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ABS TRACT 

Some chemical and photochemical observations of 1,2-dithiolane and i ts 

derivatives a re  reported with par t icular  reference t o  the possible mode of 

function of the naturally occurring system, 6-thioctic ac id .  Experimental 

evidence i s  presented t o  demonstrate tha t  the s t r a i n  energy in t h i s  gomembered 

r ing  i s  not l e s s  than 6.5 Kcals. and probably larger .  Reagents which both 

d d i z e  and reduce t h i s  r ing are  described together ~ 5 t h  the  conditions required 

f o r  i t s  ref ormation from the corresponding d i th io l  . Evidence i s  adduced t o  in- 

dicate t h a t  the priman product of photolysis of t h i s  r ing  in ace t ic  media i s  

very l i k e l y  a t h i o l  and suLPenic acid o r  derivative thereof.  
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Although plants which are  allowed t o  photosynthesize i n  cUo2 rapidly 

assimilate labelled carbon i n t o  a aer ies  of cmpo-ads, very l i t t l e  of" the C 
u 

f inds  i t s  way i n t o  the intermediates of %he e e b s  tricaf.$mylic acid cyele 

during illumination. E, a f t e r  a period of photosynthesis, the l igh t  is  turned 

of f ,  the c m p o ~ . ~ ~ d s  of the ILrebs cycle rapidly become labelled .' Thus there is 

(13 A .  A .  Benson and N, Calvin, J . E ~ p t l .  Bat . , 2, 63 (19501 

a react ion path linking the photosynthesis and b e b s  cycles which becomes 

2 q L 5 6  blocked during i l luminat i  on. With the diaeovery 9" ' ? that 6-tkdioetic acid 

(2 1 L. J. Reed, I, C .  Gunsalusr, 

(3 1 E. L. Patterson, e t  a 1  ., J ,  

(4 1 I. C , Gunsalus , L. S trugl ia  
(1952) 

e t  al, J, Am. Chen. Soeo,  2, 5920 (1951). - - 9  

Bm. Chem, Soc . , a, 5919 (1951) 

and D. I. OgHane, J .  Bfol. Chem., a, 859 

(5  L, J, Reed, B . G, DeBusk, 3 .  Am. Chem. Soe ., &, 34.57 (1952). 

(6 1 M. W. Bd.lock, e t  a l . ,  J .  Am. Chem. Soc., a, 3455 (1952). 



is  a coenzyme f o r  the oxidative deca?bmyIatf on of 1pyrutta$e t5 actfm acetyl  

-9 
groups, which through CoA feed carbon into the &ebs cycle,778 CalvLn and W s e i n l  

(7 1 S. O o h o s ,  J .  B. Stern, M. C. Schneider, J .  Biol. Chem., 691 (1951). 

- - 

suggested t ha t  the process couad be fomu3alatad thus: 

Moreover, since the coenzyme must be present in its oxidized form in 

order tha t  the  axidation of py"ruvfe acid may proceed, L b s e  au%hors suggested 

%ha% %ha reducing pwer formed fn .&he pmseniee of Light shifted the sfisady-sbate 

condf %ions af %he coenzyme t3ward i ts  reduced (df thiol)  f o m  and thus reduced 

the ra te  a t  which intermediates of the photosynthatie cyc le  entered %he TCA 

system. B f ,  this point, spechens of the isomeri c 4-, 5-, and &-thf octic acids 

became asmilable t o  through. the courtesy 0.f Dr. T, H, Jukes of Iederle 

hboratorfes  . The u.v, absmptf on spectra of these cqour rda  (Figuse 2 )  showed 

a displacement of %he absorptfor, peak t o  prsgress2~.rely longer wave lengths as 

the sf ze of the disulfide r i n g  d5mfr:f shed a $enomenon whieh nnSgh-G wel l  be due 

t o  ring-strain, E one supposes tha t l  the a b a ~ r g t i s n  band is due t o  a  t rans i t1  on: 



then assuming t o  a first 

df su l f ides  have the same 

a l l  reach the same point 

a p p r d a t i o n  tha t  the excited s ta tes  of a l l  the 

energy e m e s  (Fi gure 2) and t h a t  the transit ions 

on the upper curve, the differences in max would 

correspond t o  differences in the 

s t r a i n .  On t h i s  basis  the s h i f t  

phatic d i s d f i d e s  t o  h - ==. 

energies of the ground s ta tes  - i .e ,, t o  r ing 

from A max = 2500 1 f o r  s t raight  chain a l l -  
o 

3300 A f o r  6- thi  oc t ic  acid implies tha t  the 

l a t t e r  experiences a s t r a i n  of B. 25-30 Kcals. ( A  = A6 + % i n  Figure 21, 

and t h a t  hence the dissociation enerey of the -S-S-bond (% ub Figure 2) w i l l  be 

reduced by a l i k e  amount. Any difference (A i n  Figure 2 )  i n  the energy of the 
U 

excited s t a t e  reached in t h e  r ing canpound from t h a t  reached i n  an open chain 

compound w i l l  have t o  be subtracted from t h i s  value. The published values 

f o r  D (R-SS-R) vary from 5010 - 7 0 ~  Kcals; thus the  r ing s t r a in  might reduce 

