydrogen, or hydroxyl on chiral
carbons § to sulfide sulfur induce diastereoselective sulfoxide formations. Evidence is presented that suggests that the oxidation
at sulfur occurs with anchimeric assistance from the hydroperoxy group via a favorable sulfurane-like transition state.

In the past 25 years the reactions of singlet oxygen with a wide
variety of sulfur-containing compounds including dialkyl sulfides,!
aryl sulfides, viny! sulfides,? disulfides,* thiophenes,’ thioketones,®
and sulfur ylids” have been reported. The multiple-oxidation states
available to sulfur, and the ability of both the substrate and
oxidized products to intercept labile intermediates on the reaction
surfaces, have complicated the examinations of these important
reactions. Despite these complexities, substantial progress toward
a mechanistic understanding of several of these reactions has been
made.?

In 1983° Foote and co-workers, reported detailed kinetic studies
of the reaction of singlet oxygen with diethyl sulfide. These kinetic
studies, which involved competitive trapping experiments with
diphenyl sulfide and diphenyl sulfoxide,!° were conducted in both
protic (methanol) and nonprotic (benzene and acetonitrile) sol-
vents. In nonprotic solvents the presence of two kinetically dis-
tinguishable intermediates was demonstrated. In the protic solvent,
methanol, however, the kinetic results could be accommodated
with only one intermediate. No structural information on these
intermediates was presented that allowed a distinction to be made
between probable candidates, tight ion pair 1,!! persulfoxide 2,
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thiadioxirane!? 3, hydrogen-bonded persulfoxide 4, or sulfurane
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5. Recently,!? however, we reported a remarkable diastereose-
lective photooxidation of allylic sulfide 6b, which we suggested
provided the first experimental evidence for the formation of a
sulfurane intermediate (eq 1). We now report additional examples
of this diastereoselective photooxidation and the results of a study
of the effect of temperature and solvent on the reactions of sulfides.
6a-d, 7-9, sulfoxides 10a~-d, and sulfones 11b and ¢. We also
discuss the mechanistic implications of these results.

SpMePh
>=<_ —
——

6b
4,070y OHo o .
/@/ C?’ : ==\ 7 d (1)
CHj \? —— *\"~" * pMePh
H
Results

The sulfides, sulfoxides, and sulfones 6-11 were photooxidized
in oxygen-saturated deuterated solvents in 5-mm NMR tubes.
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Both the substrate concentrations (2-5 X 1072 M) and dye con-
centrations (1-2 X 1075 M) were kept low in order to prevent
substrate dye interactions. The reaction mixtures were also
saturated with oxygen for 20 min prior to irradiation to maximize
oxygen—dye interactions. The irradiations were conducted under
continuous oxygen agitation with a 750-W projection lamp through
a 1-cm 0.5% potassium dichromate filter solution.! The tem-
peratures of the reaction mixtures were maintained within £1 °C
and the progress of the reactions monitored by 'H NMR. Identical
product mixtures were obtained with either Rose Bengal or tet-
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Table I. 'H NMR Data for Sulfoxide Oxidation Products 122

J. Am. Chem. Soc., Vol. 111, No. 21, 1989 8213

Table III. 'H NMR Data for Sulfoxide Oxidation Products 142

chemical shifts (5)°

chemical shift (5)®

compd H, H, H, Hy H, Y X! compd H, H, H, Hy H, Yo x4

12a 121 3.60 (13) 5.37(2) 7.16 (9) 11.09 3.89 14a 147 186 3.2-3.4 502 72(9 1083 3.88
1.45 3.74 (13) 5.49 7.72 (9) 508 7.7 (9)

120 1.32 360 (13) 4.78 7.12 (9) 3.87 142 137 188 290 (13) 499 7.13(9) 3.87

3.87 (13) 5.20 7.68 (9) 3.17 (13) 527 7.6 (9)

12b 123 3.58 (13) 5.38(2) 744 (8) 109 243 14b 148 186 33-34 503 7.4(8) 1080 2.40
1.46 3.77 (13) 5.49 7.67 (8) 508 7.6 (8)

126 133 358 (13) 4.80 74(9) 41 2.4 14 138 1.88 291(13) 499 7.4(8) 480 240
135 391 (13) 5.1 7.7(9) 3.18(13) 528 7.6 (8)

12¢ 123 3.61(13) 5.38(2) 76-79 10.86 14c 150 187 33-35 503 7.5-78 10.70
145 3.82(13) 5.49 5.09

12¢ 133 359 (13) 4.78 7.5-7.7 14 139 1.89 2.92(13) 500 75-78 477

3.93(13) 5.20

12d 1.28 3.70 (13) 5.39 8.08 (9) 10.73

1.44 396 (13) 5.51 8.48 (9)
12 133 3.69 (13) 4.84 7.98 (9)
1.36 4.03(13) 5.24 8.43 (9)

322 (13) 5.8

144 1.54 1.86 3.37(14) 502 8.01(9) 1057
3.50 (14) 5.05 8.41(9)

14 147 1.88 3.05(13) 499 80(9) 425
3.33(13) 527 8.4(9)

?1In acetone-d, referenced to TMS. See eq 2 for proton labeling.
bCoupling constants in parentheses. °Y = OOH or OH. ?Para sub-
stituent.

Table II. !H NMR Data for Sulfoxide Oxidation Products 132
chemical shift (8)?

compd H, H, H, H, Hy, Y  x¢

13a 1.53 1.84 3.2-34 485 7.2(9) 10.62 3.87
491 7.7 (9)

138 157 1.88 295(14) 487 7.1(9) 3.87

313 (14) 519 7.6 (9)
13b 154 184 33-34 485 74(8) 1061 241
451 17.6(8)
136 157 181 295(14) 488 7.4(8) 470 2.40
3.14 (14) 520 7.6 (8)
13¢  1.56 185 3.3-35 487 7.5-7.8 10.60
4.92
13¢  1.57 181 296 (14) 4.88 7.5-78  4.77
3.17 (14) 5.21
134 1.58 186 3.58 (14) 4.89 8.0l (9) 10.54
374 (14) 4.4 8.41 (9)
13 155 184 3.12(13) 493 8.0(9)  4.25
331 (13) 5.24 8.4(9)

?In acetone-dg referenced to TMS. See eq 2 for proton labeling.
®Coupling constants in parentheses. °Y = OOH or OH. “Para sub-
stituent.

raphenylporphyrin, providing verification of singlet oxygen in-
volvement.

