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Abstract: 2,5-Dimethyl-2,4-hexadiene (11 was studied as a singlet oxygen 
acceptor in various solvents. 1 undergoes concomitantly the three well-known 
modes of singlet oxygen reactions: (11 the ene-reaction to give the allylic 
hydroperoxide 3, (21 the (4+21-cycloaddition to give the endoperoxide 4, and 
(31 the (2+2)-cvcloaddition to aive the dioxetane 2. Bevond that (and in 
contrast-to simple olefinsl. the?e are (41 "physicaT" quenching and 151 a 
"vinyloq ene-reaction" to give the twofold-unsaturated hydroperoxide 5. The 
latter reaction represents-a novel mode of singlet oxygen interactionwith a 
substituted 1.3-diene. - Kinetic analysis shows that "physical" quenching, 
endoperoxide and vinylog ene-product formations proceed with solvent-inde- 
pendent rates; the rates of dioxetane and ene-product formations. however, 
are solvent-dependent. - A mechanism (Scheme 31 is proposed, according to 
which endoperoxide formation is due to a concerted sinolet oxvaen reaction 
with the slcis-conformational isomer E; with the s-trat&-iso&-la, "physi- 
cal" quenchinq and the vinylog ene-reaction prcceed via a non-po% sinqlet 
diradical intermediate, whereas the ene-product formation occurs via a per- 
epoxide-like transition state. In aprotic solvents, the dioxetane is mainly 
formed via a "tight-geometry intermediate", in methanolic solution via a 
solvent-stabilized zwitterion; the latter is also responsible for the for- 
mation of the methanol-addition product 6. - 

In a recent paper' we have shown that of the three types cf singlet oxygen reactions 

with olefins, only the (2+21-cycloaddition (CA) reaction (with benzvalene) is clearly dependent on 

solvent polarity. The ene-reaction (with 2-methyl-2-butene and 2,3-dimethyl-2-butene) is slightly 

dependent, whereas the (4+21-CA reaction (with 1.3-cyclohexadiene) is practically independent of 

solvent polarity. "Physical" quenching of singlet oxygen by these olefins is negligible in 

polar as well as in non-polar solvents. 

In another paper2 we showed that, besides a (4+21-CA reaction, cis,trans-2,4-hexadiene 

undergoes an isomerization reaction to trans,trans-2,4-hexadiene by interaction with singlet oxy- -- 

gen. Thus, "physical" quenching of singlet oxygen by an acyclic conjugated diene is not only sub- 

stantial but is also accompanied by a chemical (cis to trans.1 reaction. Now we chose to investi- 

gate the interactions of singlet oxygen in polar and non-polar solvents with a molecule like 2,5- 

dimethyl-2,4-hexadiene (1) which we expected to undergo all three types of reactions as well as _ 

"physical" quenching. 

Some years ago, Hasty and Kearns3 studied the reaction of singlet oxygen with 1. They 

found that two main products were formed, a dioxetane (2) and an allylic hydroperoxide (31, the 

ratio of which changed from 2/3 = 2.6 in methanol (MeOH), to 0.2 in acetone (Me2CO), to 0.1 in -- 

CH2C12. and to 0.01 in acetonitrile (MeCNl. After completion of our study, two papers by Foote and 

co-workers4'5 appeared on singlet oxygen reactions with 1 in sonr solvents. Their results and con- 
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elusions, which deviate from ours it? some respects, prompt us 

oxygen interactions with 1 in polar and in non-polar solvents. _ 

RESULTS 

to report our results on singlet 

Products of Rose Bengal and Tetraphenylporphin Photosensitized Oxygenation Reactions. In each 

oxygen-saturated solvent, 1 consumed one molecule of oxygen when irradiated in the presence of a 

typical singlet oxygen-sensitizer such as rose bengal (RB) (in MeOH, t!eCN, and Me2CO) and tetra- 

phenylporphin (TPP) (in benzene and chlorinated solvents). In aprotic solvents. four products, 2 

to 2, were obtained; an additional product (6) was formed in the protic solvent MeOH. No other 

products, especially no polymers, could be detected. Product distributions are shown in Table 1. 

Table 1: Product Distributions of Singlet Oxygen Reactions with 2,5-Dimethyl-2,4-hexadiene 
in Polar and Non-Polar Solvents at 13°C - 

(a) (a) 

'+3C,,CY 

(4 (9) (j) (j) (1) (1) 
H3Cy4H2 H3C. _CH3 H3C\ ,CH3 &, ,& 

1 2 3 4 5 6 

solvent (‘I.1 l ‘/.I ( ‘I.1 ( ‘I.1 (‘I.) 

cc14 7 26 23 44 

C6H6 3 33 19 4s 

CHUB 3 61 6 30 - 

C&C12 3 64 _ 4 29 

Me2CO 8 a4 3 5 

MeCN 3 89 4 G 

MeOH 53 21 L 2 20 

3,3-Dimethyl-4-(2-methyl-l-propenyl)-l.2-dioxetane (2). the (2+2)-CA product, was isolated from 

the reaction mixture in MeOH by distillation of the residue at -15 to -lO"C/lO-4 Torr into a trap 

cooled to -78°C. after 4 was filtered off and MeOH was removed at O"C/lO Torr. The 
1 

_ H-NMR signal 

(in CDCl3) at 1.52 ppm (s.1 is distinctive of the two CH3-groups (a) at the dioxetane ring of 1. 

This singlet is used for the quantitative determination of 2 (see below and Experimental section). - 

2,5-Dimethyl-3-hydroperoxy-1,4-hexadiene (3). the ene-product, was obtained from the irradiation 

mixture of 1 in MeCN. After removal of 4 by filtration and of the solvent by distillation at 2O"C/ - 

10 Torr, 3 was isolated by distillation at 108WO.l Torr and identified by its 'H- and 13C-NMR- 

spectra. The 'H-NMR chemical shifts of the three CH3-groups (e) appear at 1.73 ppm (ml. i.e. in 

a region between 1.7 and 1.8 ppm where the methyl groups CH3 (b) and (m) of compounds 2 and 2, re- - 

spectively, appear. This region is used for quantitative determination of 2 + 3 + 5. 

