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TABLE 111 
PHOTODECOMPOSITION O F  ADDITIOXAL HYPOCHLORITES 

-Yield, %--- 
Chloro 

[ROC11 M [Olefin] M alcohol Tetrahydrofuran Alcohol 

1-Pentyl 1.16 cis-CzHzClz 5.8 348 
1.12 Cis-CzHzClz 5.6 50a 

4-Phenyl-1-butyl 0.888 Cis-CzHzClz 4.44 56" 
2-Pentyl 1.15 trans-C2HzClz 2.3 25.7 f 0.4  43.5 & 0.3  

0.91 4.55 40.1 f 1.8 36.6 f 1.8  
0,536 7.94 49.1 21.6 

2-Hexyl 0,885 Cis-CzHzClz 4.43 89.0 f 0.4b 6 .7  f 0.5 
0,663 6.63 82.7 f 2.3b  5 .3  Z k  0 . 1  

a Isolated product in preparative-scale experiments. Equimolar mixture of cis and trans isomers. 

TABLE IV 
CONVERSION OF ALCOHOLS TO TETRAHYDROFURANS 

Alcohol (or hypochlorite) ----Yield, %- 
ROC1 Pb(0Ac)P 

1-Butyl 60 20 
1-Pentyl 75 43 
2-Pentyl 49 9 . 5  

2-PIet hy l-2-pen t y 1 80b 10 

2-Hexyl 89 41 
4-P henyl- 1-butyl 56 40-49 

Reference 8. Reference 2. No radical trap is required 
in the case of tert-hypochlorites. 

rotary evaporator. Three vacuum distillations of the residue 
yielded 34% product, bp 67-68' (4 mm). The purity by glc was 

and ir and nmr spectra consistent with the structure. The 
major impurity was 2-methyltetrahydrofuran formed during 
distillation and accounting for the low yield. 

2-Methyltetrahydrofuran.-1-Pentyl hypochlorite (0.330 mol) 
(2 M solution in Freon-113) and 2.65 mol of trans-dichloroethyl- 

ene were photolyzed at 0". One-half of the reaction mixture was 
refluxed with 0.53 mol of 2,6-lutidine for 1 hr. Two fractional 
distillations yielded 11.7 g (51%) of 2-methyltetrahydrofuran, 
bp 68-70' (648 mm), purity by glc >98%. The other half of the 
reaction mixture was refluxed for 1 hr with 200 ml of 15go KOH 
in propylene glycol. Distillation yielded 11.1 g (497,) of 2- 
methyltetrahydrofuran. 

2-Phenyltetrahydrofuran.-A mixture of 30.5 ml of 1.33 M 4- 
phenyl-1-butyl hypochlorite and 0.204 mol of cis-dichloroethylene 
was photolyzed at 0" (3 hr). The product was refluxed overnight 
with 91 ml of 5% KOH in methanol. Water was added and the 
mixture was extracted with three portions of ether. Fractional 
distillation yielded 3.36 g (56%) of 2-phenyltetrahydrofuran, bp 
105-107.5O (15 mm), ir and nmr spectra consistent with struc- 
ture. A higher boiling fraction (1.0j g) contained S9% of the 
furan by glc, indicating a total yield of 66%. 

Registry No. -%-Butyl hypochlorite, 5923-22-8; n- 
pentyl hypochlorite, 35042-28-5; 4-chloro-1-pentanol, 
35096-45-8; 2-methyltetrahydrofuran, 96-47-9; 2- 
phenyltetrahydrofuran, 16133-83-5. 
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Dialkyl disulfides are photooxidized in the presence of methylene blue sensitizer to  the corresponding thio- 
A mechanism for the reaction, 

The implications of 
sulfinates. Quenching experiments indicate that singlet oxygen is the oxidant. 
involving an adduct between the disulfide and singlet oxygen as an intermediate, is proposed. 
these results for the photodynamic effect are discussed. 

B y  a variety of ways and particularly through t'he 
work of Foote and coworliers,2 it has been amply dem- 
onstrated that Dhe Ii;autskyav4 mechanism for ph.oto- 
sensitized oxidat'ion is a valid mechanism. According 
to t,his mechanism the photooxygenation occurs with 
excit'ed singlet molecular oxygen as the oxidant. This 
demonst'ration has important implications both for 
organic chemistry and biological chemistry. In  bio- 
logical chemistry, photosensitized oxidation leading to 
pathological effects in organisms has been known as 
photodynamic action. Foote6 and Hastings and 
Wilson6 have pointed out that in some cases photo- 
dynamic act'ion may also involve singlet oxygen. In- 

(1) Presented in part a t  the l62nd National Meeting of the American 
Chemical Society, Washington, D. C., Sept 12-17, 1971; Amer. Chem. Soc., 
Din. Petrol. Chem., Prepr . ,  16, A72 (1971). 