Sulfoxides. Acetone-d, solutions of allylic sulfoxides 10a—d were
photooxidized under these carefully controlled conditions at ~78
°C. In each case only allylic hydroperoxy sulfoxide 12 and dia-
stereomers 13 and 14 were formed (eq 2). The product ratios
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were independent of extent of reaction. The sensitive hydro-
peroxides were not isolated directly but were quantitatively reduced
to a mixture of allylic alcohols 12/, 13, and 14’ with triphenyl-
phosphine. The alcohols were separated and purified by thin-layer
chromatography. The 'H NMR spectral assignments in Tables
I-11, which were made with the aid of single-frequency decoupling
experiments, provide compelling evidence for the structures of these
alcohols and their hydroperoxide homologues.

Sulfones formed by oxidation at sulfur or by intramolecular
trapping of a perepoxide intermediate!® were not observed even

(15) Schaap, A. P.; Recher, S. G.; Faler, G. R ; Villasenor, S. R. J. Am.
Chem. Soc. 1983, 105, 1691.

“In acetone-dg at —78 °C. See eq 2 for proton labeling. ®Coupling
constants in parentheses. Y = OOH or OH. ?Para substituent.

Table IV. Product Ratios in the Reactions of Sulfoxides 10?

compd 12 13+ 14 13/14
10a 73.9 26.1 1/1.2
10b 75.2 24.8 1/1.3
10c 76.2 23.8 1/1.3
10d 78.4 21.6 1/1.4

2In acetone-dg at =78 °C using Rose Bengal as sensitizer.

Table V. Temperature Effects in the Photooxidation of Sulfoxide
10b°

T,°C 12b 13b + 14b 13b/14b
20 66.7 333 1/1.3
-3 67.9 32.1 1/1.2

-31 70.8 29,2 1/1.3

-55 72.4 27.6 1/1.2

=77 75.2 248 1/1.3

2Temperature £1 °C,

under photolysis conditions, which resulted in complete conversion
of 10 to 12-14. The inability, at high effective molarity, of all
the sulfoxide groups and in particular the p-nitro-substituted allylic
sulfoxide, to trap the perepoxide is indicative of the elusive
character of this highly reactive intermediate. Clearly, only very
rapid reactions'® can compete with the collapse of the perepoxide
to the ene product. This elusive character is consistent with the
observation'” that an interaction between the allylic hydrogens
and the pendant oxygen of the perepoxide has already developed
in the transition state for its formation.

The para substituents on 10a—d have minor but noticeable
effects on the ratios of the regioisometric allylic hydroperoxides
(Table IV). In contrast, the diastereoselectivities 13/14 (1/1.3)
are insensitive to the electronic character at sulfur. Temperature
has a similar effect on the reactions of 10b (Table V). Decreasing
temperature favors abstraction of the geminal hydrogens but has
little or no effect on diastereoselectivity. Solvents, on the other
hand, have no effect on the singlet oxidations of 10. Identical
regio- and stereoisomer ratios were obtained in the reactions of
10b in acetone-dg, CDCl;, and methanol-d,.

The alcohols 13d’ and 14d’ were solids, but all attempts to obtain
a crystal suitable for X-ray diffraction work failed. Consequently,
the relative configurations of the chiral centers in the diastereomers
are not known with certainty. We tentatively assign the minor
diastereomer, 13, the R*S* configuration and the major diaste-
reomer, 14, and R*R* configuration by comparing the 'TH NMR’s
of 13 and 14 to the NMR’s of chiral -hydroxy sulfoxides isolated
by Solladie!® and co-workers.

(16) Orfanopoulos, M.; Foote, C. S. J. Am. Chem. Soc. 1988, 110, 6583.
(17) Hurst, J. R,; Wilson, S. L.; Schuster, G. B. Tetrahedron 1985, 41,
2191.
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Table VI. 'H NMR Data for Sulfone Oxidation Products 15 and 16°
chemical shifts (5)®
compd H, H, H, Hy Hy, Y* X4
15b 1.29 4.04 5.39 7.48 (9) 10.29 246

5.45 7.85(9)

15y 1.28 4.10 5.10 7.45 (9) 2.45
5.36 7.82 (9)

15¢ 1.28 4.08 5.40 7.6-7.8 10.29
5.46

15¢ 127 4.12 5.10 7.6-7.8
5.36

16b 1.58 1.76 3.74 490 7.45(9) 10.20 245

493 7.85(9)

16b"  1.44 1.65 348 (14) 4.78 7.45(9) 2.44
3.65(14) 5.13 7.82(9)

16¢ 1.59 1.76 3.77 490 7.6-8.0 10.22

493
16c 144 164 3.50(15) 4.78 7.6-7.8
3.69 (15) 5.13

9In acetone-dg at =78 °C. See eq 3 for proton labeling. ®Coupling
constants in parentheses. °Y = OOH or OH. “Para substituent.

Sulfones. The sulfones 11b and ¢ were also photooxidized in
acetone-dg at =78 °C. In a very similar reaction to that observed
with the sulfoxides 10, only two regioisomeric ene products 15
and 16 were obtained (eq 3). The ratio 15/16 remained constant
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as a function of extent of reaction. The hydroperoxides were not
isolated directly but were first quantitatively reduced with tri-
phenylphosphine to a mixture of the corresponding alcohols 15
and 16’. The alcohols were separated by thin-layer chromatog-
raphy and the spectra of both alcohols and hydroperoxide pre-
cursors were assigned with the aid of single-frequency decoupling
experiments (Table VI).

