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stabilized relative to simple olefins. Zwitterionic intermediates
such as 5 and 6 have often been proposed as precursors to diox-
etanes in 10, reactions,’*™! and dioxetane formation from 'O,
reactions is important only with compounds that would give
stabilized cationic centers, including enol ethers*? and enamines.*?
Even adamantylideneadamantane, which gives only dioxetane
products,* would give a more stable cationic center than most
simple olefins, and has no other reaction path other than dioxetane
formation available to it. That § and 6 could be the precursors
to dioxetanes is consistent with the fact that, in methanol (where
§ and 6 should be stabilized by hydrgen bonding) both DMHD
and indenes give dioxenes much more efficiently than in aprotic
solvents.!>?® (Further discussion is deferred to the accompanying
paper.)®

It would be anticipated that methanol would attack the zwit-
terionic intermediates § and 6 giving two methanol addition
products in each case, 7 and 8 for DMHD and 9 and 10 for indene.
It has been reported previously that photooxidation of DMHD
under either acidic or basic conditions in methano! yielded both
7 and 8.1° We have also found that 7 is formed from the pho-
tooxidation of DMHD in methanol under neutral conditions (7/1
= 0.6%2). However, we did not isolate any 8. Initially it was
reported that photooxidation of indene gave two isomeric methanol
addition products 10 and 11.%> These two isomers are consistent
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with nucleophilic attack by methanol on a perepoxide intermediate,
12, and their appearance was used as evidence in support of 12.4°

Recent investigations have shown that the two methanol ad-
dition products are actually 9 and 10,% which are more consistent
with the intermediacy of a zwitterion.

The relationship between the interaction leading to the ene
product, 1, for DMHD and that leading to dioxetane and
quenching is discussed in the accompanying paper.?
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Abstract: Solvent and temperature effects on the singlet oxygen oxidations of 2,6-dimethyl-2,4-hexadiene (DMHD) and
2-methyl-2-pentene (2M2P) are studied. It is concluded that the initial interaction between 2M2P and 'O, (which gives only
ene products) and that between DMHD and O, (which gives ene products, dioxetane, and nonreactive quenching) are identical.
It is also suggested that the quenching path for DMHD could involve formation of an intermediate zwitterion or 1,4-biradical,
which undergoes intersystem crossing and decays to ground-state oxygen and DMHD.

In the accompanying paper! we show that the interaction of
10, with 2,5-dimethyl-2,4-hexadiene (DMHD) and 1-methyl-2-
phenylindene (MPI) can lead to both reaction and quenching of
10,. Although the rate constant for initial interaction with 'O,

(1) Manring, L. E.; Kanner, R. C.; Foote, C. S. J. Am. Chem. Soc.,
preceding paper in this issue.
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is nearly independent of solvent and temperature, the relative
amount of quenching depends strongly on solvent in the case of
DMHD and on both solvent and temperature in the case of MPL.
Arguments were put forth that both dioxetane and methanol
adducts are formed from an intermediate zwitterion. It was
suggested that the zwitterion can form only with substrates that
can stabilize a cationic center at one end of the double bond. For
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example, DMHD would give the stabilized zwitterion ZI.

Z1

The strongest arguments against the intermediacy of zwitterions
and biradicals in 'O, ene reactions have been based on the lack
of solvent polarity effects,? the fact that radical scavengers are
ineffective, that cis-trans isomerization does not occur, and the
lack of Markovnikov-directing effects.> However, solvent polarity
effects are well documented in several reactions where ene and
dioxetane pathways compete, for example, with dihydropyran®
and 1-(ethylthio)-2-ethyl-1-hexene.’ In both cases, more polar
solvents favor dioxetane formation over ene reaction.

The proposal that zwitterionic intermediates are formed in these
10, reactions does not preclude formation of other inermediates
as well. As shown in the accompanying manuscript, the reaction
of DMHD resembles that of simple olefins in that there are only
small solvent effects on the rate constant for the total interaction
(k. + kg) with 'O,, consistent with a transition state of very low
polarity. A possible explanation would be that a non-ionic in-
termediate or transition state such as an exciplex precedes the
zwitterion in a pathway of low activation enthalpy. In this paper
we address the question of whether the initial interaction between
10, and DMHD, which leads to various products (ene, dioxetane,
or solvent addition adducts)® or quenching, depending on con-
ditions, is the same as the initial interaction between simple olefins
and '0,, which leads only to “ene” products under all conditions.

As a simple olefin for comparison with DMHD, we chose
2-methyl-2-pentene (2M2P), which gives only two ene products
with '0,, 1 and 2, in approximately a 50:50 mixture.” This olefin
has been shown not to quench 'O, by a nonreactive pathway in
methanol.?

Experimental Section

Chemicals. Pyridine N-oxide (Aldrich) was distilled twice, bp 99 °C
(1 mm Hg). 2,3-Dimethyl-2-butene (Chemical Samples Co.) (TME)
was distilled from sodium and stored under N,; it was passed through
basic alumina immediately before use. All other chemicals have been
described.!

Photolysis. Variable-temperature kinetic runs were done with use of
a vacuum-jacketed pipeline designed by Dr. P. R. Ogilby.>!® The sample
was placed in a 1-cm X 1-cm cuvette in the vacuum-jacketed pipeline
with the temperature controlled £0.3 °C. The solution was photolyzed
through Corning filters 3-68 (to remove light below 520 nm) and 1-58
(to keep IR from heating the sample), with a Norelco 500 Q/CL 500
W tungsten—halogen lamp controlled by a Variac 70-100 V. The ab-
sorbance of the sensitizer at A ,, was >3. Air was bubbled through the
solution. The light intensity was constant since identical photolyses of
2M2P gave identical amounts of products within 1%. No sensitizer
degradation occurred during photolysis.

Large-scale photolyses were done with a Sylvania 650 W tungsten—
halogen DWY lamp placed next to the sample in a water-cooled im-
mersion well. Oxygen was continuously bubbled through the solutions.
The light was filtered through a 0.5-cm, 2-g/1000-mL H,0-K,Cr,0,
solution which cut off all light below 500 nm.

Errors. Errors are 95% confidence intervals in all cases. They are
estimated from the slopes of plots of ko vs. [S] for (k. + k); for k; and
k., they are from slopes of the competition plots with the assumption that
the 2M2P rate is correct.