( 2 )  C. S. Foote, Accounts Chen.  Res. ,  1, 104 (1968). 
(3) H. Kautsky and H. de Bruyn, Naturwissenschaflen, 19, 1043 (1931). 
(4) H. Kautsky, Trans. Faraday Soc., 36, 216 (1939). 
(5) C. 8. Foote, Science, 162, 963 (1968). 
(6) J. W. Hastinps and T. Wilson, "Photophysiology," V. -4. C. Giese, 

Ed., Academic Press, New Y o r k ,  K. Y . ,  in press. 

deed, Foote' has demonstrat'ed that @-carotene e%- 
cient'ly quenches singlet, oxygen and has suggested t'hat 
the function of carotenoid pigments is to provide pro- 
t'ective action against photodynamic damage. 

In  addition to photosensitization, a number of other 
methods for producing singlet oxygen have been de- 
scribed. Included are the reaction of sodium hypo- 
chlorite and hydrogen peroxide,8 the use of a radiofre- 
quency discharge in gaseous oxygen,g,lO the reaction of 
bromine and hydrogen peroxide,ll the decomposition 
of alkaline solutions of peracids,l' the decomposition of 
photoperoxides,12t1 3 the self-reaction of sec-but,ylperoxy 

(7) C. S. Foote, Y .  C. Chang, and R.  W. Denny, J .  Amer. Chem. Soc., 

(8) C. 9. Foote and S. Wexler, ib id . ,  86,  3879 (1964). 
(9) E. J. Corey and W. C. Taylor, ibid., 86, 3881 (1964). 
(10) A. M. Winer and K. D. Bayes, J. P h p .  Chem., 70, 302 (1966). 
(11) E. McKeown and W. A. Waters, J .  Chem. SOC. B ,  1040 (1966). 
(12) H. H. Wasserman and J. R. Scheffer, J. Amer. Chem. SOC., 89, 3073 

(13) A. M. Trozaolo and 9. R.  Fahrenholtz, Ann. AT. Y .  Acad. Sci., 171, 

92, 5216 (1970). 

(1967). 

61 (1970). 
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radicals, l4  and the base-induced decomposition of 
peroxyacetylnitrate. l5 

We have shown that certain exothermic reactions of 
ozone with organic compounds also give singlet ox- 
ygen.16-19 These observations have important con- 
sequences for air pollution studies, since ozone con- 
tinues to be regarded as an important and highly toxic 
air pollutant. Because many of these reactions occur 
under very mild conditions and offer a very convenient 
and efficient source of singlet oxygen, we have sought 
to use them to study the possible intervention of singlet 
oxygen in some photodynamic reactions. 

One such exothermic reaction is that between ozone 
and triphenyl phosphite, first studied by Thompson,20 
and shown by us16-18 to give singlet oxygen. We have 
recently foundz1 that the triphenyl phosphite-ozone 
adduct reacts with simple dialkyl disulfides to pro- 
duce thiolsulfinates and sometimes thiolsulfonates. 
These reactions were studied as models for photody- 
namic action in biological molecules containing the cys- 
tine residue. 

Interpretation of these results requires consideration 
of the singlet oxygen mechanism previously ob- 

and a bimolecular mechanism involving 
the phosphite-ozone adduct and a disulfide molecule. 
This latter type of mechanism has been suggested for 
the reaction between the phosphite ozonide and tetra- 
methylethylenezZ and for the corresponding reaction 
with cis- and trans-diethoxyethylene~.~~ Also, Koch 
has shownz4 that certain substrates can induce the 
decomposition of the phosphite ozonide via a bimolec- 
ular reaction, although this work cannot distinguish 
between a direct donation of the oxygen and the inter- 
vention of free singlet oxygen in the oxidation step. 
Thus, whether the ozonide will give singlet oxygen by 
unimolecular decomposition or perhaps via induced 
decomposition may depend upon substrate concentra- 
tion in some cases. 

To facilitate the interpretation of the results using 
the phosphite ozonide we have also subjected the di- 
sulfides to photosensitized oxidation. The only other 
reported case of attempted photooxidation of a non- 
cyclic disulfidle is that for diphenyl disulfide, which was 
found to be inert to these reaction  condition^.^^ Among 
cyclic disulfides, 1 and 2 were also found to be inert to 
photosensitized oxidationz5 while 3 gives the corre- 
sponding cyclic thiolsulfinate 4.26 

On the other hand, there are a number of reports of 

(14) J. A. Howard and K. A.Ingold, J .  Amer. Chem. SOC., 90, 1956 
(1968). 

(15) R. P. Steer, K. R. Darnall, and J. N. Pitts, Jr., Tetrahedron Lett., 
3765 (196s). 

(16) R. W. Murray and M. L. Kaplan, J .  AmeT. Chem. Soc., 90, 537 
(1968). 