1,2-Dioxa-3,3,6,6-tetramethyl-4-cyclohexene (4). the (4+2)-CA product, precipitates from MeOH and 

MeCN solutions. It ~3s isolated from the reaction mixtures obtained in MeOH and MeCN as well as 

from mixtures in other solvents after these solvents were removed by distillation and the resul- 

ting residues were treated with MeOH. 4 was identified by its - 'H- and 13C-spectra. The singlet at 
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1.27 pp (‘H-NIIR) is distinctive of the four identical CH3-groups (j) and is used for quantitative 

determination of 3 in the reaction mixtures. 

trans-2,5-Dimethyl-5-hydroperoxy-1,3-hexadiene (5), the vinylog ene-product, was obtained from 

benzene solutions together with 3 in a 2:l ratio by distillation at 96"C/D.l5 Torr after the sol- 

vent was removed at 2O"C/lO Torr. The 'H- and 
13 
C-NMR spectra of this mixture allowed to determine 

the chemical shifts of 2. The singlet at 1.33 ppm ('H-NMR) is distinctive of the two CH3-groups 

(1) and is used for quantitative determination of 2 in the reaction mixtures. The characteristic 

double doublets of Ho and HP at 5.64 and 6.20 ppm, respectively, with Jo p q 16 cps are easily ob- 

served in the 'H-NMR spectra of the reaction mixtures obtained in CC14, benzene, CHC13, and CH2C12 

after removal of the solvents and dissolution of the residues in CDC13. The other ’ H-NMR chemical 

shifts of 2 appear at 1.78 (m, 3H,). 5.01 (m, 2H,), and 7.97 (s, broad, Hq). 

3 as well as the E:l-mixture of (5 t 3) were converted to the corresponding trimethyl- _ 

silylperoxy compounds 3a and (5a + 3a). Unfortunately, (2 + z), a P:l-mixture according to - 'H- -- 

NMR analysis as well as to glass capillary vpc, could not be separated by distillation. 

In order to show that the vinylog ene-product 2 is a primary product of a singlet oxy- 

gen/l interaction rather than a rearrangement product of 3, pure 2 was treated thermally as well 

as irradiated in oxygen-containing benzene in the presence of TPP for about three hours. After re- 

moval of benzene, the 'H-NMR showed only the chemical shifts of 2; no trace of 5 was observed. 

Furthermore, 5 does not originate from 2 or 4 : 
_ 

_ if 2 is kept for 24 hours at room temperature in a _ _ 

solvent like CHC13, it is quantitatively cleaved to acetone and B-methyl-crotonaldehyde, whereas 4 - 

is stable at room temperature in all solvents. 

trans-2,5-Dimethyl-2-hydroperoxy-5-methoxy-3-hexene (6) is an additional product in MeOH. Its ‘H- 

NMR signal at 1.26 ppm (s), distinctive of the two CH3-groups (r), as well as the AB-system of H,/ 

H ,,, at 5.65 ppm with J, ,,, = 15 cps are used for the quantitative determination of 5. , 
5 is a primary product of the singlet oxygen/l interactions in MeOH since methanolysis 

of any of the other products does not lead to compound 6 _. If 2 is kept in solution at room 

temperature for 24 hours in the presence of WeOH, only quantitative decomposition to acetone and 

B-methyl-crotonaldehyde is observed. 3 is stable in a Me2CD/MeOH mixture at room temperature, and 

3 as well as 2 do not react with MeOH even if the compounds are irradiatedinMeOH in the presence 

of RB. 

Product Distributions were obtained by quantitative 
1 
H-NMR analysis as described in the Experimen- 

tal section. This method avoided the manipulation of the original reaction mixtures; removal of 

solvents at low temperatures and reduced pressures followed by dissolution of the residues in 

CDCl3 or CDC13/CFC13-mixtures did not alter the primary products. The 'H-NMR spectra contained no 

other signals than those which could be attributed to products 2 through 6 indicating that no _ _ 

other products, especially that no appreciable amounts of polymers, were formed. 

The relative amounts of products shown in Table 1 are average values from at least five 

identical runs. The individual values deviate by about*2 (in 4,); in CC14, for example, compound 2 

appears at (7?2)%, compound 5 at (4422)%, etc. 
- 

The error is thus rather appreciable if the _ 

products appear below about 10%. 

Dioxetane 2, the (2+2)-CA product, becomes a main product only in the protic solvent 

MeOH; in aprotic solvents, it is always formed in amounts lower than 10%. The yield of the 

ene-product 3 is substantial in each solvent; _ it increases with increasing polarityof tbe aprotic 

solvents. The endoperoxide 4, the (4+2)-CA product, appears at appreciable amounts only in 

the most non-polar solvents. The vinylog ene-product 5 becomes the main product in Ccl4 and ben- 

zene; its formation decreases with increasing polarity. These observations, however, do not allow 

to draw any conclusions with respect to the mechanistic pathways involved in product formation. In 

order to do this, kinetic studies are inevitable. 
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Kinetic Studies. In photosensitized singlet oxygen reactions. the rate of oxygen consumption is 

given by equ.(l) 

v”2 = Ia.N'02).n (1) 

with v = number of oxygen molecules consumed per unit time, 
02. . 

Ia = number of photons absorbed by 

the sensitizer per unit time, Q('O2) = quantum yield of singlet oxygen formation by interaction of 
3 
02 with the electronically excited sensitizer. and n = efficiency with which singlet oxygen in- 

teracts with a substrate to give oxygenated products6. 

If 2,5-dimethylfuran (OMF) is used as a substrate at concentrations larger than about 

5*10e4 M in MeOH116 and about 5*10e6 M in CC14', the efficiency becomes Q = 16'7 and thus 

DMF 

v02 
= Ia*0('02) (2) 

It is important to note that DMF yields an endoperoxide as the primary product in all 

the solvents used and that the subsequent thermal reactions of the endoperoxide do not interfere 

with the singlet oxygen reaction 899 . 

We applied DMF in each solvent at initial concentrations of 10 
-2 M. If the sensitizer 

concentrations were larger than 2*10b4 H, the resulting oxygen-uptake rate in a given solvent was 

independent of the sensitizer concentration and constant until DIlF was consumed to more than 95%. 

The limiting (or maximum) oxygen-consumption rate (equ.(2)) is thus easily determined. In order to 

check the stability of the whole irradiation arrangerent (especially the constant output of pho- 

tons from the irradiation source). two runs with DMF in the respective sensitizer/solvent combi- 

nations were performed before and two runs were executed after the runs with 1 were made. The 

values of viz 

- 

were found to be better than f2%. 

Since 1 does not appear to quench the triplet state of RB and TPP, the following reac- - 

tion steps subsequent to singlet oxygen formation should be considered': 

(a) '02 __, 302; kd= l/ko; spontaneous deactivation; 

(b) '02 + A - products A02; kr = rate constant of A-disappearance or oxygen consumption 

= sum of partial rate constants of product formation; 

(c) '02 i A - 302 + A; k;; "physical" quenching of singlet oxygen by A; 

(d) '02 + sens - 302 + sens; ki; "physical" quenching of singlet oxygen by the sensitizer; 

with T = lifetime of singlet oxygen in a given solvent, A = singlet oxygen-acceptor, and sens = 

sensiti:r. In our case, A = 1, k, = k2 t kg t k4 + k5 (t kg), and sens = RB and TPP. 