Direct Determination of k, + k,, Measurements of (k; + &) (sum
of reaction and quenching of 'O, by DMHD and 2M2P) were made by
monitoring the effect of added substrate on the observed decay rate of
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10, luminescence at 1270 nm. The germanium photodiode and instru-
mentation used to measure the 'O, luminescence decay rate constants
have been described previousty.®1?

Analytical gas chromatograpohy and integration was done on a
Hewlett-Packard Model 5880A gas chromatograph. Ultraviolet spectra
were taken on a Beckman Model 25 spectrophotometer.

The amount of ene product, 3, was determined by measurement of
alcohol 3a, produced by (C¢Hs);P reduction of 3. Excess (C¢Hs);P was
added to an aliquot of the crude reaction mixture and mixed for at least
15 min in the dark before injection (2 ft X !/ in. OV-101; injection
temperature = 250 °C; oven temperature, initial value = 40 °C, final
value = 100 °C; program rate = 15 °C/min; p-dimethoxybenzene was
added as internal standard after photolysis before reduction). The
amount of 3a formed was determined by comparison to standard solu-
tions (see below). The amount of dioxetane, 4, formed in methanol,
acetonitrile, and methanol/acetonitrile mixtures was determined by a
second injection of the crude reaction mixture without reduction (6 ft X
!/ in. 10% carbowax; injection temperature = 250 °C; oven temperature;
initial value = 40 °C, final value = 180 °C; program rate = 15 °C/min;
p-dimethoxybenzene was added as internal standard after photolysis).
The amount of acetone was determined by comparison to standard so-
lutions. It is known that 4 thermally decomposes to 4a and senecial-
dehyde 4b with a half-life of 37 min at 44 °C.5 We assume that all of
4 decomposes within the injector port (at 250 °C) to 4a and 4b and that
the amount of 4 in the crude mixture was equal to the amount of 4a
detected. The amount of methanol addition product, 5a, formed after
(Cg¢Hs);P reduction of the crude reaction mixture was determined by
comparison to standard solutions of 8a; however, not all of the 5a pro-
duced came from 5; that (C4Hs)4P also converted 4 to § was determined
as follows. Injection of an unreduced aliquot of the photolyzed reaction
mixture gave the expected amount of acetone. Upon addition of excess
(C¢Hs)P, the acetone disappeared entirely and both 3a and Sa appeared.
The ratio of 5a/3a was 3.0; however, if the sample was heated to de-
compose 4 before the addition of (C¢Hj);P (15 min, 75 °C, sealed tube),
the ratio of 5a/3a was ~0.6, and 4a was still present after (C¢Hg);P
addition. Further heating had no effect on the 5a/3a ratio. If the
solution was heated for short periods, more 5a and less 4a were formed
but the ratio (5a + 4a)/3a was always ~3. The amount of 3 formed
during the reaction was assumed to be equal to the total amount of 3a
detected minus the amount of 4 formed during the reaction. That (Cs-
Hj;),P can promote decomposition of 4 to 5a is not unexpected consid-
ering the known reaction of dioxetanes with (C4Hjs),P to give a penta-
coordinate phosphorus species 7.!!  Compound 7 decomposes via hete-
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rolytic cleavage of a P-O bond to 8 which yields an epoxide.!! It is not
unreasonable that nucleophilic attact by methanol can be faster than
epoxide formation. There was no epoxide detected after addition of
(C¢Hs)sP to the dioxetane in methanol, as was determined by injection
of an authentic sample. Solvent mixtures of known (£1%) composition
by weight were prepared by weighing methanol into a 10-mL volumetric
flask, filling to the mark with acetonitrile, and reweighing the flask.

For the competitive photooxidation experiments with 2M2P and
DMHD, products 1a, 2a, 3a, and 5a were analyzed after addition of
excess (C¢Hs)sP (6 ft X /g in. 3% carbowax column; injection temper-
ature = 250 °C; oven temperature, initial value = 40 °C, final value =
180 °C; program rate = 10 °C/min; (C¢H;s),CH; was added as internal
standard before photolysis). Absolute amounts of 1a, 2a, 3a, and 5a were
determined by comparison to standard solutions (see below).

Determination of Relative Rate Constants of Product Formation for
DMHD. The rate constants for disappearance of DMHD and the ap-
pearance of 3 in all solvents were determined by the method of Higgins
et al.'? relative to 2M2P. In the case of 2M2P, where only two products
form (1 and 2) and no quenching occurs, the amount of products is equal
to the disappearance of starting materials and (1 - [1a + 2a]/[2M2P])
= ({2M2P];/[2M2P],). Relative rate constants for DMHD disappear-
ance were determined by plotting log ([DMHD];/[DMHD],) vs. log (1
- [1a + 2a]/[2M2P],). Relative rate constants of appearance of ene
product (3a) were determined by plotting log (1 - [3a]/DMHD]},) vs.
log (1 - [5a + 6a]/[2M2P],).
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1973, 95, 6486.

(12) Higgins, R.; Foote, C. S.; Cheng, H. Adv. Chem. Ser. 1968, 77, 102.

(13) Foote, C. S. Acc. Chem. Res. 1968, 1, 104.



4712 J. Am. Chem. Soc., Vol. 105, No. 14, 1983

Table I. (ky + k) Values for 2M2P and DMHD Removal of
'0, in Various Solvents

(ky + k), MTH S X 1078 1/kg,® (us)
solvent 2M2P DMHD  2M2P DMHD
CH,0H (ME) 0.675¢ 2.6 £ 0.2
CH,0D 2.6+ 0.2 24.6
C H,(BZ) 0.72:0.08 3.6x12 291 299
(CH,),CO (AC) 0.81:0.07 3.9:06 457 467
CH,Cl, (MC) 0.97+0.07 52:11 546 577
CH,CN (AN) 1.2:0.2 63+1.1 641 654

@ Intercepts from runs using these substrates. b g determination
by Young et al. (ref 18). € See ref 1; assumes k4 for ME is 1.0 X
108 57t

Isolation and Characterization of Products 1a, 2a, 3a, 5a, 6, and 12a.
Preparation of 2M2P ene products 1a and 2a followed previous proce-
dures.” The compounds were isolated by preparative GC (3 ft X 0.21
in. silicone DC-200/500 on Chromosorb WHP 60-80; injection tem-
perature = 150 °C; detection temperature = 150 °C, column tempera-
ture = 60 °C). The GC trace showed three peaks with retention time
(RT) = 0.9, 4.5 (1a), and 6.5 min (2a). NMR analysis of the isolated
compounds was consistent with that of the previously reported structures.