(17) R. W. Murray and M. L. Kaplan, ibid., 90, 4161 (1968). 
(18) R. W. Murray and M. L. Kaplan, ibid., 91, 5358 (196s). 
(19) R. W. Murray, W. C. Lumme, Jr . ,  and J. W.-P. Lin, ibid., 92, 3205 

(20) Q. E. Thompson, ibid., 83, 846 (1961). 
(21) R. W. Murray, R. D. Smetana, and E. Block, Tetrahedron Lett., 

289 (1971). 
(22) P. D. BartXett and G. D. Mendenhall, J .  Amer. Chem. Soc., 92, 210 

(1970). 
(23) A. P. Schartp and P. D. Bartlett, ibid., 92, 6055 (1970). 
(24) E. Koch, Tetrahedron, 26, 3503 (1970). 
(25) C. H. Krauch, D. Hess, and G. 0. Schenok, unpublished work quoted 

(26) J. A. Barltrop, P. M. Hayes, and M. Calvin, J .  Amer. Chem. Soc., 

(1970). 

in K. Gollnick, Aduan. Photochem., 6 ,  110 (1968). 

76, 4348 (1954). 
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monosulfides being photooxidized to the corresponding 
sulfoxides. 25,27 fZ8 

Results and Discussion 
As indicated in Table I, photosensitized oxidation 

of the dialkyl disulfides leads to good yields of the cor- 

TABLE I 
RESULTS OF PHOTOSENSITIZED OXIDATION OF VARIOUS 

DIALKYL DISULFIDES 
--Reaction conditions-- 

Oxygen 
absorbed 

Substrate per mole -Yield,b %- 
RSSR Time, Temp,a of RSSR RSSR 

Registry no. R = min OC disulfide 0 OX 
110-06-5 (CHa)aC 215 0 0,551 75c 0 
882-33-7 C6H6 53 0 0 0 0 
624-92-0 CHs 135 0 0 56 60 13 

CHs 60 25 0 . 4  69 8 
110-81-6 CzH6 205 0 0.514 48.7O Trace 
629-19-6 CHaCHCHs 352 17-21d 0.454 73 

(CHs)sC 271 13-17d 0.620 63' 
(CHa)ae 270 15-20d 0.04 2 . 3  0 
(CHs)aCf 270 15-17d 0.113 3 . 1  0 

a Bath temperature unless otherwise stated. Determined by 
gpc analysis using an internal standard. Isolated yield. 
d Reaction mixture temperature. In the presence of a 3 molar 
excess of DABCO. f In the presence of an equimolar amount 
of DABCO. 

responding thiolsulfinates. In  the case of dimethyl 
disulfide the thiolsulfinate undergoes a thermal dis- 
proportionation reaction to thiolsulfonate and disul- 
fide. Traces of thiolsulfonate were also evident in the 
diethyl disulfide case. This side reaction appears to be 
analogous to that observed for aryl t h i o l s ~ l f i n a t e s ~ ~ - ~ ~  
and alkyl thiol~ulfinates~~ synthesized by nonoxidative 
processes. The thiolsulfonates are not further photo- 
oxidation products of the thiolsulfinates, since we have 
shown in a separate experiment that the thiolsulfinate 
from di-tert-butyl disulfide, for example, is not oxi- 
dized to thiolsulfonate under the reaction conditions. 

The rate of disproportionation observed in the di- 
methyl case is faster than that observed for an authentic 
sample of thiolsulfinate synthesized by a nonoxidative 
procedure. The presence of a small impurity peak in 
the nmr coupled with the observation that addition 
of a trace of pyridine decreased the rate to that of the 
authentic sample suggests that a small amount of an 
acidic impurity is responsible for the observed differ- 

(27) C. 8. Foote, R. W. Denny, L. Weaver, Y .  Chang, and J. Peters, 

(28) C. 9. Foote and J. W. Peters, J .  Amer. Chem. SOC., 98, 3795 (1971). 
(29) H. J. Backer and H. Kloosterziel, Red.  Trau. Chim. Paus-Bas, I S ,  

(30) D. Barnard, J .  Chem. SOC., 4675 (1957). 
(31) C. J. Cavallito, J. H. Bailey, J. 8.  Buck, and C. M. Suter, J .  Amer. 

(32) P. Koch, E. Ciuffarin, and A. Fava, ibid., 9I, 5971 (1970). 
(33) E. Block, unpublished results. 

Ann. N .  Y .  Acad. SA., 171, 139 (1970). 

129 (1954). 

Chem. SOC., 66, 1950, 1952 (1944). 
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ence in disproportionation rates. Distillation of the 
crude thiolsulfinate leads to no improvement in this 
situation, presumably because of further decomposition 
of the unstable thiolsulfinate. 