(10) A, H . Sehon, J . Am. Chem. Soc . , 2, 4.723 (19%); No L o  Huggins J- 

Chem. S oc . , a, 4925 (1953) 

(11) J . L. Franklin and H . E. krmpkin, J . Am. Chem. Soc . , a, 1024 (1952) . 

the dissociation energy of' the r ing S-S- bond t o  m. 30-@ Kcals. There i s  

another qui te  independent method of estimating the s t r a i n  i n  t h i s  r ing based 

upon ptwely s t ruc tura l  coneiderati ons, together with some measured single bond 

ro ta t ional  bar r ie rs  . Of prime consi deration i s  the apparent l2 913 requirement 

(12) D . W, Scott ,  H , L. Finke, M, E , Gross, G . B . Guthrie and H . PI. Huffman, 
J, Am. Chem. Soc., z, 24.24 (1950) ., 

(13) D .  W.Scott, H .  L.Ffnke, J. P.HcCullough, M . E . G r o s s , R . E .  Pennington 
and Guy Waddington, J. Am. Chem. Soc., 3, 2478 (1952). 



t h a t  the stable configuration about the S-S bond be the one having the dihedral 

angle equal t o  90' and a ro ta t iona l  barr ier  of a t  l e a s t  10 Kcal. This bar r ie r  

i s  presumably i n  the 180' or  t rans position. The 0' o r  c i s  position whioh would 

be the one demanded i n  the t r h t h y l e n e  disulfide r ing might be expected t o  have 

a somewhat higher barr ier .  A similar qualitative suggestion was made by Affleck 

and ~ o u ~ b e r t ~ ~  based 

(15) J, G. Affleck 

upon observations of the re la t ive  s t a b i l i t y  of a se r i e s  

G, Dougherty, J. Org. Chem., u, 865 (1950). 

of polymethylene disulfides.  We do not propose here t o  elaborate fur ther  on 

the orfgfn of t h i s  bar r ie r  but sfmply to  suggest t h a t  it is a t  l e a s t  par t ly  due 

to  the repulsion between the two non-bonding pa i rs  of primarily 2 electrons on 

the sulfur atoms. l5 916 ,17 Presumably it i s  the changing hybridization of these 

(15) L. Bauling, Proc. Rat. Acad. Sci.,  3, 495 (1949). 

(16) E, M. Lassettre and L, B. Dean, J, Chem, Phys., ;7;2> 317 (1949). 

417) K. S. Pitzer  , Farad. Sac. Disc. , 1951, *Hydro~arbons,'~ 

and the non-bonding p electrons as w e l l 9  which i s  induced by the geometrical 

requirements of the r ing which is  responsible f o r  the s h i f t  i n  u l t rav io le t  ab- 

sorption. An examination of the constitution of t h i s  r ing shows that  the 

l a rges t  dihedral angle t h a t  it i s  possible to achieve without major changes i n  

the C-C bond i s  approximately 45'. Under this circumstanze , the three pairs 

of methylene hydrogens l i e  opposed to  each other i n  a posit ion of maximum 

potent ial  energy a s  judged from considerations of the ro ta t iona l  bar r ie rs  i n  
12 

ethane and propane. Bitzes has given the potent ia l  bar r ie r  f o r  the ro ta t ion  
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of a methyl group i n  propane a s  3,4 Koals, 5% we take a m i a h  of 6 Koals. f o r  

the 6 H  (six) repulsions and use a cosine law with a maximum of 10 K e a l ~ ,  $0 es- 

timate the potent ial  energy remaining i n  the S-S bond a t  a dihedral angle which 

approaches 45' (5 Kcals.) we arr ive a t  a minimum s t ra in  energy of approximately 

11 Keals. I n  view of the great u m e r + ~ f n t y  in the n o m l  S-S bond energy it does 

not seem f r u i t f u l  la pursue these e s t h a t e s  m y  further. 

The evidence i s  that l i g h t  absorbed by the ckdorophyll and associated 

pigments in plants  is passed on ascpantia of l e s s  than LO Kcals, of energy, and 

t h i s  led  d i r ec t ly  to  the n o t h n  tha t  6-thfoctic acid was itself" the substance 

involved i n  the conversion of the e l e c t r o ~ g n e t i e  energy of the quantum in to  

chemical bond energy and that  the process of quantum conversion i n  photosynthe- 

sis was the f i s s ion  of the disulfide bond of &%XZio~ti~ asid t o  give the di- 

t h i y l  r ad ica l ,  i .e . 

Suggestions as to the subsequelrat transformations of the d i ~ a d i c a l  have 

already been outlined i n  a preliminary c o ~ i c a t i o n . ' 8  The purpose of the 

present paper i s  t o  describe in d e t a i l  some of the e x p s h n t s  mentimed there 

a s  w e l l  a s  new ones? and t o  amend and amplify the suggestions. 