Preparation and Isolation of 2,5-Dimethyl-1,4-hexadienol (3a). A
solution of 4 mL of DMHD in 300 mL of acetone containing 50 mg of
rose bengal (RB) was photolyzed for 8 h, after which time 90% of the
starting material was gone (by GC). The solution gave a positive
starch-iodide test and (C4Hs);P was added until a negative test was
obtained. The solvent was evaporated and the residue washed with
hexane. The (C¢Hs);PO and excess (C¢Hs);P were filtered off by a quick
pass through cellulose. The hexane was evaporated and the crude mix-
ture vacuum distilled. The major component, 3a, distilled at 35 °C (0.7
mmHg); NMR (CDCl;) é 1.55 [broad s, 1 H, OH], 1.73-1.75 [mult, 9
H, C(CHj;), and CH;), 4.78 [d, 1 H, OCH, Jcucno = 8.8 Hz], 4.82 and
5.02 [IWO S, 2 H, CCHzL 5.20 [d of d, 1 H, C=CH, ‘ICHCHO =8.8 HZ,
J(CHg)zCCH =15 HZ], IR (neat) 3620, 1650, 1670, 1390, 900 ecm™..

Preparation and Isolation of 2,5-Dimethyl-5-methoxy-3-hexen-2-ol
(8a). A solution of 1.5 g of DMHD in 100 mL of CH;OH containing
1 mg of methylene blue and 1 drop of concentrated HCl was photolyzed
for 4 h, after which time 90% of the starting material was gone. (Cs-
H;);P (3.5 g) was added to reduce the hydroperoxides and the solvent
evaporated. The residue was taken up in hexane and cooled to 0 °C to
remove most of the (C¢H;);PO and excess (CgH;);P. The solution was
filtered and the solvent evaporated. The products were separated from
residual (C4H;);PO by flash distillation under vacuum and the individual
products isolated by preparative GC (6 ft X !/, in. 10% carbowax col-
umn, injection temperature = 150 °C, column temperature = 90 °C).
Three major peaks were collected: 12a (conjugated alcohol) 3%, 3a (ene
product) 10%, and 5a (methanol addition product) 83%. 5a: NMR
(CDCl,) 6 1.27, 1.34 [two s, 12 H, MeOC(CH,), and HO(CH,),], 1.63
[broad s, 1 H, OH], 5.67, 5.76 [twod, 2 H, CHCH, Joycy = 15.9 Hz];
IR (neat) 3620, 1385, 1370, 1180, 1140, 1080, 970, 920, 870, 750 cm™.

Preparation and Isolation of 3,3,6,6-Tetramethyl-1,2-diox-4-ene (En-
doperoxide 6). A solution of 1 mL of DMHD in 10 mL of CH;OH
containing 5 X 10 M RB was photolyzed at 0 °C for 70 min. A white
precipitate was collected and recrystallized twice from CH;OH: mp
57-58 °C; NMR (CDCl;) 6 1.27 [s, 12 H, 2 (CH,),CO}, 5.67 [s, 2 H,
CH=CH]; IR (CCl,) 1363, 1380, 1132, 880 cm™; MS (16 eV) m/e (rel
intensity) 142 (M*, 0.1), 127 (M* — CH,, 18), 113 (2.1), 112 (7.7), 111
(27), 110 (6.0), 109 (9.1), 95 (3), 87 (4), 85 (63), 84 (M* - CH;COCH;,
100), 83 (88), 69 (9), 67 (6), 59 (20), 43 (40).

2,5-Dimethyl-1,3-hexadien-5-0l (12a). This compound was isolated
by preparative GC from the crude mixture from preparation of Sa; it was
also formed when 3a was passed over acidic silica (eluted with diethyl
ether and ethyl acetate): NMR (CDCl;) § 1.36 [s, 6 H, OC(CH,),],
1.61 [broad s, 1 H, OHI, 1.84 [s, 3 H, CH,], 4.98 [s, 2 H, CCH,], 5.79,
6.32 [two d, 2 H, CH=CH, Jcy—cy = 16.1 Hz]; IR (neat) 3500, 1730,
1615, 1370, 1360, 1150, 970, 885 cm™.

Results

Direct Determination of (k. + k ;) Values for 2M2P and
DMHD Quenching of '0,. Since time-resolved detection of the
luminescence of 'O, is now possible,'*!¢ (k, + k) values for the

(14) Salokhiddinov, K. I.; Byteva, I. M.; Gurinovich, G. P. Zh. Prikl.
Spektrosk. 1981, 34, 892.

(15) Hurst, J. R.; Macdonald, J. D.; Schuster, G. B. J. Am. Chem. Soc.
1982, 104, 2065.
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Figure 1. Plot of log (k, + k ) for DMHD vs. log (k, + k) for 2M2P
in various solvents.

Table II. Effect of Solvent and Temperature on Ene Product
Ratios from 2M2P-' O, Reaction

solvent temp, °C 2a/la
CH,OH (ME) 22 1.11 £ 0.02
CH,OH -32 0.96 = 0.04
CH,OH -78 0.83 £ 0.04
C,H, (BZ) 22 1.17 + 0.04
(CH,),CO (AC) 22 1.10 £ 0.04
(CH,),CO -32 0.92 £ 0.04
(CH,),CO -78 0.75 = 0.04
CH,Cl, (MC) 22 1.29 £ 0.04
CH,CN (AN) 22 1.39 £ 0.04

quenching of 'O, can be determined with increased reliability.
Therefore, values for 2M2P, a kinetic standard,!” were carefully
redetermined (for a general kinetic scheme see accompanying
paper). The rate constant of 'O, luminescence decay, Kgpsq, is
described by eq 1, where (k, + k) is the total rate constant for

kobsa = (ke + kg)[S] + kg (1)

10, removal by substrate (S) and k, is the rate constant for
radiationless decay for '0,. Plots of kg vs. [S] are linear with
slope (k. + k;) and intercept k4. The (k, + k;) values for
quenching of !0, luminescence by 2M2P and DMHD in aceto-
nitrile (AN), methylene chloride (MC), acetone (AC), and
benzene (BZ) measured by this technique are shown in Table 1.