The rate of oxygen consumption by A is given by equ.(3) 

A 

v02 
= Ia.@('02).kr[A]/[(kr + kt) [Al + kd + ki[sens I] (3) 

We applied 1 in each solvent at initial concentrations between 2*10-' and 4.10 -2 M. The _ 

oxygen-uptake rate decreased continuously during a run until it became zero when 1 had taken up 

one molecule of oxygen per molecule of 1. The recorded oxygen-uptake/time curves thus allowed to 

determine v02 
A as a function of the conc&tration of 1 (= A). 

Division of equ.(2) by equ.(3) leads to equ.(4) 

v F/VA 
2 02 

= (1 t kt/k,) + (kd/kr + k~[sensl/k,)[Al-' (4) 

which shows that a plot of v. 
DMF,VA vs. [A]-' should be linear and therefore allow to determine 

the value of k$kr from the .i; O6 I terc pt and (kd/kr t k$ens]/k,) as the slope. 
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If "O"F/"A 
02 02 

turns out to be independent of the sensitizer concentration, the slope of 

equ.(41 is equal to kd/kr. If, however, the slope of equ.(4) depends on the sensitizer concentra- 

tion, a plot of the slope-values of equ.(4) vs. [sens] allows to determine kd/kr from the inter- 

cept and ki/kr from the slope of equ.(5): 

slope-values of equ.(41 = kd/kr + (k&)*[sensl (5) 

The R-value6 of a singlet oxygen acceptor, defined as kd/kr (in M), is thus determined 

by extrapolation to zero sensitizer concentration. According to equations (4) and (5), the ratios 

of kt/k, and kd/kr are separated such that they are determined as values which are independent of 

eachother. It seems to be important to point this out since Foote' recently criticized certain B- 

value determinations as leading sometimes to kd/kr-, at other times to kd/(kr + k:)-values. 

At least five runs were executed with 1 for each sensitizer concentration (see Exp. 

sect.) in a given solvent. Linear plots of v 
DHF a 
o2 /vo2 vs. IAl-' were obtained; only with TPP in 

chlorinated solvents were the slopes of equ.(4) dependent on the sensitizer concentration. B-va- 

lues, kt/k, and kilk, were determined by applying the method of least squares. The experimental 

values, shown in Table 2, are of the 98% confidence level with standard deviations of +2%. 

Table 2: Effect of Solvent on Singlet Oxygen/l-Interactions 

IExperimental Values I Calculated Values 

Solvent 
’ s 

;;-A 10-4kd k /k k*/k 
qr qr kd'kr 

;10-7ks 
I q 

lO+jk* 
q 

10-6kr 110-6kr I k,/(k, + k;) 
I I 

kl) I +l (mM) I(M-l~-l)(M-ls-l) (M-l~-l)I(M-ls-l)~ 

a) I I I b) I b) - 

ccl4 0.222 0.14 I 220 10.81 14.3 

C6H6 0.232 4.20 I - 10.74 238 

CHC13 0.356 0.4oc$ 40 2.86 8.3 

CH2C12 0.420 0.95 I 28 3.21 11.0 

I 2.2 0.98 0.10 

I - 1.75 0.18 

I 1.9 0.90 0.48 

I 2.4 1.90 0.86 

I -- I 0.09 -- 

I (0.25 I 0.09 (0.07 

I -- I 0.35 -- 

I 1.40 I 0.31 0.25 

Me2C0 0.465 3.80 I - 2.44 51.2 I - 1.07 0.74 I 0.74 I 0.41 0.19 

MeCN 0.480 3.30 I - 1.91 24.0 I - 1.26 1.38 I 1.60 I 0.52 0.25 

HeOH 0.477 14.30 I - 1.45 59.4 I - 1.09 2.41 I 2.50 I 0.69 0.96 

al ref. 11 ; b) ref. 4 ; c) ref. 12 and 13 . 

In order to calculate absolute rate constants, the choice of the reported singlet oxy- 

gen lifetimes that has to be made may become rather critical. To make k,_, kt and k: comparable to 

rate constants reported earlier for other substrates 1,lO , we use the singlet oxygen lifetimes ob- 
11 

tained by Merkel and Kearns , except for CHC13 where the more recent value determined by Byteva 12 

and Schuster-l3 was applied. Foote's4 new values of singlet oxygen lifetimes agree very well with 

the Merkel/Kearns-values for benzene and MeOH, and deviate by no more than a factor of two for 

CH2C12, Me2C0 and t!-eCN. 

The k:-values for singlet oxygen quenching by TPP in chlorinated solvents agree very 
1 well with those obtained earlier when other substrates of singlet oxygen reactions were studied . 

Tanielian and co-workers 
14.15 

reported recently on singlet oxygen quenching by a sensitizer. Their 

value of 7.3*108 M-is-l for chlorophyll in benzene15 . IS about 30-times larger than our value for 

TPP in CC14. To which extent "physical" quenching contains "chemical" quenching, for example pro- 

duct formation between singlet oxygen and TPP, is not known. However, if it occurs, the quantum 

yield of this process should be rather small because we did not observe any appreciable oxidative 

bleaching of this sensitizer. 
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Table 3: Effect of Solvent on Partial Rate _- 
Constants of Product Formation in 
Singlet Oxygen Reactions with 1 _ 
-- 

Solvent 10m5k2 10-5k3 10-5k4 10-5k5 

(V's-1) (Il-'s-1) (1.C’s-1) trr-‘s-1) 

ccl4 0.07 0.25 0.23 0.42 

C6H6 
0.05 0.59 0.34 0.81 

CHC13 0.14 2.98 0.29 1.45 

CH2C12 0.26 5.50 0.34 2.50 

Ite2C0 0.59 6.22 0.22 0.37 

tleCN 0.41 12.28 0.55 0.55 

:!eOHa) 12.77 5.06 0.96 0.48 

a) k6 = 4.83*105 tt-'s-l. 

"Physical" quenching of singlet oxygen 

by 1 is appreciable in all solvents. Plotting _ 

log kt vs. the polarity function (Fig. la) shows 

that "physical" quenching is solvent-independent 

with an average value of i$ = (1.28 + 0.39). lo6 

tl-'s-l. (In Fig. la-f, the linear plots of log k 

vs. the polarity function were obtained by ap- 

plying the method of least squares by disregar- 

dinq the log k-values determined for methanolic 

solutions; for numerical values, see Table 4, 

Exp. section). 