Photooxidations at =78 °C produced a ratio 15/16 of 83/17
for both 11b and ¢. The predominate formation of 15 was pre-
viously attributed to a conformational effect in 11, which places
the carbon-hydrogen bond on the methyl group geminal to the
sulfonyl group nearest to the preferred perpendicular arrangement
relative to the olefinic plane.!® This reaction complements the
irradiation of oxygenated solutions of allyl sulfones in the presence
of Pd(OCOCF;),, which also results in allylic oxidation and
migration of the double bond but with formation of the vinyl
sulfone.?

Sulfides. Sulfides 6a~-d, 7, and 8 have two seats of potential
reactivity toward singlet oxygen, the sulfur atom and the double
bond. The similar rates of reaction of singlet oxygen with sub-
stituted thioanisoles?! (p-OMe, 7.6 X 105 p-Me, 3.1 X 105 p-H,
2.3 X 108 M~!s71) and with 2,3-dimethyl-2-butene?? (3.0 X 107
M-1571) suggested that oxidation at sulfur and the olefinic linkage
would be competitive. This suggestion was verified by exami-
nations of the photooxidations of 6a—d at low conversions at -80
°C in acetone-ds.

At less than 10% conversion, photooxidation of the p-Me-
substituted 6b resulted in 68% reaction at the double bond and
32% at sulfur. The reaction at sulfur in comparison to the reaction
at the double bond became less important as the temperature of
the photooxidation increased (Table VII). This is consistent with

(18) Solladie, G.; Greck, C.; Demailly, G.; Solladie-Cavallo, A. Tetrahe-
dron Lett. 1982, 5047.

(19) Clennan, E. L.; Chen, X. J. Org. Chem. 1988, 53, 3124,

(20) Muzart, J.; Riahi, A.; Pete, J. P. J. Organomet. Chem. 1985, 280, 269.

(21) (a) Monroe, B. M. Photochem. Photobiol. 1979, 29, 761. (b) Kacher,
M. L,; Foote, C. S. Photochem. Photobiol. 1979, 29, 765.

(22) Ogilby, P. R.; Foote, C. S. J. Am. Chem. Soc. 1983, 105, 3423.

Clennan and Chen

Table VII. Product Ratios in the Photooxidation of 6b as a Function
of Temperature

extent of yields®
T,°C  reaction® 17 18 10
14 7.9 4.04 (51.1) 387(489) O
-6 19.2 10.6 (55.0) 8.60 (45.00 O
-29 15.0 8.70 (58.0)  6.30 (42.0) O
-55 13.7 7.90 (57.5) 4.80 (35.0) 1.0 (7.3)
-78 8.9 3.90 (44.0) 2.20 (24.4) 2.8 (31.6)

9% starting material consumed. ®% of total product in parentheses.

Table VIII. !H NMR Data for Sulfide Oxidation Products 17%
chemical shifts (8)°
compd H, H, H, Hq Ha, Yo o X4

17a 139 368 5.09 6.9 (9) 3.78
5.15 7.4 (9)

172 137 366 4.97 6.9 (9) 3.78
5.20 7.4 (9)

17b 139 377 5.17 7.1(8) 1025 2.30
5.20 7.3 (8)

17b 138 374 5.07 7.1 (8) 2.3

7.3 (8)

17¢ 141 381 5.20 7.1-7.4  10.30
5.25 (1)

17¢ 139 378 5.10 (1) 7.1-7.4
5.22 (1)

17 144 399 526 7.54 (9)
5.34 8.12 (9)

17¢ 142 397 5.19 7.53(9)  4.08
5.28 8.12 (9)

9In acetone-ds at =78 °C. See structure 17 in the text for proton
labeling. ?Coupling constants in parentheses. ‘Y = OOH or OH.
¢Para substituent.

Table IX. 'H NMR Data for Sulfide Oxidation Products 182
chemical shifts (5)%

compd H, H, H, Hy H,, ye  xq

18a° 495 6.9 (9) 3.78
7.4 (9)

182°¢ 1.4 6.9 (9) 3.78
7.4 (9)

18b 1.43 1.75 326 (12) 496 7.1(8) 1028 23
3.32(12) 5.02 7.3(8)

18b’ 1.40 1.76 3.17 (12) 4.82 7.1 (8) 381 23
3.25(12) 511 7.3 (8)

18¢ 1.43 1.76 3.31(12) 497 7.1-74 1032
3.37(12) 5.04

18¢’ 142 1.77 320(12) 484 7.1-74
329 (12) 5.12

18d 1.49 1.85 3.53(12) 5.00 7.57(9)
3.58 (12) 5.09 8.13(9)

18d’ 1.48 1.82 3.36(12) 4.88 7.56 (9)
3.44 (12) 517 8.12(9)

2In acetone-ds at =78 °C. See structure 18 in the text for proton
labeling. ®Coupling constants in parentheses. ¢Y = OOH or OH.
4Para substituent. ¢ Compound not isolated, NMR taken in reaction
mixture, and some peaks obscured.

the previous observation that with increasing temperature physical
quenching of singlet oxygen by sulfides occurs at the expense of
chemical reaction. The ene products 17b and 18b formed at low
conversion were not isolated directly but were reduced with tri-
phenylphosphine to a mixture of the alcohols 17b” and 18b’. The
alcohols were separated and purified by preparative thin-layer
chromatography. Their structures are consistent with their 'H
NMR spectra (Tables VIII and IX).

b
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JOH
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Figure 1. Hammett plot for the reactions of 6 with singlet oxygen.
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Figure 2. Evolution of reaction components in the reaction of 6b at 78
°C as a function of 6b consumed.