Kice and coworkers34 have shown that the acid-in- 
duced disproportionation of aryl thiolsulfinates is 
catalyzed by sulfide. The mechanism given for this 
reaction calls for a rate-determining nucleophilic at- 
tack of the sulfide on the protonated thiolsulfinate. 
Operation of a similar mechanism in the present work, 
where disulfide acts as the nucleophile and a trace 
impurity acts as the acid, could explain the observed 
relative stability of the thiolsulfinate products toward 
the disproportionation process. Thus methyl meth- 
anethiolsulfinate is most troublesome, presumably 
because the S-S bond is most susceptible toward 
nucleophilic attack. On the other hand, tert-butyl 
dert-butanethiolsulfinate is formed and retained with- 
out contamination by the disproportionation product 
thiolsulfonate because steric factors make it highly 
resistant to nucleophilic attack.35 

The products of these reactions therefore are the 
same as those obtainedz1 when the triphenyl phosphite 
ozonide is used. As reported previously,z6 we have 
found that diphenyl disulfide is riot oxidized under the 
conditions used. 

Evidcnce that the oxidations involve singlet oxygen 
comes from the observation (Table I) that the oxida- 
tion of di-tert-butyl disulfide can be essentially pre- 
vented, or severely retarded, in the presence of a 3 M 
excess or an equimolar amount, respectively, of the 
known36 singlet oxygen quencher, 1,4-diazabicyclo- 
[2.2.2]octane (DARCO). 

The oxidation reaction does not involve cleavage of 
the disulfide bond. When di-tert-butyl disulfide and 
diisopropyl disulfide were cooxidized, no mixed thiol- 
sulfinate (e.g., tert-butyl isopropanethiolsulfinate) was 
formed along with the tert-butyl and isopropyl thiol- 
sulfinates. 

The reaction presumably proceeds via the formation 
of an intermediate zwitterion 5 from the disulfide and 
singlet oxygen, which can then react further with an- 
other molecule of disulfide to give two molecules of 
thiolsulfinate. This mechanism is analogous to that 
invoked to explain the Photosensitized oxidation of 
sulfides. In  that case, the intermediate was formulated 
as 6 by Schenck and I < r a u ~ h , ~ ~  although the alternative 
formulation 7 given by Foote, et aZ.,27~28 is more attrac- 
tive. 

00 - 
1 RSSR 

RSSR + 0% ---f R2SR ---f 2RSOSR 
5 

00. 00 - 
1 

RSR 
6 

R$R 
7 

0.5 mol of oxygen is absorbed per mole of disulfide. 
Further experimental support for the presence of 5 
comes from experiments similar to those of Foote'sZ8 
in which diphenyl disulfide is cooxidized with diethyl 
disulfide. In  this case both disulfides are oxidized. 
Since diphenyl disulfide is otherwise inert to the con- 
ditions of photosensitized oxidation, it is presumably 
being oxidized by the zwitterion, 8, produced from 
diethyl disulfide. 

8, hu, 0 2  

PhSSPh no reaction 

00 - 
+ +EtSSEt 

PhSSPh S ,  hu, 0% 1 
t 

EtSSEt 8 

0 

The observation that dialkyl disulfides are photo- 
oxidized to the corresponding thiolsulfinates suggests 
that photodynamic action in biological substrates con- 
taining the cystine residue could occur by a similar 
mechanism. The reported38 very slow photooxidu- 
tion of cystine in the presence of methylene blue may 
be due to the singlet oxygen quenching effects9 of the 
free amino groups. Experiments to test this hypoth- 
esis are in progress. We have also found that a number 
of disulfides related to cystine are oxidized by singlet 
oxygen.4o 

The product thiolsulfinates are interesting them- 
selves, since a large number of dialkyl thiolsulfinates 
have high antibiotic a ~ t i v i t y . ~ ~ ~ ~ ~ ~ ~ ~  The nmr spectra 
of the thiolsulfinates and thiolsulfcnates have several 
interesting features which will be discussed in detail 
elsewhere. 

Experimental Section 
Materials.-Commercial samples of dialkyl disulfides were 

purified immediately before use by distillation. Methylene blue 
and methanol used were Fisher reagent grade. 

Apparatus.-The apparatus used was similar to that described 
in the l i t e r a t ~ r e . ~ ~ , ~ ~  A General Electric DWY 650-W lamp was 
used without filters. The lamp was operated a t  90 V in order to 
reduce the heat generated. 

Nmr Analyses.-Nmr spectra were recorded on a Varian As- 
sociates Model T-60 nmr spectrometer. The spectra were re- 
corded in CCld solution using TMS as internal standard unless 
otherwise indicated. 

Gpc Analyses.-Gpc analyses were carried out on a Hewlett- 
Packard Model 5730 gas-phase chromatograph using a 6-ft, 
10% silicone rubber (UCW-98) on 45-60 mesh Chromosorb W 
column. 