Since the lifetime of 'O, in methanol (ME) is too short for direct
determination with our apparatus, (k, + k) values in methanol
(ME) were calculated from § values, where § = ky/(k, + kg);
(k; + kg) could be determined directly for DMHD in metha-
nol-O-d. The data in Table I indicate that the total rate constant
for interaction with 'O, varies only slightly and increases in the
order ME < BZ < AC < MC < AN. Figure 1 is a plot of log
(k; + k) for DMHD vs. log (k; + k) for 2M2P of the data in
Table I which were determined by the direct technique (C¢Hg,
CH3COCH3, CHzclz, and CH3CN)

The plot has slope 1.18 = 0.53 (» = 0.99), showing that the
effect of solvent polarity on the two substrates is very similar. The
variation in rate is outside the experimental error in the different
solvents and in the opposite direction to the effect previously
reported;!® this problem will be addressed in the discussion section.

Also shown in Table I are 'O, lifetimes (1/intercept from eq
1) for each solvent. As expected, values of 1/ky for the two
different substrates in the same solvent are the same within ex-
perimental error.%

(16) Ogilby, P. R.; Foote, C. S. J. Am. Chem. Soc. 1982, 104, 2069.
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93, 5774.

(19) Gollnick, K.; Hartmann, H.; Paur, H. In “Oxygen and Oxy-Radicals
in Chemistry and Biology”; Rodgers, M. A. J,, Powers, E. L., Eds.; Academic
Press, 1981; p 371.
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Table III. Effect of Temperature on the Rate of 2M2P
Oxidation by '0,

temp,
solvent °C kp,M'st AHT, keal as*, eu
CH,0H (ME) 22 6.7x10°
CH,0H -32 4.0x10° 093:0.83 -289z3.5
CH,OH -78 2.0x10°
(CH,),CO (AC) 22 8.1Xx10°
(CH,;),CO -32 40x10° 075:032 -29.2:1.2
(CH,),CO -78 2.8 x10°

Photooxidation of 2M2P. Solvent and Temperature Effects on
Products. As reported previously,” the 'O, oxidation of 2M2P
gave only two products after (C¢Hs);P reduction, 1a and 2a. The

1

10 % 0w
h 2.7 (Cehgl P >L\\/
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ratio of 2a/1a was found to be slighly dependent on both solvent
and temperature, Table II. The ratios of 2a/1a were independent
of photolysis time. As reported previously,* the relative amounts
of 1a and 2a are almost constant in ME, BZ, and AC; however,
the product distribution shifts noticeably in MC and AC. Var-
iation of ene product ratios with solvents or temperature has not,
to our knowledge, been previously observed. The order in which
product ratios vary is the same as the order in which the rates
vary, allowing for the relatively large errors. The significance
of this observation is not obvious at this time.

Determination of 2M2P Quenching of !0,. We reported in the
accompanying paper' that DMHD quenches 'O, by a nonreactive
pathway in BZ, AC, MC, and AN but not in methanol. It has
also been shown that 2M2P does not quench !0, in ME;? however,
data are not available to show that k; « k, for 2M2P in any of
the other solvents. To determine whether the interaction of 2M2P
does give quenching in AC or AN, we photolyzed 2M2P-rose
bengal (RB) solutions under identical conditions in ME, AC, and
AN. It can be tentatively assumed that equal amounts of RB
absorb nearly equal amounts of light in all three solvents; the A,
and extinction coefficient for RB in methanol, acetonitrile, and
acetone are (Ap,, (nm)/e (cm™ M™)) 556/8.0 X 104, 556/9.3
X 10% and 561/1.0 X 10%, respectively. Then eq 2 describes the
relative rate constant for 2M2P photooxidation, k., for each
solvent:

ke = &1k [2M2P] /(K [2M2P] + Kk [2M2P] + ky) = &;Z
(2)
where &1 = the quantum yleld of *RB formation. If k; <« &, for
2M2P in AN and AC (as it is for 2M2P in ME), then 27 is equal
to the (kK + k) values in Table I. The concentration of 2M2P

is known, as is k4 (from Table I); therefore, the value of Z can
be determined for each solvent. Equalities 3 and 3a should hold

krelAN / ZAN @TAN
K, ME / ZME - @ ME
krelAC / ZAC q,TAC

= 3a
krelME/ZME q,TME ( )

3)

if the assumption that k; « k, is true. The values for &1/®ME
determined from our data were 0.72 and 0.77, close to the values
calculated from data in ref 21 and 22, 0.72 and 0.68 for AN and
AC, respectively. The consistency between the known values and
those calculated from our data indicates that the assumptions made
are correct within the error limitations. If 2M2P had a significant

(20) the 1/k4 values obtained for BZ and AC are slightly lar§er than those
reported previously.'® It is known that the excitation power,® dye concen-
tration,'® and solvent history's can all affect kg; these effects probably cause
the variations of k4. This variation does not affect our results because the (k,
+ kg) values determined according to eq 1 are independent of k.
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Table IV. Temperature Effect on Relative Amounts of Product
from DMHD Photooxidation in Methanol

temp, °C 3 4 5 6
22 1.00 2.45 0.59 <0.1¢
-32 1.00 3.90 1.60
-178 1.00 8.21 6.79

% Increases as temperature is lowered.

Table V. Rate of DMHD Disappearance (k,) and Ene Product
Appearance (k,) in Various Solvents

solvent ke M1 57t X 1076 Ky, M7t st X107¢
CH,OH (ME) 2.5+ 0.6 0.29 £ 0.02
C¢H, (BZ) <0.25¢9 0.14 0. 03
(CH,),CO(AC) 0.74 + 0.08 0.34 + 0.0
CH,CI, (MC) 1.4:0.3 1.3+ 0.1
CH,CN (AN) 1.6 £+ 0.2 1.7+ 01

@ This value is an upper limit, estimated when <5% of the
DMHD has reacted.?¢

ko component in either AN or AC, the calculated &1/ <I>TME would
have been considerably less than the known values.??
Temperature Effect on the 2M2P--'0, Reaction Rate Constant
in ME and AC. The relative rate constants of 2M2P photo-
oxidation were determined at 22, =32, and -78 °C in both ME
and AC. The rate constants at 22 °C were assumed equal to the
(k; + kg) values from Table I and relative rate constants were
determined under identical conditions at ~32 and ~78 °C from
the product (1a + 2a) appearance.?* The temperature effect on

(21) Fleming, G. R.; Knight, A. E. W.; Morris, J. M.; Morrison, R. J. S.;
Robinson, G. W. J. Am. Chem. Soc. 1977, 99, 4306.