Examination of the reaction mixture of the most electron-rich
allylic sulfide, 6a, at 16% conversion revealed that reaction at sulfur
increased to approximately 60% with only 40% of the reaction
occurring at the double bond. In contrast, photooxidations of the
less electron-rich sulfides 6¢ and 6d, at less than 10% conversion,
proceeded entirely at the double bond. The nonlinear Hammett
plot (Figure 1) for the reactions of these sulfides with singlet
oxygen provides additional evidence for the dual reactivity of these
substrates.

All of the allylic sulfides except for those formed in the reaction
of 6d were susceptible to reaction with a second molecule of singlet
oxygen. The p-nitro-substituted hydroperoxy sulfides 17d and
18d were inert, and oxidation at sulfur was not observed even after
2 h of continuous irradiation. The products of exhaustive pho-
tooxidations of the sulfides susceptible to multiple oxidations, 6a—c,
were hydroperoxy sulfoxides 12-14 and hydroperoxy sulfones 15
and 16. The assignment of all the NMR peaks, before and after
reduction with PPh;, in these complex reaction mixtures was made
possible by comparison to the hydroperoxides and isolated alcohols
produced in the photooxidations of allylic sulfoxides 10 and
sulfones 11.

In contrast to the reactions of allylic sulfoxides 10 the diaste-
reomer ratios 13/14 in photooxidations of sulfides 6a—c were a
function of extent of reaction. Early in the reaction the diaste-
reomer ratio was greater than 10/1 for 6a, 13/1 for 6b, and 20/1
for 6¢c. In each case as the reaction proceeded, the diastereomer
ratio decreased. Clearly, the immediate precursors to 13 and 14
are the hydroperoxy sulfides 18 rather than allylic sulfoxides 10,
which must produce diastereomer ratios of approximately 1/1.3.
Photooxidation of the pure alcohol 18b’ rather than the hydro-
peroxide 18b resulted in a remarkable reversal and dramatic
decrease in diastereoselectivity (13b’/14b’ = 1/2.3). Photo-
oxidation of sulfide 9, which also contains a chiral center g to
sulfur, formed 95% sulfoxide with little diastereoselectivity (1/1.3)
and 5% sulfone.

The evolution of the reaction components as a function of
percent of 6b consumed at -78 °C in acetone-dg is shown
graphically in Figure 2. At the beginning of the reaction only
the sulfoxide 10b and hydroperoxy sulfides 17b and 18b were
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40
= ,
22 - E:E %22/14

. —_— C C A

250 STS1E 75

;“ 15 | / 74 74.
10 - /

St Ak / B
o [¥5e n/’/ﬂ D>_l>-°

-5 - L L . L L L . L L
0 10 20 30 40 50 60 70 80 90 100

% 6c consumed

Figure 3. Evolution of reaction components in the reaction of 6¢ at ~78
°C as a function of 6c consumed.

present. As the reaction proceeded the concentrations of the
diastereomeric hydroperoxy sulfoxides 13b/14b increased rapidly
despite the fact that isomeric hydroperoxy sulfoxide 12 was the
major product upon exhaustive photooxidation.?* A very similar
reaction profile was observed for the reaction of 6¢ (Figure 3).
The concentrations of the diastereomeric hydroperoxy sulfoxides
13c/14c increased rapidly, and the concentration of their precursor
sulfide, 18¢, peaked early in the reaction.

Increasing reaction temperatures during oxidations of 6 were
accompanied by decreasing diastereoselectivity. For example, at
—60 °C in CDCl,, acetone-dg, and CD;0D, the diastereoselectivity
in the reaction of 6b decreased to 5/1,7/1, and 2.9/1, respectively.
At -29 °C, in acetone-dg, the diastereoselectivity continued to
degrade to 2.7/1, and hydroperoxy sulfoxides 12b and 13b/14b
were produced at similar rates (see the supplementary material).

Sulfide 7 reacted exclusively at sulfur to give the allylic sulf-
oxide. Reaction at the electron-poor disubstituted double bond
did not occur even after 4 h of irradiation. The trisubstituted
double bond in sulfide 8, however, did react but only after total
conversion to the allylic sulfoxide 19. The ene products 20, 21,
and 22/23 were formed in the reaction of 19 in a 31/3/66 ratio.
Formation of diastereomers 22/23 occurred with little diaster-
eoselectivity (1.2/1) as expected based on our previous work with
sulfoxides 10. The stereochemical assignments of double bond
configurations in 20 and 21 were based on the size of the vinyl
coupling constants.

o}
N
HO S S
0 Y amla ) ,‘/
) H CH,4
H

Discussion

The salient discoveries in this work, which must be explained
by any acceptable mechanism for sulfide photooxidation, are the
remarkably high diastereoselective oxidations of 18a~c. The
mechanism proposed by Foote® to explain the photooxidation of
diethyl sulfide in benzene is depicted in Figure 4. The structures
of intermediates A and B are not known with certainty; however,
trapping experiments demonstrate that A appears to be more
nucleophilic than B. It has been suggested that likely candidates
for A and B are persulfoxide 2 and thiadioxirane 3, respectively.
Both of these intermediates are chiral,®* and as a result the

(23) At-78 °C, sulfide 1b upon exhaustjve photooxidation produced 60.3%
12, 32.5% 13/14, 2.2% 16, and 5.0% 17.
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diastereoselectivity observed during photooxidation of 18a—¢ could
reflect energy differences in diastereomeric intermediates A and/or
B or in the transition states for their formation or reaction.
The dramatic decrease in magnitude and reversal of diaster-
eoselectivity in the alcohol 18b’ in comparison to hydroperoxide
18b is difficult to rationalize within the context of the Foote
mechanism. We suggest that the unique feature of the hydro-
peroxide is its ability to form energetically very favorable 5-
membered ring sulfuranes 24 and 25. The diastereoselection
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observed in the reactions of 18 reflect the energy difference be-
tween 24 and 25. Sulfurane 24 upon reaction with a reducing
agent would produce the predominant stereoisomer formed in the
photooxidation of 18, the R*S* diastereomer 13. Examination
of molecular models demonstrates that only in 24 is it possible
to simultaneously place the large phenyl and isopropenyl in un-
encumbered positions in an envelopelike conformation. The greater
stability of 24, with the large phenyl and isopropenyl groups cis,
is also consistent with thermochemical data,?® which indicate that
cis 1,3-disubstituted cyclopentanes are more stable than their trans
isomers. Pseudorotation of 24 to form 25 is expected to be en-
ergetically inaccessible.?® This conformational interconversion
must proceed via an unstable sulfurane with an apical lone electron
pair.