"Chemical" quenching (k,) of singlet 

oxygen by 1 depends on the solvent and obviously _ 

increases with solvent polarity (Fig. lb). (Si- 

milar plots are obtained if the ET-values 
16 

are 

used instead of the c-function). Therefore, the 

fraction of the total singlet oxygenll-interac- 

tions which leads to products, k,./(k, + k: 1 of 

Table 2, increases from about 10% in the 

most non-polar aprotic solvents (Ccl4 and benze- 

ne) to about 50% in the most polar aprotic sol- 

vent (MeCN) and to about 70% in the polar protic 

solvent HeOH. This trend was also observed by 
4 

Hanring and Foote , and the agreement between 

our and their absolute values of kr is renark- 

ably good. 

The solvent dependence of kr rests 

mainly on the solvent dependence of the ene-pro- 

duct (3) formation (Table 3, Fig. Id). i: we ap- 

ply the Kirkwood-Laidler-Eyring model with 

~('02) = 0 D and ~(1) = 0 D, the dipole moment 

of the transition state leading to 3 is calcula- _ 

ted to be 5.9 D (Tahle 4. Exp. section). This 

value is distinctly larger than that determined 

Figure 1: Dependence of Rate 

Constants on Solvent Polarity 
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for the transition state dipole moment of ene-reactions with mono-olefins such as 2,3-dimethyl-Z- 

hutene and E-methyl-Z-butene'. 

In spite of the rather large error in the quantitative determination of dioxetane 2 in 

aprotic solvents, there is clearly a trend of k2-values to increase with increasing solvent pola- 

rity. A transition state dipole moment of 4.7 D is calculated which is somewhat smaller than the 

value of 6.7 0 recently obtained for benzvalene-dioxetane formation'. 

The production of the (4+2)-CA product 4 is independent of solvent polarity; a similar 
-1 

result was recently observed with 1.3-cyclohexadiene . The average value is k4 = (0.33 f 0.12).105 

I!-'s-' (Table 3, Fig. le). 

The formation of primary product 5 exhibits a rather peculiar solvent dependence (Fig. - 

If). The average value of k5 appears to be solvent-independent with t5 = (0.53 + 0.18).105 M-ls-' 

in CC14. benzene, He2C0, V.eCN (and MeOH),but seems to be distinctly larger in CHC13 and CH2Cl2. In 

a first approximation, however, we may consider the formation of 5 as occurring in a solvent-inde- 

pendent mannertsee Table 4, Exp. section). 

We may then summarize our results shown in Tables 2 and 3 and Figure la-f as follows: 

in aprotic solvents, the rates of singlet oxygen/l-interactions leading to dioxetane 2 and ene- - _ 

product 3 are solvent polarity-dependent; the rates leadirlg either to "physical" quenching or to - 

endoperoxide 4 and vinylog ene-product 5 are solvent polarity-independent. HeOH plays a special - - 

role since it favors dramatically the dioxetane formation and, furthermore, gives rise to a MeOH- 

addition product 6 at a rate comparable to that of the ene-reaction. - 

DISCUSSION 

The reaction of 2,5-dimethyl-2,4-hexadiene (1) with singlet oxygen gives rise to four - 

products, 2 to 5. in non-polar as well as in polar aprotic solvents. In the protic solvent HeOH, 

the solvent-addition product 6 is formed in addition to 2-5. -- 

Three of these prclducts, namely 2, 3 and 4, may be expected to appear, since (2+2)-CA _- - 

reactions :eading to dioxetanes, ene-reactions affording allylic hydroperoxides with a shifted 

double bond, and (4+2)-CA reactions yielding endoperoxides are the three well-established types of 
'8 

singlet oyxgen reactions with olefins . 

Hasty and Kearns3 found that the product ratio of 2/3 is rather solvent-dependent, be- -- 

ing 2.6 for WeOH, 0.2 for fle2C0, 0.1 for CH2C12, and 0.01 for MeCN. Foote4 confirmed these product 

ratios for MeOH (2.4) and t!eCN (0.031, and our own values for these product ratios agree very well 

too : 2.5 for MeOH, 0.1 for Me2C0, 0.05 for CH2C12, and 0.03 for MeCN. 

Only for methanolic solutions was the formation of endoperoxide 4 considered to be im- _ 

portant, with a product ratio of A/3 <0.14. Our results (Table 1) indicate that endoperoxide for- 

mation is indeed restrained in solvents like those used by iearns and Foote4, but that appreci- 

able amounts are formed in benzene and CC'14 giving rise to 4/3 ratios of 0.6 and 0.9. respectively. __ 

There is, however, a fourth product formed, the trans-2,5-dimethyl-5-hydroperoxy-1,3- 

hexadiene (51, which was not expected to occur lg. Since none of the products 2, 3 and 3 could be 

transformed into 5 under our reaction conditions, we consider this product as being formed in di- - 

rect sinqlet oxygen/l interactions. This new type of singlet oxygen reaction with a 1,3-diene _ 

should be termed "vinylog ene-reaction". In the case of 1, the vinylog ene-reaction can compete 

successfully with the other reactions in CH2C12 and CHC13, and even more so in benzene and Ccl4 in 

which 5 becomes the main product with 5/3 ratios of 1.4 and 1.7. respectively 
2' . -- 

The kinetic analysis revealed that "ph,vsical" quenching of singlet oxyqen by 1 is ac- _ 

tually the major reaction in all the solvents. This result is in contrast to those obtained with 

simple mono-olefins where "physical" quenching of singlet oxygen by the substrate is negligible '94 . 

However, we did observe "physical" quenching with other 1,3-dienes such as cis,trans- -- 
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2,4-hexadiene (1) and trans,trans-2,4-hexadiene (8) and showed that singlet oxygen-quenching by 1 -- 

occurred concomitantly with cis-to-trans-ifomerization of 1 to S, probably via (z-singlet oxygen'- 

and (8-singlet oxyqenj-exciplexes2. Of course, such a "chemical" contribution to "physical" quen- - 

thing is not observable with L since educt and product would be identical. 

lie arqued furthermore that the relatively small apparent rate constant of the formation 

of E is due to the fact that g is present in the s-cis conformation (8&' to only about 1% and 

that only this conformational isomer gives rise to the (4+2)-CA product E in a concerted reaction 

with singlet oxygen. 