Chemical shift values given are 7 values. 

This proposed mechanism is supported by the data 
given in Table I, which indicates that npproximatcly 

(34) J. L. Kim, C. G. Genier, G. B. Large, and L. Heasley, J .  Amer. Chem. 

(35) We are indebted to  Professor A. Fava for helpful discussions relative 

(36) C. Oannes and T. Wilson, J .  Amer. Chem. SOC. 90, 6828 (1968). 
(37) G. 0. Schenck and C .  13. Krauch, Chem. Ber., 96, 517 (1963). 

SOC., 91,2028 (1969). 

to  this point. 

(38) L. Weil, Arch. Biochem. Biophys., 110, 57 (1965). 
(39) E .  A. Ogryalo and C. W. Tang, J .  Amer. Chem. Soc., 98, 5034 (1970). 
(PO) R. W. Murray and 9. L. Jindal, Pholochem. Photobiol., 16, 147 (1972). 
(41) C. J. Cavallito and L. D. Small, U. 8. Patent 2,508,745 (1950); 

(42) L. D. Small, J. H. Bailey, and C. J. Cavallito, J .  Amer. Chem. Soc., 

(43) C. S. Foote, S. Wexler, W. Ando, and R. Higgins, ibid., 90, 975 (1968). 
(44) K. Gollniok and G. 0. Schenck in "1,4-Cycloaddition Reactions," 

Che,m. Abstr., 44, 9977 (1950). 

69, 1710 (1947). 

J. Hammer, Ed., Academic Press, New York, N. Y., 1967, p 255. 
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General Procedure.-The methanolic solution of the disulfide 
was added to a filtered methanolic solution of methylene blue, 
and the solution was then photooxidized a t  the desired tempera- 
ture until the oxygen uptake either stopped or became very slow. 
Reaction conditions and substrates used are listed in Table I. 
Products were analyzed by gpc or tlc. Preparative isolation of 
products was accomplished using gpc, tlc, and distillation. Ex- 
amples of use of this general procedure are given below. 

Photosensitized Oxidation of Di-tert-Butyl Disulfide.-A solu- 
tion of 3.606 g (20 mmol) of di-tert-butyl disulfide in 140 ml of 
methanol was photooxidized in the presence of 0.06 g of methylene 
blue as sensitizer at a bath temperature of 0'. Oxygen uptake 
essentially stopped after 3.5 hr, when 252 ml (11.3 mmol) had 
been absorbed. Gpc analysis of the reaction mixture showed 
the presence of unreacted disulfide and tert-butyl-tert-butane- 
thiolsulfinate. The reaction mixture was concentrated and then 
distilled4s to give 2.8 g (75% yield) of the thiosulfinate, bp 45' 
(0.03 mm) [lit.41 bp 30' (0.05--0.1 mm)]. The infrared spectrum 
of the product had absorptions a t  3.38, 6.81, 6.88 (doublet), 
7.34, 8.56, and 9.28 p (S=O). The product had n 2 b  l..5040 
(lit.46 n Z 5 ~  1.5060). The nmr spectrum showed two singlet 
absorptions at 7' 8.47 and 8.68 which were assigned to the tert- 
butyl groups adjacent to the sulfoxy and ether sulfur groups, 
respectively. The thiosulfinate could also be isolated by prepar- 
ative tlc on silica gel F of 1.7,5-mm thickness. 

In a separate experiment di-tert-butyl disulfide was photo- 
oxidized a t  -68" with subsequent addition of dimethyl disulfide 
after the lamp had been turned off and the low temperature 
maintained. Analysis of this reaction mixture both a t  low tem- 
perature and a t  room temperature showed that the dimethyl 
disulfide had not been oxidized to methyl methanethiolsulfinate. 

Several experiments were run to determine whether oxygen was 
evolved upon warmup of the oxidation mixture. Oxidation of 
21.4 mmol of di-tert-butyl disulfide a t  -60, -70, and -85' until 
ca. 16 mmol of oxygen had been absorbed was followed by subse- 
quent warmup and oxygen measurement. In all cases no evolved 
oxygen could be detected. 