Two mechanisms of sulfide photooxidation that utilize these
sulfuranes as key intermediates warrant discussion. The first
mechanism, depicted in Figure 3, is a stepwise mechanism in-
volving initial formation of diastereomeric persulfoxides, which
collapse to the sulfuranes in competition with loss of oxygen. The
second mechanism, depicted in Figure 6, invokes single-step or
concerted formations of the sulfuranes.

In both mechanisms reduction of the sulfuranes convert these
intermediates into the hydroperoxy sulfoxide products. In the very
early stages of the photooxidation, when the very high diaster-
eoselectivities are observed, the most predominate reducing agent

(24) The thiadioxirane 3 is chiral if the oxygens occupy one apical position
and one equatorial position in a trigonal-bipyramidal structure, as seems likely.

(25) Cox, J. D.; Pilcher, G. In Thermochemistry of Organic and Or-
ganometallic Compounds; Academic Press: New York, 1970; p 156.

(26) Hayes, R. A.; Martin, J. C. In Organic Sulfur Chemistry; Bernardi,
F., Csizmadia, I. G., Mangini, A., Eds.; Elsevier: Amsterdam, The Nether-
lands, 1985; p 436.
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in solution is starting sulfide 6. Conversion of 6 in this process
to sulfoxide 10 is ultimately responsible for the degrading
diastereoselectivity as the reaction proceeds. At the same time,
however, the abundance of sulfide 6 prevents the potentially
nondiastereoselective reduction with 18 (Figure 6) from occurring.

The absence of substantial diastereoselectivity in the reactions
of hydroxy sulfide 18b’ and sulfide 9 with singlet oxygen and the
large distance between the chiral center and sulfur suggest that
formations of persulfoxides are not selective. Therefore, if the
stepwise mechanism (Figure 5) is operating, diastereoselectivity
relies on the differential partitioning of the two persulfoxides
toward loss of oxygen and sulfurane formation. If kg, /k, = kyy/ky
or if k, = k, = 0, no diastereoselectivity would be observed. Since
it is likely that kg = kg, the diastereoselectivity is a function of
the relative magnitudes of steric interactions in the transition states
for sulfurane formation. In order for the concerted mechanism
(Figure 6) to be diastereoselective, the rates of formation k., and
keo must be different. In the concerted mechanism physical
quenching to recycle one of the diastereomers does not need to
occur.

The observation of diastereoselectivity at low temperatures were
physical quenching is expected to be unimportant argues for the
concerted mechanism. Anchimerically assisted oxidation of 18
is also consistent with the rapid formation of hydroperoxy sulf-
oxides 13/14 from 18 in comparison to the rather slow formation
of hydroperoxy sulfoxide 12 from 17.

The decrease in diastereoselectivity with increasing temperature
can either reflect (1) convergence of the rates of sulfurane for-
mation at higher temperatures (Reactions with rate ratios of 20/1
and 13/1 at -80 °C would have rate ratios of approximately 7/1
and 5/1, respectively, at 25 °C.) or (2) the unfavorable entropy
of activation for sulfurane formation. Akasaka and Ando?” used
an oxygen-18 tracer study to demonstrate that at room temper-
ature an intermediate in the oxidation of dimethyl sulfoxide by
dimethyl persulfoxide did not form a cyclic sulfurane intermediate.

The larger decrease in diastereoselectivity at =60 °C in CD,0D
in comparison to acetone-ds and CDCl; is the result expected in
a hydroxylic solvent if external anchimeric assistance competes
with internal assistance from the hydroperoxy group.

An alternative explanation that the diastereoselectivity is a result
of hydrogen bond directed oxidation (eq 4) is unlikely. An
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intramolecular hydrogen bond would decrease the electron density
on sulfur and would be expected to slow down the reaction of
singlet oxygen with 18 in comparison to 17, contrary to what is
experimentally observed. Formation of the much stronger?® in-
termolecular hydrogen bond with acetone-dg is also expected to
occur in preference to formation of the weaker intramolecular
O--H--S% hydrogen bond. The downfield chemical shift of the
hydroperoxy proton in 18b (6 10.28) is consistent with a strong
hydrogen bond. That this hydrogen bond is not intramolecular
is verified by observing a 1.17 ppm upfield shift for the hydro-
peroxy proton in CDCI; (6 9.11) where intramolecular hydrogen
bonding is still possible.?® In addition, the very similar diast-

(27) Akasaka, T.; Ando, W. J. Chem. Soc., Chem. Commun. 1983, 1203.

(28) Block, E. In Reactions of Organosulfur Compounds; Academic Press:
New York, 1978; p 22.

(29) An OH.--S hydrogen bond strength of 0.9 kcal/mol is reported for an
intramolecular hydrogen bond by: Brunet, E.; Eliel, E. L. J. Org. Chem. 1986,
51,677,

(30) Hydrogen bonding decreases the electron density around hydrogen
and produces downfield chemical shifts. Silverstein, R. M.; Bassler, G. C.;
Morrill, T. C. In Spectrometric Identification of Organic Compounds, 4th
ed.; John Wiley & Sons: New York, 1981; p 194.
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ereoselectivities observed in the oxidation of 6b at -60 °C in CDCl;
and acetone-d, is inconsistent with an important role for hydrogen
bonding.