SCHEME 1 

If the assumed exciplexes give rise to the corresponding singlet diradicals and if the- 

se species underqo efficient intersystem crossing (IX) to the corresponding triplet diradicals 

followed hy C-O bond splitting to yield triplet molecular oxygen and 7 (or S', the mechanism out- 

lined in Scheme 1 does not only explain our findinqs with 1 and 8 rather satisfactorily, but may 

he applied also to the case of singlet oxygen/l interactions (Scheme 2) with the following results: - 

SCHEME 2 

1 should exist in solution as an equilibrium mixture of s-trans.(e)- and s-cis(lb'-con- 

formational isomers. Due to the "extra" methyl groups in positions 2 and 5 of the 2.4-hexadiene 

derivative 1, the conformational isomer lb should be present in the la/lb equilibrium to a much - 

smaller extent (say. to about 0.1%) than 7b is in the 7a/7b equilibrium (about 1%". Because of - -- 

the rather strong repulsion of the two interfering methyl groups of lJ, one may expect a rather 

small effect of solvent polarity on the la/lb equilibrium. -. If, furthermore, the interaction of '02 

with lb leads to endoperoxide 4 in a concerted reaction, k4 and, consequently, k4, the apparent - - 

rate constant of endoperoxide formation, should be solvent-independent, as we indeed observed. 

If a-terpinene (g' is a model for the s-cis-conformational isomer lb, k4 should be of 

the same order of magnitude as k,('J' ( = 5.7*107 M-'s-' . in MeOH', the rate constant for the as- 

caridole (1_T) formation. Thus, with k4 = g 5.104 M-'s-1 . and k4 = 5.107 k'-'s-1 lb should be pre- ’ _ 
sent at about 0.2% at 13°C. which seems to be a reasonable value with respect to the s-cis/s-trans 

ratio reported for 1,3-hutadiene 
22.23 . 
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"Physical" quenching of singlet oxygen by 1 can successfully compete with endoperoxide ._ 

(4) formation because 1 exists as the s-trans-conformational isomer la to an extent of about 99.8% 

(see above). Interaction of &with sinqlet oxygen leads to the singlet diradical ('DR) which may 

undergo intersystem crossing to the triplet diradical t3DR); the latter may then decompose 

into triplet molecular oxygen and 1 in an efficient spin-allowed process. _ 

Interaction of singlet oxygen with 1 may, however. yield a resonance hybrid of 
1 
DR and 

the corresponding zwitterion (Zw) rather than a "pure" singlet diradical. Foote4 has explained at 

some length that, in the limiting case, 
1 
DR should easily undergo ISC whereas Zw should not. 

We prefer to consider the interaction between 
1 
DR and Zw as occurring via the "tight- 

geometry intermediate" (TCIIz4 which represents a resonance hybrid of a non-polar singlet 1,4-di- 

radical and a polar 1,4-zwitterion in a conformation in which the radical sites are close to C-O- 

bond distance (Scheme 3). 

SCHEME 3 

lb 

+ ‘02 

+ ‘0 
2 x- i::,o-0 

I 

'OR 
L I 

TGI PE . ..HOMe 

1+ 302 5 2 ZW . . .HOMc 6 
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Accordinn to Scheme 3, "physical" quenching via the non-polar 'DR and 3DR should be 

little (if at all) influenced by solvent polarity. As stated above, the vinylog ene-product 2 ap- 

pears to be formed in a solvent-independent manner (kg/k: = 0.041, if we neglect chloroform and 

methylene chloride solutions (k /kA 
5 q 

= 0.14). We propose, therefore, that deactivation of 'DR not 

only yields "physical" quenching but also results in a hydrogen shift to give 5. - 

The formation of TGI via 'DR should become increasingly important with increasing sol- 

vent polarity. TGI should undergo bond closure to give dioxetane 1 rather efficiently, and thus 

even that portion of dioxetane formation that occurs via the 
1 
DR intermediate should increase with 

increasing solvent polarity. Since the ratio of k /kA never exceeds 0.05 in the aprotic solvents 
2 q 

(in MeOH, it is about one), the solvent polarity effect is practically absent for the "physical" 

quenching process. 

So far, we have considered the solvent-independent reactions of singlet oxygen with lb 

to give 4 and with la to give 'DR. However, there should be another pathway available by which the 

ene-product (3) is formed via a solvent-dependent transition state and/or intermediate. The most _ 

likely candidate for such a transition state or intermediate is the perepoxide (PE) 

of Scheme 3'"'26-28 .The dipole moment of about 6 D, determined for the transition state that leads 

to ene-product 3, appears to be in accord with the assumption of a PE-like transition state 
28-30 

as well as with a PE-intermediate 3'. The assumption of passing a PE-like transition state (without 

the suhsequent formation of a PE-intermediate) may suffice to explain the production of 3 in the - 

aprotic solvents. In this case, H-shift from the allylic position and C-O bond formation at posi- 

tion 3 to qive 3 occur concomitantly in a concerted process. C-O bond formation at position 2 and _ 

"ring opening" to give zwitterion Zw with subsequent dioxetane formation is obviously disfavored 

in comparison with ene-product formation. However, some dioxetane (2) formation may occur via the _ 

pathway PE-Zw-TGI. too. 

Although the solvent polarity of MeCN equals that of MeOH, the ratio of k2/k3 is drama- 

tically enhanced by a factor of nearly a hundred from 0.03 to 2.5 by changing the solvent from 

MeCN to MeOH. We interpret this chanqe by assuming that in MeOH a hydrogen-bonded PE intermediate, 

PE... HOMe, is formed which underqoes ring-opening and H-shift from the allylic position to give 3 - 

as well as ring-ooeninq to the MeOH-stabilized zwitterion Zw... HOMe. The latter, already discussed 

by Manrinq and Foote4 as the important intermediate in methanolic solution, may then give rise to 

the dioxetane 2 and to the MeOH-addition product 6. Formation of 2 in methanol thus proceeds main- _ - _ 

Iv via this pathway in accord with the observed "jump" of the k2-value when the solvent is changed 

from MeCN to MeDH (see Table 3). 

If k3/(k; + k2 + k3 + k4 t kg) represents the fraction of the polar pathway in aprotic 

solvents and (k2 + k3 + k6)/(kt + k2 + k3 + k4 + k5 + kg) in MeDH, the polar pathway is used in- 

creasingly from 2% in Ccl4 and 3% in benzene to 22% in CHC13 and 20% in CH2C12, to 34% in Me2C0 and 

47% in MeCN, to 65% in MeOH. 