(22) Cramer, L. E.; Spears, K. G. J. Am. Chem. Soc. 1978, 100, 221.

(23) The results indicate that slightly more 'O, is produced in AC than
would be predicted from the RB intersystem crossing value alone; however,
since the RB absorption in AC is red-shifted relative to both ME and AN,
RB probably absorbs more light from the tungsten—halogen lamp in AC than
it does in either AN or ME, because the intensity of these lamps drops off
with decreasing wavelength. In comparing the rate constant of 2M2P-'0,
oxidation to that of the DMHD-!0, oxidation, we assume that ko <« k, for
the 2M2P reaction in BZ and MC also.

(24) Possible effects due to changes in the quantum yield of 'O, formation
with temperature (for example, because of temperature effects on &1 for RB)
were checked by photolyzing high enough concentrations (0.50 M) of tetra-
methylethylene (TME) that 100% of the 'O, would be trapped at all three
temperatures and comparing the amount oxidized at each temperature. It was
found that 30% less 'O, was formed at —78 °C than at 22 °C in both acetone
and methanol. This effect is comparatively small compared to the threefold
rate change observed, and inaccuracies in its determination therefore have only
a minor effect on the relative rate constants measured.
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Table VI. Effect of Temperature on DMHD-'O, Reaction Rates in Methanol and Acetone

rates, M7 57 X 107¢

solvent temp, °C (ke + ko) ky k, k, kg
CH,OH 22 2.5+ 0. 0.29 0.71 0.17
CH,OH -32 15%0. 0.10 0.39 0.16
CH,OH ~78 0.82 = 0.11 0.028 0.23 0.19
AH*, keal 0.64 + 0.32 2.2+2.0 08+1.6 0.6 £ 2.0
AS¥, eu —27.4 ¢ 1. —27:8 -2917 ~37:9
(CH,),CO 22 3.9+ 0.6 0.74 + 0.08 0.34
(CH,),CO -32 3.9+ 1.0° 0.59 + 0.26 0.25
(CH,),CO -78 3.1 0.30b 0.64 £ 0.10 0.32
AH*, keal 0.3:3.2 ~0.23+ 1.9 045
AS*, eu 30 14 -33:8 —-35 %22

2 Determined at —55 °C. P Determined at —68 °C.

the 2M2P photooxidation is shown in Table III. It is apparent
that the reaction has comparable enthalpies, AH*, and entropies,
AS*, of activation in the two solvents. These large negative
entropies of activation are consistent with previously reported
values for simple olefins: Koch?’ has determined a AS* for the
2M2P-1Q, oxidation in ME of -28.2 eu, very close to our value
of -28.9 eu. Very similar values have recently been reported for
other simple olefins.*® Our value for AH* of 0.93 keal corresponds
to an E, of 1.5 kcal, probably within experimental error of Koch’s
E,, 2 kcal.

Photooxidation of DMHD. Photooxidation of DMHD in ME
at the three temperatures studied (22, -32, and -78 °C) gave four
major products, 3, 4, 5, and 6 (Scheme I). Products were de-
termined by GC (see Experimental Section) and are listed in Table
Iv.

Rates of DMHD Product Formation. The rate constants of
disappearance of DMHD and the appearance of 3 in ME, AC,
BZ, MC, and AN were determined at 22 °C relative to 2M2P
by the method of Higgins et al.'226 The value of k, (total rate
constant for product formation) and of formation of ene products
(k3) for DMHD in each solvent was calculated relative to 2M2P
by using the data in Table I for the 2M2P rate constants. The
results are listed in Table V.

It can be seen by comparing &, to k; that formation of ene
product accounts for all of the DMHD disappearance in AN and
MC, ~50% in AC and BZ and only 11% in ME. Comparison
of the (k, + k) values for DMHD from Table I with k; indicates
that in all solvents, less than 30% of the total interaction leads
to ene product 3. Thus in solvents in which quenching occurs,
a greater fraction of the reactive pathway produces ene product
than in methanol, where no quenching occurs. In other words,
quenching occurs largely at the expense of “non-ene” products
4 and 5.

Temperature Effect on the DMHD-'0, Reaction in AC and ME.
Values for k., and the partial rate constants of formation of 3,
4, and 5 (k,, k4, and ks respectively), were also determined in ME
at 22, -32, and -78 °C. Values of k, and k; were determined in
AC at the same temperatures. The results are shown in Table
VL

Listed below each set of rate constants in Table VI are the
activation parameters AH* and AS*. In ME, k., k;, and k, all
decrease as the temperature is lowered, indicating a positive ac-
tivation barrier for these products; ks seems to be almost tem-
perature independent. In ME, where no quenching occurs, k. is
a good measure of the total interaction, (k, + k), between 'O,
and DMHD. Because k; is not a good measure of (&, + k) in
AC (where k, > k), we measured the temperature effect on (k,
+ kg) by the direct technique (effect of DMHD on 'O, lu-
minescence lifetime) at 22, —55, and —68 °C in AC. These results,
also shown in Table VI, indicate that (k, + k) is almost inde-

(25) Koch, E. Tetrahedron 1968, 24, 6295,

(26) The plots were linear for all cases except in BZ, where curvature was
seen at long photolysis times. Upon extended photolysis, the rate constant of
DMHD disappearance (X, relative to 2M2P) became >(k, + k) for DMHD
in BZ, indicating a nonsinglet oxygen path was occurring.

Table VII. Fraction of DMHD~'O, Interaction Which Leads to 3,
(4 + §), DMHD Disappearance, and Quenching

fraction of total interaction leading to:

DMHD
quench- disappear-

solvent ene (3) (4 +5) ing ance?
CH,OH 0.11 0.34% 0.04 0.96
C.H, 0.04 0 0.93 <0.07
(CH,),CO 0.09 0.81 0.19
CH,Cl, 0.27 0.73 0.25
CH,CN 0.27 0.01¢ 0.72 0.25

@ From Tables Vand I. ® From Tables VIand 1. ¢ Diox/ene =
0.03, see text. 9 The fraction of 10,~-DMHD interaction which
does not lead to product.

pendent of temperature in AC. The values of k, and k; are also
independent of temperature in AC. The intercepts of plots of kg
vs. [S], eq 1, were independent of temperature, consistent with
a previous report that temperature does not affect the 'O, lifetime
(1/ky) in acetone down to =78 °C.1°

Table VII shows the fraction of the total interaction between
10, and DMHD which leads to ene product (3), the sum of
dioxetane and methanol addition product (4 + 5), quenching, and
DMHD disappearance, in each solvent (calculated from data in
Tables I, V, and VI).