Photosensitized Oxidation of Diisopropyl Disulfide.-A solu- 
tion of 3.115 g (20.7 mmol) of diisopropyl disulfide in 150 ml of 
methanol was photooxidized in the presence of 0.067 g of meth- 
ylene blue a t  17-21'. The reaction had essentially stopped when 
210 ml (9.40 mmol) of 0% had been absorbed. The reaction mix- 
ture was Concentrated on the rotary evaporator to give an oily 
residue. Distillation of this residue gave isopropyl isopropane- 
thiolsulfinate, bp -37" (0.015 mm) [lit.41 bp 28-30' (0.1 mm)]. 
The infrared spectrum had absorptions a t  3.3, 7.2, 8.0, 8.7 and 
8.8 (doublet), 9.2, 9.4, 9.6, 10.35, 11.35, and 12.6 p.  The nmr 
spectrum had absorptions at  T 8.65 (doublet, 6 H), a pair of over- 
lapping doublets at, 8.5 (6 H),  and a pair of multiplets a t  6.92 
(1 H )  and 6.45 (1 H). The yield as determined by gpc was 730j0. 
Tlc analysis of a reaction mixture which had been standing for 2 
days showed the presence of a small amount of isopropyl iso- 
propanethiolsulfonate. This could be isolated using preparative 
tlc. It had infrared absorptions at  3.35, 6.8, 7.18, 7.29 (dou- 
blet), 7.52, 7.58 (doublet), 7.85,8.6,8.85,9.45, 10.6, 11.35, 14.,5, 
and 14.85 p .  The nmr spectrum consisted of a doublet a t  T 8.62 
(6 H, J = 7 Ha), a doublet a t  8.55 (6 H, J = 7 Ha), and a pair of 
multiplets a t  6.63 (2 H). 

Photosensitized Oxidation of Diethyl Disulfide.-A solution of 
2.937 g (24.7 mmol) of diethyl disulfide in 150 ml of methanol 
was photooxidized in the presence of 0.05 g of methylene blue. 
The bath temperature was 0'. Reaction was essentially com- 
plete after 3.5 hr, when 285 ml (12.7 mmol) of oxygen had been 
absorbed. The reaction mixture wag concentrated and dis- 
tilled and the thiolsulfinate was isolated by preparative tlc. The 
yield was 48.7%. The product had bp 33' (0.12 mm) [lit.41 bp 
52" (0.2-0.3 mm)] and n*6~ 1.5203 (lit.41 n% 1.524). The infra- 
red spectrum had bands at 3.4, 6.9, 7.3, 7.85, 9.25, 9.75, 10.3, 
12.88, and 13.2 p .  The nmr spectrum had two multiplets 
absorptions at  T 8.63 (3 I€) and 8.55 (3 H) and a pair of multi- 
plets centered a t  7.0 (4 H). 

Gpc and infrared analysis of the crude product showed the 
presence of the thiosulfonate, but there was not a sufficient quan- 
tity present to permit its isolation. 

Photosensitized Oxidation of Dimethyl Disulfide.-A solution 
of 1.739 g (18.7 mmol) of dimethyl disulfide in 130 ml of methanol 
was photooxidi:sed at  room temperature in the presence of 0.1 g of 

(45) We thank Mr. Daniel Kleypas for carrying out this experiment. 
(46) D. Barnard and L. Bateman, J .  Chem. Soc., 5339 (1961). 

methylene blue. After 1 hr, 162 ml (7.2 mmol) of oxygen had 
been absorbed and the reaction was essentially complete. The 
reaction mixture was analyzed by gpc using dodecane as an inter- 
nal standard. It showed the presence of unreacted disulfide as 
well as methyl methanethiolsulfinate (69y0 yield) and methyl 
methanethiolsulfonate (8y0 yield). The thiolsulfinate was some- 
what unstable to distillation, gpc, and tlc analysis. In some cases 
thiolsulfinate and thiolsulfonate were obtained by distillation for 
further analysis. In every case the thiolsulfinate underwent 
disproportionation to disulfide and thiolsulfonate while standing 
at  room temperature. The thiolsulfinate had bp 28" (0.2 mm), 
distillate not pure [lit.2e bp 5646.5" (1.5 mm)], and nZ4 6~ 1.5305 
(lit.*e n17D 1.5615). The thiolsulfonate had bp -45" (0.001- 
0.005 mm) [lit.47 bp 115' (13 mm)] and n% 1.5104 (lit.47 n Z 6 ~  
1.5112). The thiolsulfinate had nmr absorptions at  T 7.09 
(singlet, 3 H) and 7.40 (singlet, 3 H).  The thiolsulfonate had 
singlet absorptions a t  T 7.35 (3 H) and 6.80 (3 H). 

A comparison of the rate of disproportionation of the thiol- 
sulfinate obtained with that for a sample of thiolsulfinate synthe- 
sized by a nonoxidation procedure indicated a higher rate in the 
present case. It is felt that this may be due to the presence of a 
trace impurity indicated by a small peak in the nmr spectrum. 
Addition of a small amount of pyridine decreased the rate of 
disproportionation to the rate for the authentic sample, perhaps 
suggesting that the trace impurity is acidic. 

Attempted Oxidation of Diphenyl Disulfide.-A solution of 
3.19 g (16 mmol) of diphenyl disulfide in 145 ml of methanol was 
photolyzed in the presence of 0.06 g of methylene blue a t  a bath 
temperature of 0". After 53 min of photolysis no oxygen had 
been absorbed. 