Fiqure 2: A_ Reaction Profile of Endoperoxide (4) Formation from the s-cis 
Conformational Isomer E of 2,5-Dimethyl-2,4-hexadiene (1) 
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Fiqure 3: Reaction Profile of Singlet Oxygen Reactions with the s-trans --- 
Conformational Isomer la of 2,5-Dimethyl-2,4-hexadiene (1) 
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Figures 2 and 3 represent the reaction profiles of singlet oxygen reactions with 1 at _ 

13°C in the solvents studied. In Figure 2, endoperoxide (4) formation is separated from all the _ 

other reactions since its formation is considered as occurring from the s-cis conformational iso- 

mer l&; the enhanced enerqy content of lb as compared with the s-trans conformational isomer la is 

given by AAG = AGO - AG;, = 3.6 kcal/moL 

In Figure 3, the reactions of singlet oxygen with the s-trans conformational isomer la 

are considered. Uith the assumptions made above for the non-polar and polar pathways in aprotic 

* solvents and in methanol, AG (non-polar) is ca!culated to be (8.8tO.l) kcal/mol for all solvents; 

AG+ (polar), however, decreases from 11.0 (in Ccl41 to 8.8 (inMeCN) to 8.4 kcal/mol (in MeOH), in- 

dicating an increasing stabilization of the PE-like transition state with increasing solvent pola- 

rity. Since the polarities of MeCN and tieOH are equal, the increased stability of the PE-like 

transition state by only 0.4 kcal,'nol shows that hydrogen-bonding of the transition state is ne- 

gligible (but becomes prominent for the subsequent intermediates). 

Our results and conclusions are somewhat different from those of Ilanring and Foote4.The 

main difference is that these authors consider the ene-reaction as beinq insensitive to conditions 

which is just opposite to our results. In their mechanism, in which they do not consider, of cour- 

se, the formation of the vinylog ene-product E, 21 and in which they neglect the production of endo- 

peroxide 4, "physical" quenching, ene-product (3) and dioxetane (2) formation are assumed to pro- - _ 

teed via a conunon PE-like transition state or via a comnon PE intermediate. According to our re- 

sults, however, the main reaction, i.e. the "physical" quenching, is insensitive to solvent po- 

larity whereas the ene-reaction is certainly dependent on it. The difference between Foote's and 

our results may in part be due to the fact that we studied the singlet oxygen interactions with 1 

in two more solvents (Ccl4 and CHC13) and that we did not manipulate the product mixtures before 

we determined the product distributions. 

The mechanism outlined in Scheme 3 allows to draw the following conclusions for olefins 

which should principally be able to undergo the ene-reaction: (1) if a 1,3-dicne is fixed in the 

s-cis conformation, endoperoxide formation should always be so much preferred that other reactions 

such as "physical" quenching and ene-reaction generally have no chance to occur; examples are 

found with 1,3-cyclohexadiene' and a-terpinene (ll)(see above); (2) if neither a stabilized dira- - 
dical (lOR) nor a stabilized zwitterion (Zw) can form, only the ene-reaction will occur and there 

will be no "physical" quenching; examples are found with simple olefins such as 2,3-dimethyl-2- 

butene and 2-methyl-2-butene'; (3) if a stabilized zwitterion can form but not a stabilized dira- 

dical, dioxetane formation may become prominent, but "physical" quenching should be negligible; 

depending on the zwitterion stabilization, dioxetane formation may surpass the ene-reaction; 

enamines such as N,N-dimethylisobutenylamine may be an example as was discussed by Foote4; (4) if 
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a stabilized diradical can form but not a stabilized zwitterion, "physical" quenching may become 

an important process, but dioxetane formation may become negligible and should have a chance only 

in rather polar solvents; an example is 2,5-dimethyl-2,4-hexadiene (l-1 in aprotic solvents; 

(51 special structural conditions are probably necessary for the vinylog ene-reaction to occur, 

one being a fixed s-trans conformation in order to avoid endoperoxide formation (see point (1)); 

in order to avoid competition by the ene-mode of reaction, the use of the most non-polar solvents 

seems to be suggested. 

Finally, there may exist a pathway that leads directly to the "tight-geometry-inter- 

mediate" TGI. In the case of singlet oxygen/benzvalene (131 interactions, we observed dioxetane - 

(14) formation as the only mode of reaction the rate of which increased with solvent polarity; 

"physical" quenching was negligible in all solvents'. Formation of 'DR and Zw intermediates from 

12 appears to be rather unlikely, and ene-product formation should be impossible because allylic 
10 

bridge-head hydrogens do not participate in ene-reactions . TGI formation with subsequent ring- 

closure to the dioxetane (in a "quasi-concerted" reaction) seems to be a possibility. 

0 + ‘o* 
I - 0 0 :, 

13 14 
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EXPERIMENTAL 

Chemicals. 2,5-Dimethyl-2,4-hexadiene (1) (Egal was purified by distillation (131-134"C/730 Tort-). 

2,5-Dimethylfuran (OWFl(Fluka) was purified by distillation (91-94"C/730 Torr). Solvents (Fluka, 

puriss. p.a.) were used without further purification. , only chloroform was purified by filtration 

over alumina. Rose bengal (RB) (Egal. purified by extraction with methanol, and tetraphenylporphin 

(TPPl, prepared after ref. 32 and purified by chromatography on neutral alumina in hot CHC1333 , 

were used as sensitizers. - Spectra. Proton-NMR were recorded on a Bruker WP-80-CW-spectrometer 

using tetramethylsilane (TMS) as internal standard. 
13 
C-NMR were recorded at 80 MHz on a Bruker 

WP-80-FT-spectrometer using TMS is internal standard. Solvents for NMR-spectroscopy were CDC13 or 

or mixtures of CDC13/CFC13. IR-spectra were taken on a Perkin-Elmer-IR-spectrometer 125 as thin 

films. 

Irradiation. A 25 ml irradiation unit with automatic 02-consumption recording system 7,34 was used 

for preparative and kinetic studies. A 150 W Halogen-Bellaphot lamp (Osraml and a band filter 

transparent between 480 and 570 nm (Hoyal was used for electronic excitation of RB and TPP. Both 

sensitizers were applied at 5*10m4 and 10 
-3 

14 concentrations in preparative runs; in kinetic runs, 

concentrations of 10 -4, 2.10-4, 4.10-4, 6.10-4, 8.10-4 , and 10 
-3 

M were applied. The solvents con- 

taining the sensitizer and 1 (or DMF) were saturated with oxygen before irradiation. The irradia- _ 

tion unit, the oxygen burette and the tubing connecting the unit with the burette were kept at 

(13 ? O.l)"C by cooling with water; thermostat JULABO-P. 