The data in Table VII indicate that the sum of the individual
product fractions (3 + 4 + §) does not always equal the total
DMHD disappearance. This discrepancy is especially pronounced
in ME where (3 + 4 + §)/(total DMHD disappearance) = 0.49;
half of the DMHD disappearance is not accounted for. The source
of this discrepancy is not certain; it could be caused by an error
in k,. For example, a non-singlet oxygen path might contribute
to DMHD disappearance; this would mean a larger fraction of
10, quenching by DMHD is occurring in ME than the data
indicate. Products attributable to a non-singlet oxygen path were
not observed; however, any polymers formed would not have been
detected by GC analysis.

Discussion

The initial interaction between 2M2P and 'O,, which gives only
ene products, and the initial interaction between DMHD and '0,,
where a variety of reactions occur, seem to be very similar except
for differences in absolute rates. The similarities are indicated
by two pieces of evidence. First, the sensitivity to solvent effect
of the total interaction rate constants (k. + kg) is the same for
the two substrates (Figure 1). This indicates that the olefin-'O,
interaction for both olefins is affected similarly by changes in
environment. Second, the activation entropies for the interaction
of 10, with 2M2P in ME and AC, -29.2 and -28.9 eu, respec-
tively, are very similar to the corresponding values for DMHD,
-27.1 and -27.4 eu, respectively. The similarity in behavior of
the two olefins suggests that they must go through a similar initial
intermediate or transition state, X. X should meet the following
requirements. It must be highly organized, to account for the large
negative AS*, as has been suggested in the past for olefin-'O,
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reactions.?” It cannot be very polar, because the observed solvent
effects on (k, + k) values do not correlate at all with solvent
polarity. An intermediate commonly proposed for 'O,-olefin
reactions which meets these requirements is a perepoxide 9% or
a highly organized charge-transfer complex 10. The difference

- 5-
+f 0

9 10

between these two intermediates is not obvious and they may not
even be different. Furthermore, our results cannot distinguish
whether X is an intermediate or transition state.

The variations in product ratios 2/1 from 2M2P show that after
formation of X, the removal of an a-hydrogen leading to ene
reaction is affected slightly by both temperature and solvent. The
temperature effects on 2/1 in both methanol and acetone indicate
that the transition state leading from X to 1 is favored by AH*
by about 0.4 kcal but has a more negative AS*. From the values
in Table IT AAS* (the difference in entropy between the transition
states leading to 1 and 2) are 1.4 and 1.8 eu in methanol and
acetone, respectively. The difference in AS* for formation of 1
and 2 from X is consistent with the fact that removal of six
a-hydrogens will lead to 2, whereas the removal of only two
a-hydrogens can lead to 1. The calculated effect would be AAS*
= (R In (6/2)) = 2.2 eu,” close to the observed effect. The
difference in AH* leading to 1 and 2 is not so easily rationalized.
Houk et al.’® have attributed such differences to the energy re-
quired for the a-hydrogen being abstracted to become nearly
perpendicular to the alkene plane. Gollnick and Kuhn have made
a similar suggestion.”” Whether or not the a-hydrogens on the
ethyl group in 2M2P can more easily become perpendicular to
the alkene plane than those on the methyl groups is not known;
however, our results are not inconsistent with these proposals. The
fact that 2 is further favored over 1 in MC and AN is also not
easily rationalized. It is difficult to see how a change in solvent
can affect the enthalpy or entropy barrier to rotation of the -
methyl and a-ethyl groups; however, the changes in product ratios
due to solvent are small; the difference in AG* between 1 and 2
varies less than 0.15 kcal in different solvents.

In the case of DMHD, the intermediate X has pathways
available to it besides a-hydrogen abstraction. The two main paths
lead to quenching (in aprotic solvents) and dioxetane (in protic
solvents). We have suggested previously that dioxetane is formed
via an intermediate zwitterion, ZI, which can also be trapped by
nucleophilic solvents to give 5.! The ZI is formed from X with
olefins that can stabilize a cationic center. We will now make
the argument that quenching occurs from the ZI as well.
ene (3)
oD + Lo, —— X —

\ 2

aprotic
CH}OH

quench ing dloxetane (4)

methanol adducts (3)

The data for 2M2P indicate that the ene reaction is similar in
all solvents studied. With this in mind and the insensitivity of
the DMHD ene pathway to conditions, we feel it is safe to assume
that the ene path for DMHD also is similar in all the solvents

(27) Gollnick, K.; Kuhn, H. J. “Singlet Oxygen”; Wasserman, H. H.,
Murray, R. W., Eds.; Academic Press: New York, 1979; p 287.

(28) Sharp, D. B. “Abstracts, 138th National Meeting of the American
Chemical Society”; American Chemical Society: Washington, DC, 1960; p
79.

(29) Castellan, G. W. “Physical Chemistry”; 2nd ed.; Addison-Wesley:
Reading, Mass. 1971; p 195.

(30) Houk, K. N.; Williams, J. C.; Yamaguchi, K. J. 4m. Chem. Soc.
1981, 103, 949.
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studied; all pathways leading from X compete with the ene path
but the total fraction of X going to ene is not much affected by
conditions. In AN, where quenching of 'O, is the predominant
reaction, the transition state leading from X to quenching must
be lower in energy than the transition state leading to ene product
(since ene/quenching = 0.37, AAG* ~ 0.6 kcal). The same is
true for AC, BZ, and MC. In ME, however, the path leading
to dioxetane and methanol adducts (also via ZI) predominates
(3/(4 + 5) = 0.33, AAG* ~ 0.7 kcal), and the path leading to
quenching disappears. A suggested explanation is that the path
leading to quenching in the aprotic solvent leads to formation of
products (4 + 5) in the protic solvent.