Joint Photosensitized Oxidation of Di-tert-butyl Disulfide and 
Diisopropyl Disulfide.-A solution of 1.7 g (9.2 mmol) of di-tert- 
butyl disulfide and 0.752 g (5 mmol) of diisopropyl disulfide in 
150 ml of methanol was photooxidized in the presence of 0.009 g 
of methylene blue at  a bath temperature of 0'. Oxidation was 
continued for 50 min, at which time 88 i d  (3.4 mmol) of oxygen 
had been absorbed. Gpc analysis of the reaction mixture showed 
the presence of unreacted disulfides as well as isopropyl iso- 
propanethiolsulfinate and tert-butyl tert-butanethiolsulfinate 
and the isopropyl isopropanethiolsulfonate. No products of 
exchange reactions (e.g., isopropyl tert-butanethiolsulfinate or 
tert-butyl isopropanethiolsulfinate) could be detected. 

Photosensitized Oxidation of Di-tert-butyl Disulfide in the 
Presence of 1,4-Diazabicyclo [2.2.2] octane (DABCO).-A solu- 
tion of 3.63 g (20 mmol) of di-terf-butyl disulfide in 100 ml of 
methanol was photooxidized in the presence of 0.82 g of methylene 
blue and 9.29 g (82.9 mmol) of DABCO. Gpc analysis of the 
reaction mixture showed a 2 -35% yield of the thiolsulfinate. 
When the same reaction was repeated with 2.25 g (20 mmol) of 
DABCO present a 3.i3yO yield of the thiolsulfinate was ob- 
tained. 

Attempted Photooxidation of Di-tert-butyl Thiolsu1finate.- 
A methanolic solution of 0.118 g (0.61 mmol) of tert-butyl tert- 
butanethiolsulfinate and 0.038 g of methylene blue was photo- 
lyzed at  a bath temperature of 0'. After 70 min, there had been 
no oxygen uptake. 

Joint Photosensitized Oxidation of Diphenyl Disulfide and 
Diethyl Disulfide.-A solution of diphenyl disulfide (6.30 g, 30 
mmol), diethyl disulfide (0.70 g, 5.7 mmol), and methylene blue 
(0.059 g)  in a mixture of benzene (75 ml) and methanol (12j 
ml) was photooxidized at  room temperature for 16.5 min. Oxy- 
gen was bubbled through the reaction solution a t  a rate of 250 
ml/min. Solvent was removed under reduced pressure and the 
residue (7.20 g) was analyzed by tlc on silica gel using CHzClz 
as solvent. Ethyl ethanethiolsulfinate was separated and iden- 
tified as described above. The presence of phenyl benzene- 
thiolsulfinate and phenyl benzenethiolsulfonate was confirmed by 
comparing tlc Ri values with those of authentic samples prepared 
by oxidizing diphenyl disulfide with HzOz. Samples of phenyl 
benzenet,hiolsulfinate and phenyl benzenethiolsulfonate were sepa- 
rated from the reaction mixture by dry column chromatography 
on silica gel (Woelm, activity 111, 3 in. flat diameter, 36 in. long). 
The products were identified by comparing infrared, nmr, and 
tlc Rf data with those of the authentic samples. 

When the product phenyl benxenethiolsulfinate was subjected 
to glc analysis, only peaks corresponding to diphenyl disulfide 

(47) I. D. Douglas and $3. S. Fa,rah. J .  Org. Chem., 84, 993 (1959). 
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and phenyl benzenethiolsulfonate were obtained. This glc dis- 
proportionation behavior was confirmed with an authentic 
sample of phenyl benzenethiolsulfinate. 
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The new compounds 0-pivaloyl-, 0-(p-nitrobenzoy1)-, and 0-(m-chlorobenzoy1)hydroxylamine as well as t'he 
previously prepared 0-acetyl-, 0-benzoyl-, and 0-mesitoglhydroxylamines have been prepared in order to study 
their behavior with various nucleophiles. Because of the propensity of most 0-acylhydroxylamines to isomerize 
to hydroxamic acids, attent,ion was given to the bulky 0-pivaloyl and 0-mesitoyl compounds. 0-Pivaloyl.. 
hydroxylamine does transfer nitrogen to iodide ion (product is iodine), dibenzylamine (product is N,N-dibenzyl- 
hydrazine), and triphenylphosphine (product is iminotriphenylphosphorane). Nevertheless, olefins fa.il to reart 
in the presence of 0-acylhydroxylamines. Preferential isomerization of the 0-acyl compounds to the corre- 
sponding hydroxamic acids occurs even when the highly substituted tetramethylethylene is t'reated with the 
bulky 0-pivaloylhydroxylamine. Although 0-mesitoylhydroxylamine does not isomerize, it decomposes to 
mesitoic acid when heated with or without an olefin (cis-3-hexene). 