Products. 3,3-Dimethyl-4(2-methyl-l-propenyl1-1.2-dioxetane 2 : 
(4.55 mM) in 25 ml of MeOH containing 5*10s4 

- A solution of 500 mg of 1 - 
Ii RB was irradiated for three hours after which time 

4.55 mti of O2 were consumed; no 02-consumption occurred under further irradiation. - After 40 mg 

of a precipitate (= 4, see below) was filtered off, about 90% of the solvent was removed by distil- 

lation at O"C/lO Torr. The residue was cooled to -78°C and the pressure reduced to 10m4 Torr. When 

the residue was warmed up slowly, distillation of MeOH into a trap cooled to -78°C occurred at -25 
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to -20°C. Further warming to -10°C resulted in the distillation of a yellow oil which crystallized 

when it entered the cool trap. After separation from tIeOH. the solid phase was slowly warmed up; 

the resultinq yellow oil, 150 mq of 2 corresponding to a yield of 23%, was immediately dissolved 

in COC13. 'H-RMR (at 20°C): 6 = 1.52 (s, 6Ha); 1.69 (d, 3Hb. Jb c = 1 cps) and 1.79 (d. 3Hb. Jb c= 

1 cps); 5.55 (d-Sept., Hc, Jb c = 1 cps, J, d q 9 cps); 5.95 (A. Hd, J, B = 9 cps). the IH- 

NMR in accord with that repor;ed3. Further ividence for structure 2 is obtiined by taking the ‘H- - 

NMR-spectra at lower temperatures in CDC13/CFC13(2:1): instead of one singlet for the two CH3 (a)- 

groups at room temperature, there appear two different CH3 (al-groups at lower temperatures; the 

shift difference between the two groups increases with decreasing temperature: A 6 q 2.2 cps at 

t lO"C, 3.7 cps at -lD"C, 5.4 cps at -30X, and 7.2 cps at -7D"C, indicating decreasing skeletal 

vibrations of the dioxetane ring with decreasing temperature. 

A sample of 2 in CDC13/CFC13 (2:l) was kept at room temperature for 24 hours. Another 

sample of 2 in CDC13/CFF13 (2:l) was diluted with MeOH (2 : MeOH q 1:5) and also kept at room tem- - 

perature for 24 hours. The 'H-NMR-spectra of both solutions showed that 2 was completely transfor- _ 

med into acetone (a = 2.01) and B-methyl-crotonaldehyde, 4 = 1.97 (d, 3H, JH,CH = 1 cpsl; 2.16 

(d. 3H, JH,CH3 = 1 cps); 5.87 (d-Sept., H, JH CH = 1 cps, JH H = 8 cpsl; 9.92 7 d, H. JH H=8 cpsl. 

In the MeOH-containing sample, there were no ;igials that could be attributed to (cis- dr trans)- 

2,5-dimethyl-2-hydroperoxy-5-methoxy-3-hexene 16). 

2,5-Oimethyl-3-hydroperoxy-1,4-hexadiene 3 : A solution of 1 g of 1 (9.09 ml!) in 25 ml of MeCN - 

containing 5*10S4 M RB was irradiated until the oxygen-consumption ceased (i.e., after 9.09 mM of 

oxygen was taken up). The endoperoxide 4 (see below) precipitated from 1leCN and was removed by 

filtration. The filtrate was subjected to distillation at 2O"C/lO Torr; WeCN and B-methyl-croton- 

aldehyde were thus removed since 2 was quantitatively decomposed under these conditions. The resi- - 

due yielded 400 mg of colorless 3 (= 31% yield) by distillation at 108"C/O.l Torr. 'H-NHR: 6 = 1.73 - 

(m, 9H,l; 4.83 (m, HfI; 4.9 (m, 2Hgl; 5.07 (d-Sept., Hh, Je h = 1 cps. Jf h = 8 cps); 8.27 (s, 

broad, H 1. - 13C-NMR: 18.53 (ql; 24.50 (ql; 25.96 (q); 85.;4 (d); 113.04'(t); 120.73 (d); 139.78 

(~1; 143.87 (~1. - IR: 3500, 2970, 2920, 1700, 1652, 1450, 1370. 1132, 964, and 895 cm-l. C talc.: 

67.57, found :67.21; H talc.: 9.92, found: 9.43. 

A sample of 3 was dissolved in benzene and irradiated for 3 hours in the presence of - 

TPP. The 'H-NMR-spectra of the irradiated solution did not show any signal that could be attribu- 

ted to 2,5-dimethyl-5-hydrperoxy-1,3-hexadiene (51. 

A sample of 2 was dissolved in MeOH and irradiated for 1 hour in the presence of R8. 

The 'H-NMR-spectra of the irradiated solution did not show any signal that could be attributed to 

2,5-dimethy12-hydroperoxy-5-methoxy-3-hexene (6). 

2,5-Dimethyl-3-trimethylsilylperoxy-l,4-hexadiene 2 : A solution of 450 mg of 2 (3.17 ml41 and 

252 mg of pyridine (3.17 mkl) in 20 ml of CH2C12 was added slowly to a solution of 350 mg of tri- 

methyl chlorosilane (3.22 ml!) in 10 ml of n-pentane cooled to 0°C. After stirring the reaction 

mixture for 30 min. at room temperature, the precipitate (pyridinium hydrochloride) was filtered 

off; the solvent was removed at 25WlO Torr and the residue, distilled at 81-82"C/lO Torr, gave 

310 mg of a colorless liquid g (= 46% yield). 'H-NHR: 6 = 0.15 (s, 9Hl; 1.70 (m, 9H); 4.77 (m, 

Hl; 4.89 (m, 2H); 5.05 lm, H). - 13C-NMR: -1.69 (ql; 18.03 19); 24.29 (ql; 25.54 (q); 85.27 (d); 

112.32 (t); 121.01 cdl; 137.79 1s); 143.61 (~1. - C talc.: 61.63, found: 61.65; H talc.: 10.24, 

found: 9.83. 

1,2-Dioxa-3,3,6,6-tetramethyl-4-cyclohexene 4 : 40 mg of a precipitate obtained as described _ 

above (see under 2) was twice recrystallized from MeOH and dried over silica gel, m.p. 55-57X 

(decomp.), (ref. 4: 57-58'Cl. - Mol.weight: 142 (calc.1. 148 (osmometric in benzene). - 'H-NMR: 

4 = 1.27 (s, 12Hjl; 5.66 (s, 2Hk): - 13C-NMR: 25.11 (ql; 70.90 1s); 133.73 (d): - C talc.: 67.57, 

found: 67.28; H talc.: 9.92, found: 9.62. 