This conclusion suggests that quenching occurs via an inter-
mediate similar to ZI from which intersystem crossing can easily
occur. A reasonable candidate is the biradical, BR, Theoretical

0-°

calculations indicate that 1,4-biradicals, BR, and zwitterions, ZI,
are not fundamentally different but that substituents at the ter-
minal centers dictate the electron density at each center.3'*? If
BR and ZI are just two extremes on a continuum,®? then solvent
polarity should also affect the electron density at each center. One
major difference between ZI and BR, in the limiting case, is that
IBR could easily undergo intersystem crossing to *BR whereas
ZI cannot.®  After intersystem crossing the diradical can fall
apart to starting material and ground-state oxygen in a facile
spin-allowed process. This possibility of creating triplet

ground-state products is unique to 'O, intermediates or products.
Turro®® has proposed that the decomposition of endoperoxides of
anthracenes and naphthalenes occur via biradical intermediates

(31) Huisgen, R. Acc. Chem. Res. 1976, 10, 199.

(32) Hoffmann, R.; Swaiminathan, S.; Odell, B. G.; Gleiter, R. J. Am.
Chem. Soc. 1970, 92, 7091.

(33) Salem, L.; Rowland, C. Angew. Chem., Int. Ed. Engl. 1972, 11, 92.

(34) Turro, N. J. “Modern Molecular Photochemistry”; Benjamin-Cum-
mings: New York, 1978; p 219.

(35) Turro, N. J; Chow, M.-F.; Rigaudy, J. J. Am. Chem. Soc. 1979, 101,
1300.
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Figure 2. Plot of log dioxetane/ene product ratio for 'O, oxidation of
DMHD in methanol-acetonitrile mixtures vs. the frequency of the PNO
absorbance in the same solvent mixtures.

similar to BR which can yield both 'O, and 3O,, the ratios of which
are dependent on the intersystem crossing rate of the biradical.
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A suggested pathway which rationalizes the observations with
DMHD is shown in Scheme II. In the particular case of DMHD,
ZI and BR must be of similar energy and the external effect of
hydrogen bonding might be enough to favor ZI over BR in ME.

We decided to see if the 4/3 ratio could be related to proticity
in a more quantitative fashion by studying its variation in
methanol-acetonitrile mixtures. The UV absorbance of pyridine
N-oxide (PNO) was used as a measure of solvent proticity. It
is known that both solvent polarity and hydrogen bonding can shift
the maximum frequency of the lowest-energy electronic transition
(~260 nm) of PNO.**7 Hydrogen bonding to the polar ground
state, 'A,, stabilizes it relative to the less-polar excited state, 'B,,
causing a blue shift in the electronic transition.’® The extent of
the blue shift is a measure of the hydrogen bonding ability of the
solvent mixture, assuming the two solvents are of similar polarity
(for AC and ME, the dielectric constants are ¢ = 36.2 and ¢ =
32.6, respectively®®). The difference between ZI and BR is similar
to the difference between the !A, and the !B, state of PNO, The
ratio [Z1]kg;x/ [BRIk;. should be dependent on the relative sta-
bilization of ZI due to solvent hydrogen bonding. If we assume
the ratio k.,./kz; is constant for the two solvents (they are not
exactly constant but similar: 0.11 for ME and 0.27 for AN) and
that kg, < Kgiox in all solvent mixtures (Kqqp/Kkgiox = 0.25 at 22
°C for pure ME, and should be smaller when the mole fraction
of ME is less than 1), then a plot of log (4/3) vs. the frequency
of the PNO absorbance should be linear. Figure 2 shows that
this is indeed the case.

The absence of solvent polarity effects on the overall reaction
rate has been explained by initial formation of a less polar in-
termediate (or transition state) X, perhaps an exciplex. A fraction
of this is then converted to ZI (or its equivalent BR). Since BR
is nonpolar, the path with kz; can occur even in nonpolar solvents;
however, we would anticipate increased nonreactive quenching
in this case. That radical scavengers are ineffective and cis-trans
isomerization of olefins does not occur during ene reaction or
dioxetane formation does not rule out the intermediacy of BR or

(36) Ito, M.; Hata, N. Bull. Chem. Soc. Jpn. 1955, 28, 260.

(37) Kosower, E. M. J. Am. Chem. Soc. 1958, 80, 3253.

(38) Ha, T.-K. Theor. Chim. Acta 1977, 43, 337.

(39) Gordon, A. J,; Ford, R. A. “The Chemist’s Companion”; Wiley-In-
terscience: New York, 1972; p 4.
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Z1 if kg, and ki are fast relative to the time required for cis-trans
isomerization or bimolecular reaction with a scavenger. Some
[2 + 2] cycloadditions which are believed to go through a singlet
biradical similar to !BR show little cis-trans isomerization.*> The
lack of Markovnikov directing effects have been noted in 'O,—olefin
ene reactions,?” and this has been used as an argument against
a zwitterion intermediate in the ene reaction. The insensitivity
of the 2M2P product distribution to solvent is in accord with
previous observations.

The proposed general mechanism, Scheme II, would predict
that three categories of reaction should exist for olefins with
a-hydrogens. (1) When a stabilized zwitterion (or biradical)
cannot form, only ene reaction will occur and there will be no
quenching. An example is the case of 2M2P. (2) When a sta-
bilized zwitterion can form, dioxetane formation will compete with
ene product. If the zwitterion and biradical are of similar energy
and ki, ~ kg, nonreactive quenching will also occur, for ex-
ample, the case of DMHD. (3) If a zwitterion can form that is
very stable, only dioxetane formation will occur and there will
be no quenching; N,N-dimethylisobutenylamine (11) provides an
example of this case. It has previously been suggested that a

"=
11

zwitterion is the precursor to dioxetane formation from the reaction
of 11 with '0,,%% and theoretical calculations have indicated that
the zwitterion is much more stable than either the diradical or
perepoxide for the interaction of !0, with 1,1-diaminoethylene.*?
In the case of enamines and other compounds which give very
stable cations, it is likely that an intermediate (transition state)
analogous to X never forms.

These effects are subtle, and the system is obviously complex.
The proposed mechanism is only a first attempt at rationalization,
and it is possible that a simpler mechanism can be developed which
will explain the observations. The recent intense interest in ex-
ciplex intermediates in singlet oxygen reactions** has focused
attention on their role; they are reasonable candidates for inter-
mediate X.