Conclusion

Diastereoselective singlet oxidations of several sulfides are
reported when a hydroperoxy group is attached to a chiral center
B to sulfur. Hydrogen, alkyl, or hydroxyl groups bound to the
B carbon, however, are unable to stereoselectively direct oxidation
at sulfur. The unique behavior of the hydroperoxy group is
attributed to its ability to anchimerically assist oxidation at sulfur
via a favorable sulfurane-like transition state.

Work is currently in progress to provide additional examples
of anchimerically assisted photooxidations at sulfur with other
heteroatoms.

Experimental Section

Preparative gas chromatographic separations were carried out on a
GOW-MAC Serjes 550 thermal conductivity gas chromatograph utiliz-
ing a 0.25 in. X 10 ft column packed with 20% Carbowax 20M on NAW
Chromosorb W 80/100. Chromatographic separations were carried out
on a Harrison Research Model 7624T chromatotron using plates coated
with EM Science 7749 silica gel 60PF .

1H and 13C NMR spectra were obtained on a JEOL FX270 at 270
and 67.83 MHz, respectively, and the chemical shifts, referenced to
Me,Si. Product ratios in Table IV, V, and VII and in Figures 2 and 3
were determined by cutting and weighing expanded portions of the NMR
reaction mixtures. These values are accurate to within £3%.

Rose Bengal, tetraphenylporphyrin, 2-ethylhexyl bromide, 1-bromo-
3-methyl-2-butene, CD;OD, N-bromosuccinimide, triphenylphosphine,
isobutenyl chloride, p-methylthiophenol, thiophenol, p-methoxythio-
phenol, p-nitrothiophenol, m-chloroperbenzoic acid, and tetramethyl-
ethylene were obtained from Aldrich and used without further purifica-
tion. Reagent-grade benzoyl peroxide was obtained from Fisher Scien-
tific and used as received. The sodium salts were prepared according to
a literature procedure.’! CDCl; (99.8% atom D) and acetone-ds were
obtained from Aldrich Chemical Co. and were dried over 4A molecular
sieves before use. CCly was purified by distillation from P,O5 and hexane
and ethyl acetate by simple distillation.

1-Bromo-2,3-dimethyl-2-butene, 2,3-dimethyl-2-butenyl p-methyl-
phenyl sulfide (6b), 1-[(4-methylphenyl)sulfinyl]-2,3-dimethyl-2-butene
(10b), and 1-[(4-methylphenyl)sulfonyl]-2,3-dimethyl-2-butene (11b)
were made as previously reported.!?

2,3-Dimethyl-2-butenyl p-methoxyphenyl sulfide (6a) was synthesized
by the method previously reported for 6b.1* It was purified by preparative
gas chromatography; 87% yield. 'H NMR (CDCl;): § 1.41 (s, 3 H),
1.62 (s, 3 H), 1.77 (s, 3 H), 3.46 (s, 2 H), 3.79 (s, 3 H), 6.80 (d, J =
9 Hz, 2 H), 7.33 (d, / = 9 Hz, 2 H).

2,3-Dimethyl-2-butenyl phenyl sulfide (6¢c) was synthesized by the
method previously reported for 6b.1* It was purified by vacuum distil-
lation prior to final purification by preparative gas chromatography; bp
91 °C (0.4 mmHg), 92% yield. 'H NMR (CDCl;): & 1.56 (s, 3 H), 1.65
(s, 3 H), 1.78 (s, 3 H), 3.58 (s, 2 H), 7.14-7.36 (m, 5 H).

2,3-Dimethyl-2-buteny] p-nitropheny! sulfide (6d) was synthesized by
adding 165 mg (1.01 mmol) of tetramethylethylene bromide to a solution
of 155 mg (1.00 mmol) of p-nitrophenol and 54 mg (1.00 mmol) of
sodium methoxide in 10 mL of absolute ethanol. This solution was stirred
for 1 h at room temperature. The solvent was removed at reduced
pressure, and the residue was dissolved in ether, washed with water, and
dried over MgSQO,. The compound was purified by recrystallization from

(31) Fieser, L. F.; Fieser, M. In Reagents for Organic Synthesis, John
Wiley & Sons: New York, 1967; Vol. 1, p 1106.
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hexane; mp 67-68 °C; 85% yield. ‘H NMR (CDCl;): 6 1.71 (s, 3 H),
1.75 (s, 3 H), 1.80 (s, 3 H), 3.71 (s, 2 H), 7.32 (d, J = 9 Hz, 2 H), 8.11
(d, J =9 Hz, 2 H).

2-Ethylhexyl 4-methylpheny! suifide (9) was synthesized by adding
1.13 g (5.8 mmol) of 2-ethylhexyl bromide to a solution of 1.03 g (7.1
mmol) of sodium 4-methylthiophenoxide in 20 mL of absolute ethanol.
This mixture was stirred and refluxed for 1 h followed by removal of the
solvent at reduced pressure. The product was dissolved in 30 mL of ether,
washed with water, and dried with MgSO,. The solvent was removed
under reduced pressure to give 1.28 g, 93% yield, of product. The product
was purified by preparative gas chromatography (column temperature
190 °C, He flow rate 80 mL/min, retention time 22 min). 'H NMR:
60.86 (t,J =7 Hz, 3 H), 0.88 (t, J = 7 Hz, 3 H), 1.27 (m, 4 H), 1.43
(m, 4 H), 1.53 (m, 1 H), 2.31 (s, 3 H), 2.86 (d, J = 6 Hz, 2 H), 7.08
(d,J =8 Hz, 2 H), 7.24 (d, J = 8 Hz, 2 H). 13C NMR (CDCl,): §10.7
(g, J = 125 Hz), 14.1 (q, J = 124 Hz), 21.0 (q, J = 125 Hz), 23.0 (t,
J =125 Hz), 25.5 (t, J = 125 Hz), 28.7 (t, J = 123 Hz), 32.2 (t, J =
125 Hz), 38.8 (1, J = 138 Hz), 38.9 (d, J = 125 Hz), 129.4 (d, J = 160
Hz), 129.5 (d, J = 160 Hz), 133.8 (s), 135.6 (s).