4 was also isolated from runs in MeCN (see above), as well as from runs in CH2C12 and _ 

Ccl4 by removing the solvents by distillation and dissolving the residue in MeOH (from which 4 _ 
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A solution of 45 mg of 4 in 10 ml of Ne2CO and 20 ml of MeOH was stirred for 24 hours _ 

at 20°C. The solvent was removed by distillation and the residue dissolved in CDCl3. The 'H-NHR- 

spectra showed no signals that could be attributed to 6. - 

trans-2,5-Dimethyl-5-hydroperoxy-1,3-hexadiene 5 : _ A solution of 750 mg of 1 (6.83 mt!) in 25 ml _ 

of benzene containing 4*10m4 M TPP was irradiated until the oxygen-consumption ceased (i.e., after 

6.83 mM of oxygen were taken up). The solvent was removed by distillation at 2O"C/lO Torr; the re- 

sidue yielded a E:l-mixture of s and 3 (according to 'H-NMR) as a colorless liquid after distil- _ 

lation at 90-96"C/O.l5 Torr. Ne did not succeed in separating 2 from 3 by distillation. Comparison 

of the 'H-NIIR-spectra of pure 3 (see above) and that of the 5/3-mixture yielded the 'H-NMR of 5 : - 
6 = 1.33 (s, 6H,); 1.78 (m, 3H,); 5.01 (m, 2H,); 

13 
5.64 (d, Ho, J = 16 cps); 6.20 (d, H , J - = 

16 cps); 7.97 (s. broad, Hq). Similarly, the C-NMR of 5 wai':btained: 18.08 (q); ?!4.5o"'!q); 

82.20 (s); 117.07 (t); 132.85 (d); 133.15 (d); 141.48 (s).- 

A sample of the 5/3-mixture (2:l) was irradiated for 1 hour in MeOH in the presence of 

RB. The solvent was removed and the residue dissolved in CDC13. The 'H-NMR-spectra showed no occur- 

rence of signals that could be attributed to 6. - 

trans-2,5-Dimethyl-5-trimethylsilylperoxy-l,3-hexadiene 5a : - 500 mg of a 2:1-mixture of 5/3 was -- 

dissolved in a mixture of 20 ml of CH2C12 and 270 mg of pyridine (3.43 mM). 365 mg of trimethylsi- 

lyl chloride (3.36 mH) dissolved in 10 ml of n-pentane was added. After 2 hours of stirring, pyri- 

dinium chloride was filtered off; the residue was distilled at 76-83"C/lO Torr. The colorless li- 

quid is a 2:1-mixture of 5a/3a according to 
1 
H-NMR as well as to glass capillary vpc (50 m; 

25'C; N2 (1.5 bar, 2 ml rniT5 inlet: 40°C; flame detector: 75°C; T,(g) = 40 s; 36%; T, (+, = 

36 s; 64%). - Comparison of the 'H-NMR-spectra of pure & (see above) and that of the 5a/3a-mix- 

yielded the 'H-NMR of 5a 

-- 

: 6 = 0.08 (s, 9H); 1.32 (s, 6H); 1.81 (m, 3H); 5.09 (m, ZH); 5.66 (d, H, - 

JH,H = 16 cps); 6.16 (d, H, JH,H = 16 cps). - 13C-NMR: -1.53 (q); 17.62 (q); 24.29 (4); 81.54 (s); 

116.07 (t); 131.31 (d); 133.52 (d); 141.18 (s). 

trans-2,5-Dimethyl-2-hydroperoxy-5-methoxy-3-hexene 6 : _ A solution of 1 in IleOH containing RB 

was irradiated as described above (see under 2). After 4 was filtered off and after IleOH was com- _ _ 

pletely removed by distillation at O"C/lO Torr, the residue was dissolved in CDC13 and a 'H-NMR 

taken. The signals of 6 do not interfere with those of 2 and 3. 'H-NMR of 6. _ _ _ _* 6 = 1.26 (s, 6Hr 1; 

1.34 (s, 6Hs); 3.13 (s, 3Ht); 5.65 (AB-system, Hu + H,,,. Ju ,,, 
4 

= 15 cps); 8.31 (s, H,,). The 'H-NMR 

of 6 agrees with that of the corresponding alcohol . - 

Determination of Product Ratios. Imnediately after the oxygen-consumption ceased, the solvent --- 

was removed at low temperatures and reduced pressure. 

mixtures and the 'H-NtlR-spectra were taken. 

The residue was dicsolved in CDC13 or CFC13- 

Integration of the singlets at 1.52, 1.27 and 1.33 ppm, 

distinctive of the methyl groups (a) of 2, (j) of 4, and (1) of 5, respectively, allowed to deter- 

mine the ratio of 2:4:5. To re-examine the ratio, the doublet at 6.20 ppmof 5 was used instead of --- _ 

the singlet at 1.33 ppm. Integration over the signals between 1.7 and 1.8 ppm, where the methyl 

groups (b) of 2, (m) of 5, and (e) of 3 appear, allowed to determine the relative amount of 3. To _ 

re-examine the ratio of 3:5, the residue was treated with trimethylsilyl chloride; the trimethyl- 

silylperoxy compounds 3a/5a were isolated by distillation (see above) and dissolved in CDC13. The 

singlets at 1.70 and 1.32, distinctive of 2 and s, respectively, were used. In the special case 

of MeOH and tleCN as solvents, 4 was filtered off, dried and weighed. Finally, the relative amount 

of 5 was determined by using the singlet at 1.26 ppm. distinctive of the methyl group (r), as well 

as the AB-system at 5.65 ppm of the protons H,,/H,,,. 

Kinetic Data. The method of determination of relative and absolute rate constants is described 

under "Results; Kinetic Studies". - According to the Kirkwood-Laidler-Eyring model, the dipole 

moment of the transition state is given as 

,,+ = (r:.2.303*kBT.o)0-5 (in Debye-units) 
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(since ~(1) q 0 0 and ~(102) = 0 O), with rt = radius of 1 t '0 at the transition state, calcula- _ _. 2 
ted from the sum of the mole volumina of 1 and singlet oxygen minus a double-bond increment of 3 

cm3 ; rt = 4.09 A (r (1) q 3.84 A, r ('0,; q 2.23 A); kg q 1.38*10-4 D2As3K-' ; T = 286 K; and _ 

o = slope of straight lines of Figures la-f calculated for 

log k = log k. + a(~ - 1)/(2c + 1) 

by applying the method of the least squares. 

Table 4. Transition State Dipole tloments of Singlet Oxygen Reactions with 1 _ 

k log k. 0 u +I k log k. 0 p+ 

k* q 1 k3 6.09 + 0.22 0.02 * 0.60 0.35 3.34 * 0.23 5.Gl * 0.60 5.90 

kr 4.28 * 0.18 3.76 + 0.48 4.83 ; k4 4.32 f 0.23 0.48 + 0.60 1.73 

k2 2.94 2 0.16 3.62 + 0.42 4.74 1 k5 4.83 * 0.54 0.19 f 1.43 1.09 
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