In  an effort to develop a new and economical method 
for preparating 5-unsubstituted aziridines from ole- 
fins, a study has been undertaken of the ability of 
O-acylhydroxylaminesl" to transfer nitrogen. O-Acyl- 
hydroxylamines (1) are nitrogenous analogs of or- 
ganic peracids (2) and, like the latter, have the poten- 

O--H 
\ RC' \o/o 

1 2 

tial to react with various nucleophilic regents. Never- 
theless, there are surprisingly few reports of nucleo- 
philic reactions on 0-acylhydroxylamines and, indeed, 
few 0-acylhydroxylamines have even been prepared 
and characterized. 

There is only a meager amount of literature citing 
the attack of nucleophiles upon 0-acylhydroxylamines. 
Treatment with potassium iodide liberates iodine 
(eq 1 ) . 2  Also documented are the reactions of 

I-, Hz0 
I + I- 2 RCOJl + [HzNI] - NHs + IZ (1) 

0-mesitoylhydroxylamine [0-(2,4,6-trimethylbenzoyl)- 
hydroxylamine] with secondary amines to give hy- 
drazides, and with sulfonamides to  give sulfohydra- 
zides. 0-acylhydroxylamines are known to rear- 
range to the thermodynamically more stable N-acyl 
compounds, hydroxamic acids. Since Jencks has 
foundj that hydroxylamine often is acylated at the 
oxygen end of the molecule, this rearrangement must 
be at  least partly responsible for the finding that direct 
acylation gives only the hydroxamic acid as an isol- 
able entity. In  order to minimize the isomerization 
(1) (a) National Research Council-Agricultural Research Service Post- 

doctoral Research Associate, 1970-1972; (b) Eastern Marketing and Nutri- 
tion Research Division, Agricultural Research Service, U. S. Department of 
Agriculture; (0) for  brevity, the term "acyl" is to be taken to  include various 
"aroyl" groups as well. 

(2) (a) G. Zinner, Angew. Chem., 7 2 ,  76 (1960); (b) P. A. 8. Smith, H. R. 
Alul, andR.  L. Baumgarten, J .  Amer. C h e n .  Soc., 86, 1139 (1964). 
(3) L. A. Carpino, zbzd., 82, 3133 (1960). 
(4) L. A. Carpino, J .  Org.  Chen., 50,  321 (1965). 
(5) W. P. Jencks, J .  Amer. Chem. Soc., 80,4581,4584 (1958). 

of 0-acylhydroxylamines, the carbonyl group must be 
protected by sufficient bulk in its vicinity. Carpino 
has shown3 that such stability is imparted by a mesityl 
group. In  the present work the tert-butyl group was 
relied upon to provide similar stability to the product. 

Results and Discussion 

If hydroxylamine is acylated initially upon its oxy- 
gen, and if the tert-butyl group provides the necessary 
stability to the 0-acylated material, then treatment 
of hydroxylamine with pivaloyl chloride (trimethyl- 
acetyl chloride) should constitute a simple, direct pro- 
cedure for the synthesis and isolation of O-pivaloyl- 
hydroxylamine. Although the tert-butyl group does 
provide some stability toward isomerization (see below), 
the reaction of pivaloyl chloride with hydroxylamine 
gave the N-pivaloylhydroxylamine (pivalohydroxamic 
acid) as the only product. Since the direct synthesis 
appeared inadequate, indirect methods were necessary. 

The two  procedure^^^^ that we followed to obtain new 
0-acylhydroxylamines both relied on initial addition of a 
blocking group upon the nitrogen of hydroxylamine, 
then 0-acylation, and finally removal of the nitrogen 
block. For this study the known compounds 0- 
benzoyl- and 0-mesitoylhydroxylamine were prepared, 
as well as the new compounds 0-pivaloyl-, O-(.l-nitro- 
benzoyl)-, and O-(3-chlorobenzoyl)hydroxylamine. A 
variety of new compounds classified as intermediates 
in the synthetic procedures were also synthe~ized.~ 

We found that both the new and the reported "bulky" 
0-acylhydroxylamines do in fact suffer some decom- 
position. Solutions of 0-pivaloylhydroxylamine in 
chloroform are stable a t  room temperature for longer 
than 1 month, but the neat free base does isomerize 
to pivalohydroxamic acid within hours a t  room tem- 
perature and over Dry Ice within 1 week. We found 
that 0-mesitoylhydroxylamine has a tendency to re- 
vert to the carboxylic acid upon heating. 

(6) L. A. Carpino, C. A. Giza, and B. A. Carpino, zbzd., 81, 955 (1959). 
(7) G. Zinner, Arch. Pharm. (Ve'eznhezm), 298, 657 (1960). 
(8) Attempts to  carry some of these compounds through to 0-acylhy- 

droxylamines failed. 