2-Methyl-2-propeny! 4-methylpheny! sulfide (7) was synthesized by the
method of Kwart and Johnson.’2 'H NMR (CDCl,): § 1.82 (s, 3 H),
2.28 (s, 3 H),3.53 (s, 2 H), 476 (s, H), 479 (s, 1 H), 7.11 (d, J =
8 Hz, 2 H), 7.26 (d, J = 8 Hz, 2 H).

1-[(4-Methylphenyl)sulfinyl]-2-methylpropene** was synthesized by
singlet oxidation of 7. 'H (CDCly): & 1.81 (s, 3 H), 2.41 (s, 3 H), 3.37
(d,J =12 Hz, 1 H), 3.54 (d, / = 12 Hz, 1 H), 4.82 (s, 1 H), 5.02 (s,
1 H), 7.31 (d, J = 8 Hz, 2 H), 7.52 (d, / = 8 Hz, 2 H).

3-Methyl-2-buteny! 4-methylphenyl sulfide (8) was synthesized in 84%
yield by the method utilized for its 4-phenyl analogue.** The product
was purified by elution on a chromatotron with hexane followed by
preparative gas chromatography (column temperature 180 °C, He flow
rate 80 mL/min, retention time 17 min). 'H NMR (CDCl,): 6 1.55 (s,
3 H), 1.70 (s, 3 H) 2.31 (5,3 H), 349 (d,/ = 8 Hz,2 H), 5.39 (d, J
= 8 Hz, 1 H), 7.08 (d, J = 8 Hz, 2 H), 7.25 (d, J = 8 Hz, 2 H). I’C
NMR (CDCly): §17.6(q, J = 125 Hz), 21.0 (q, J = 127 Hz), 25.6 (q,
J =127 Hz), 32.9 (t, J = 140 Hz), 119.5 (d, J = 159 Hz), 129.4 (d, J
= 157 Hz), 130.5 (d, J = 162 Hz), 132.9 (s), 136.0 (s), 136.1 (s).

1-{(4-Methylphenyl)sulfinyl]-3-methyl-2-butene** was synthesized by
addition of 5 mL of CH,Cl, solution of 180 mg of 85% MCPBA to 10
mL of CH,Cl, containing 160 mg of 8 at 0 °C and stirring for 20 min.
This mixture was poured into 10 mL of 10% aqueous NaHCO;. The
organic layer was separated and the aqueous layer extracted with three
5-mL portions of ether. The combined organic layer was washed with
saturated NaCl and dried with MgSO,. The solvent was removed under
reduced pressure to give 120 mg (69% yield) of the sulfoxide, which was
purified by hexane/ethyl acetate (9/1) elution on a chromatotron plate.
1H NMR: § 1.44 (s, 3 H), 1.70 (s, 3 H), 2.40 (s, 3 H), 3.51 (m, 2 H),
5.06 (m, 1. H), 7.30 (d, J = 8 Hz, 2 H), 7.49 (d, / = 8 Hz, 2 H). 1*)C
NMR: 6 18.0(q,J = 125 Hz), 21.4 (9, J = 125 Hz), 25.8 (q, J = 127
Hz), 56.6 (t,J = 139 Hz), 111.1 (d, J = 159 Hz), 124.4 (d, J = 164 Hz),
129.5 (d, J = 160 Hz), 140.1 (s), 141.3 (s), 141.9 (s).

Rate Constant Determinations. The rate constants for the reactions
of 2,3-dimethyl-2-butenyl aryl sulfides were obtained in oxygen-saturated
acetone solutions containing 2.04 X 10" M Rose Bengal. The kinetic
apparatus consisted of (a) a Spectra-Physics DCR11 Nd:YAG pulsed
laser with second and third harmonic (532 and 355 nm) capability, which
delivers 10-ns pulses at rates up to 10 pps, (b) a germanium (Judson 2-
or 5-mm ¢) diode detector/customized preamplifier, (¢) various optic,
the most important of which is a 10-nm narrow band-pass nonfluorescing
filter centered at 1.27 um placed just ahead of the detector, (d) a 100-
MHz LeCroy transient digitizer /signal averager interfaced to a 80386
based PC/AT computer, and (e) energy meter. Since the experimental
decay is a convolution of the detector response (fwhm of approximately
10 us for the 5-mm ¢-detector and 5 us for the 2-mm ¢-detector) and
the sample decay, it was necessary to implement a numerical deconvo-
lutional analysis in order to accurately extract measured lifetimes 2 us
< 7 < 100 us from the recorded data. With this treatment lifetimes as
low as 2 us for certain nondeuterated solvent-sensitizer-amine combi-
nations were available. The numerical deconvolution analysis of Demas®
for exponential decays that also corrects artifacts caused by scattered
excitation light that may reach the detector was used. This analysis was

(32) Kwart, H.; Johnson, N. A. J. Am. Chem. Soc. 1977, 99, 3441.

(33) Mikolajczyk, M.; Midura, W.; Grejszczak, S.; Zatorski, A.; Chef-
zynska, A. J. Org. Chem. 1978, 48, 473.