The effect of solvent on the total interaction rate constants with
l0,, (k, + k), for DMHD and 2M2P deserves some attention.
Our data for these two olefins, Table I, are consistent with previous
reports that solvent has only small effects on (k, + k).* However,
our results are very inconsistent with the solvent ef}ects that have
been reported. Gollnick et al.!® have recently reported that rate
constants of tetramethylethylene and cyclohexene photooxidation
by 0, increase in the order MC < AN < BZ < AC < ME by
roughly an order of magnitude. This is almost opposite to our
order of ME < BZ < AC < MC < AN (factor of less than 2.5).
Gollnick used data from these five solvents and some others to
calculate a dipole moment for the transition state of 5.6 + 0.2
D; he used the Kirkwood-Laidler-Eyring model for changes in
k. with the dielectric constant of the surrounding medium. A plot
of log k&, vs. (¢ —1)/(2¢ + 1) (where ¢ = dielectric constant of
the solvent) gives the dipole moment of the transition state as the
slope. When the same analysis is used, our results indicate that
the transition state has a dipole moment of <0.4 D (for com-
parison, nitrobenzene has a dipole moment of 4.19 D and toluene
0.37 D).* The reason for this large discrepancy between
Golinick’s and our data is probably that Gollnick obtained his (k,

(40) Turro, N. J,; Wriede, P. A. J. Am. Chem. Soc. 1970, 92, 320.

(41) Foote, C. S,; Lin, J. W.-P.; Wong, S.-Y. Prepr., Div. Pet. Chem., Am.
Chem. Soc. 1970, 15, E89.

(42) Foote, C. S.; Dzakpasu, A. A.; Lin, J. W.-P. Tetrahedron Lett 1975,
1247.

(43) Yamaguchi, K.; Yabushita, S.; Fueno, T. Chem. Phys. Lett. 1981, 78,
566

(44) (a) Gorman, A. A.; Gould, 1. R.; Hamblett, I. J. Am. Chem. Soc.
1982, 104, 7098. (b) Hurst, J. R.; Schuster, G. B. Ibid. 1982, 104, 6854.

(45) Reference 26, p 290.

(46) Reference 38, p 125.
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+ k) data from g values. These values depend on singlet oxygen
lifetimes that were obtained by indirect methods;** reported
values for the same solvent vary widely. Recent 'O, luminescence
decay measurements provide more accurate and consistent 10,
lifetimes.!*'¢ However, for solvents where '0, is very long lived,
consistent values are still difficult to obtain (for CCl, 'O, lifetimes
of 26000 and 900 us!® have been reported). Because of this
problem and the fact that the data from CCl and CS, (where
10, is also long lived) are heavily weighted in Gollnick’s plots,
his transition-state dipole moment is likely to be seriously affected
by these errors.

Finally, DMHD has also been reported to yield 2,5-di-
methylhexa-1,3-diene 5-hydroperoxide, 12, upon reaction with 'O,
in a number of solvents.*® The ratio 12/3 was reported to be as

(47) Merkel, P. B.; Kearns, D. R. J. Am. Chem. Soc. 1972, 94, 7244.

(48) Adams, D. R.; Wilkinson, F. J. Chem. Soc., Faraday Trans. 2 1972,
68, 586.

(49) Gorman, A. A.; Rodgers, M. A. J. Chem. Phys. Lett. 1978, 55, 52.

(50) Matsumoto, M.; Kuroda, K. “Abstracts 15th Symposium on Oxida-
tion Reactions”; Nagoya University: Nagoya, Japan, 1981; p 33,

Mt

12

high as 9 in CCl, and 0.6 in BZ. We found that reaction of
DMHD with 'O, in a C¢HgCCl, mixture (20% CgDg, 80% CCl,
TPP = sensitizer) carried to low conversions (<10%) showed no
sign of 12 by NMR; only 3 was detected. The NMR of 12 would
show a distinctive doublet of doublets similar to its (C¢Hs);P
reduction product 12a (isolated by preparative GC from photo-
oxidation of DMHD run under acidic conditions, see Experimental
Section). Also GC analysis after (C¢Hjs);P reduction showed only
3a, and no 12a (which had a shorter retention time). We believe
the reported 12a is probably formed by rearrangement of either
the initial ene product 3 or the (C¢H;)P reduction product 3a on
TLC.
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Chemistry of Singlet Oxygen. 45. Mechanism of the
Photooxidation of Sulfides
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Abstract: The kinetics of the singlet oxygen oxidation of diethyl sulfide in the presence of dipheny! sulfoxide and diphenyl
sulfide in various solvents (methanol, benzene, and acetonitrile) have been investigated. The results show that competitive
trapping of a single intermediate species by diethyl sulfide, diphenyl sulfide, and diphenyl sulfoxide occurs in protic solvent
(methanol), while in aprotic solvents (benzene, acetonitrile) only diphenyl sulfide competes with diethyl sulfide. Diphenyl
sulfoxide traps an earlier intermediate; the same intermediate also leads to quenching. A mechanism is proposed in which
an initial nucleophilic intermediate 2 can be trapped by electrophiles (dipheny! sulfoxide), lose singlet oxygen, or collapse to
an electrophilic intermediate 3 that can be trapped by sulfide nucleophiles.

In the past two decades, there has been considerable interest
in and intensive investigation of the photooxidation of sulfides.!~12
The photosensitized deactivation of several enzymes such as
phosphoglucomutase and chymotrypsin has been correlated with
the photooxidation of methionine to the corresponding sulf-
oxide.6:13-16

The photooxidation of sulfides was first described by Schenck
et al.b1718  They reported that dialkyl sulfides undergo sensitized
photooxidation to give 2 mol of sulfoxide per mol of absorbed
oxygen.!

2R,S + O, ﬁi 2R,SO

A stepwise mechanism involving a reactive diradical interme-
diate, 1, that reacts with a second sulfide to give the sulfoxide was
proposed originally by Golinick® in 1968. Foote et al.>$ suggested
later that the intermediate might also be a persulfoxide, 2, or a
cyclic sulfurane, 3, as shown.

i N /O
R,S + 0z — | RpS00, RpS007, st\(l)

1 2 3

* Paper No. 44 in this series is: Manring, L. E.; Foote, C. S. J. Am. Chem.
Soc., in press.
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