(34) Oswald, A. A.; Griesbaum, K.; Thaler, W. A.; Hudson, B. E., Jr. J.
Am. Chem. Soc. 1962, 84, 1962,

(35) For the phenyl sulfinyl analogue see: Evans, D. A.; Andrews, G. C.
Acc. Chem. Res. 1974, 7, 147,

(36) Love, J. C.; Demas, J. N. Anal. Chem. 1984, 54, 82.
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implemented on our laboratory computer using a general scientific/en-
gineering analysis/data acquisition program called AsysT. Signal aver-
aging 100 experiments, each with laser pump energies <5 mJ gave 8192
point decay curves, each of which produced pseudo-first-order rate con-
stants with correlation coefficients (square root) better than 0.99.
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Abstract: A comprehensive study of the photochemistry and photophysics of purine free base and 6-methylpurine has been
carried out. The presence of the purine triplet state was determined by using the energy-transfer technique for sensitizing
the crocetin triplet. The purine triplet quenching rate coefficients have been determined to be 7.1 X 105, 3.4 X 10°, and 2.0
X 108 M~ 57! for crocetin (C), O,, and Mn2*, respectively. The decay time of the triplet under deoxygenated conditions and
the triplet—triplet (T-T) molar absorption coefficient at 390 nm are, respectively, 1.7 us and (2.0 % 0.5) X 103 M~ cm™!. The
intersystem crossing rate constant obtained from picosecond laser experiments, 1.4 X 108 57, allowed an estimate of the singlet
excited state (S;) decay time, 7 ns, in favorable agreement with the value of the fluorescence decay time, 5 ns, obtained from
single photon counting experiments. Photoionization of the purines was observed at an excitation energy of 4.7 eV, which
is lower than their gas-phase photoionization energy. The purine radical cation was produced by oxidation of the purine by
radiolytically generated azide radical. Its absorption maximum appears at 290 nm. The purine anion radical, which was generated
from the radiolytically produced carbon dioxide radical anion, had an absorption band maximum and decay time of 275 nm
and 16 ps, respectively. An intermediate species resulting from a fast reaction of the radical anion is postulated to account

for the formation of the band at 320 nm. The electron scavenging rate coefficient for purine is 2.9 X 1010 M1 571,

Excellent reports describing the physical properties of the
electronic states of purine bases are readily available.!® However,
the reactivity and dynamics of the electronically excited purines,
especially in aqueous solutions, have not been studied to the same
extent. Perhaps the extremely low emission yields of purines at
300 K and the lack of structure in their ground-state absorption
spectra observed in aqueous solutions have discouraged this type
of study. Traditionally, purine bases have been regarded as
photochemically inert.” Nonetheless, it has been established that
they are photochemically reactive!®!4 in recent reports. In the
case of purine free base, Connolly!® and Arce et al.!® have made
qualitative assignments of the transient absorption bands. No
kinetic or quantitative data on reaction rates or excited-state
parameters were reported, nor were the identities of the transient

(1) El-Sayed, M. A_; Brewer, R. G. J. Chem. Phys. 1963, 39, 1623.

(2) Berthod, H.; Giessner-Prettre, C.; Pullman, A. Theor. Chim. Acta
1966, 3, 53.

(3) Drobnik, J.; Augenstein, L. Photochem. Photobiol. 1966, 5, 13.

(4) Drobnik, J.; Augenstein, L. Photochem. Photobiol. 1966, 83.

(5) Clark, L. B; Tinoco, 1. J. Am. Chem. Soc. 1965, 87, 11.

(6) Cavalieri, L. F.; Bendich, A.; Tinker, J. F.; Brown, G. B. J. 4m. Chem.
Soc. 1948, 70, 3875.

(7) Stewart, R. F.; Davidson, N. J. Chem. Phys. 1963, 39, 255.

(8) Drobnik, J.; Kleinwachter, V.; Augenstein, L. Photochem. Photobiol.
1967, 6, 147.

(9) Elad, D. In Photochemistry and Photobiology of Nucleic Acids; Wang,
S. Y., Ed.; Academic Press: New York, 1976; Vol. 1, P 357.

(10) Bose, S. N.; Davies, R. J. H.; Sethi, S. K.; McCloskey, J. A. Science
1983, 220,, 723.

(11) Bose, S. N.; Davies, R. J. H. Nuclelc Acids Res. 1984, 12, 7903.

(12) Bose, S. N.; Kumar, S.; Davies, R. J. H.; Sethi, S. K.; McCloskey,
J. A. Nucleic Acids Res. 1984, 7929,

(13) Gallagher, P. E.; Duker, N. J. Mol. Cell. Biol. 1986, 6, 707.

(14) Gasparro, F. P.; Fresco, J. R. Nucleic Acids Res. 1986, 14, 4239,

(15) Connolly, J. S. Diss. Abstr. B 1969, 30, 2629.

(16) Arce, R.; Jiménez, L. A.; Rivera, V.; Torres, C. Photochem. Photo-
biol. 1980, 32, 91.

species definitely established. Under low- and high-pH conditions,
the photoionization of the purine was postulated!® to proceed
through a purine triplet excited state and the presence of the purine
radical cation and radical anion was inferred from an increase
in absorbance.

Low-temperature UV-visible absorption and electron para-
magnetic resonance techniques have been used!’""° to characterize
and quantify the intermediates produced during the continuous
UV irradiation of purine free base in acid, neutral, and basic
aqueous glasses at 77 K. A biphotonic ionization of the base
through a triplet intermediate was established as one of the
principal photodestruction paths in basic and neutral glassy so-
lutions.

From the photochemical standpoint, we found it interesting that
the title purines have three singlet excited-state components that
are almost isoenergetic and oriented perpendicularly to each other:
namely, two (, 7*) and the (n, 7*)3 states. Furthermore, the-
oretical works predict the participation of the (s, 7*) and Rydberg
states,! as well as vibronic-electronic coupling that assists in-
tersystem crossing processes® in this family of compounds. Mixing
of these electronic states could lead to different photophysical
processes as manifested by this work.

In this paper we report a study on the identification of the purine
free base and 6-methylpurine intermediate species produced in
aqueous media by 266-nm laser flash photolysis. A goal of our
research is to provide kinetic data leading to the description of
photophysical processes such as intersystem crossing, triplet and
singlet state decay times, energy-transfer processes, and pho-
tolonization. Some of the reactive intermediate species have been

(17) Arce, R.; Benitez, S.; Rivera, E.; Rivera, M. Photochem. Photobiol.
1982, 35, 291.

(18) Arce. R.; Rivera, M. Photochem. Photobiol. 1982, 35, 737.

(19) Arce, R.; Rivera, M. J. Photochem. 1984, 27, 67.

(20) Albrecht, A. C. J. Chem. Phys. 1963, 38, 354.
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