I n  order tCQ assess the probabili ty of the ~ e s e d i n g  ideas,  it became 

necessary t o  learn  somet%g of the fmdamtntal properties of dithiolane r ing 

systems. Since 6-thioctic acid i s  d i f f i c u l t  t o  prepare, trimethylene disulfi.de 



(dithiolane) (I, R = H) was selected as  a model substance. It had been 

prepared by Affleck and ~ o u ~ b e r t ~ ~  from the bis-Bunte s a l t  derived from 

trime thylene dibromi.de , but we were not aware of t h i s  a t  the time. The only 

CH2 / \ 
CH2 

's-s /CH - 

previous work on t h i s  substance was recorded by Hagelberg19 and dutenrieth 

(19) L. Hagelberg, Ber. , a, 1086 (1890) . 

and IJolff2O who describe it a s  a colorless crystal l ine substance m.p. % 

- 

(20) W . Autenrie t h  and K. Wolff , Ber . , 3, 1368 (1899) . 

71-75' , and which the l a t t e r  

dibromide was condensed with 

authors believed t o  be a dimer . Mhen trime thylene 

sodium disulf ide i n  aqueous ethanol and the ethanol 

evaporated, the d i s t i l l a t e  had a bright yellow color l i ke  f i t h i o c t i c  and a 
0 

u.v. absorption spectrum which showed a peak a t  )(- 3300 A and had a general 

form almost ident ica l  with 6-thioctic acid. This obeervation l ed  t o  the method 

of i so la t ion  and purif icat ion described in the e x p e r h n t a l  section. A sub- 

stance, almost cer ta in ly  thiacyclobutane was formed a s  a by-product. The tri- 

me thylene disulfide was obtained i n  only 9% yield; the main reaction product 

appears to be the "dimer" of Autenrieth and woIff2O since it can be crystal l ized 



t o  a ~ o l o r l e a s  so l id  mop. E, v', It eas be slowly depo1pr i zed  to  tri- 

methylene disulfide by steam d i s t i l l i n g  with Naps2 and NaOA. 
21 

This, ra ther  

than monomeric trimethylem disulfide,appews t o  Gave been the product ob- 

22 
tained by Yus9ev and h v i  by pyrolysis of" th~a@y@lobutane. 

(22) Y. K.  YurPev snd 1, So Levi, Dakl, Akad, Natak, S S S ,  a, 953 (1950). 

Tetraxiethylene d%suUide similarly prepared arid described by Affleck 

and ~ o u g h e r t ~ ~  as an o i l ,  was found to be a c r y s t a l l h e  solid map. 32-33' G o  

i so l a t e  it in a pane s ta te  were -tRsmi.nat@d by po3perization. It was recsg- 

th ioc t ic  acid,  the constittation of which has h e n  established, and also by 

an independent molecraEm weight estimation. The fa@% t h a t  trimffthylene di- 

sulfide is  yellow seems t o  have escaped previous nstiee,  although this seems 

Trirnethlyene disulf'i.de i s  s table  4x1 reduction by sadiun borshydride 



with iodine. This observation a lso  p r o ~ i d e s  proof of structure since it ex- 

cludes the alternative formulation XI (cf .  Backer and Evenhuis23). Trimethylela 

disulfide was also obtained i n  excellent yield from trimethylene d i th io l  by 

oxidizing with a h  i n  the presence of a l k a l i  or  of hydroidic acid,  the latter 

reaction pre~umably depending on the formation of iodine a s  an intermediate. 

The suggestion as formulated e a r l i e r  as t o  the possible function of 

6-thfoetie acid i n  photosynthesis included the photochemical f i ss ion  of the 

-%S- bond in to  th iy l  radicals ,  The polymerization of trimethylene disuLfide 

i n  l i g h t  i s  consistent with the suggestion -- but i n  order t o  obtain more de- 

f f n i t ive  evidence , trim thylene df sulfide was photolyzed i n  an e ther-pentane- 

alcohol glass25 a t  -196' C.  Under these conditions, one could expect that 

-- - 

the tlnfyl radicals  produced by 

reaction (a) became the r ig id  

s ther  and thua recombining and 

and To T, Magel, 

photolysis would 

J, Am. Chem, Soc., a, 3005 

be preserved from further  

solvent would. prevent the i r  approaching eae h 

(b) because a t  the low temperature employed the 

fnsufffeiency of thermal activation energy would prevent the i r  attacking the 

solvent, Hence it should be possible t o  build up a considerable concentration 

of t h i y l  radicals.  When t r i m  thylene disulf ide was photolyz@d under these 

csndftions, a c lear ,  pale salmon-colored glass  resul ted,  which appeared to  be 

stable i n  l iquid N but which on warming a few degrees t o  the point a t  which 
2$ 

the glass  l o s t  its r i g i d i t y ,  rapidly became turbid with p o l p e r ,  The c k i f i e d  

solution now contained more than 5076 of the original  trimethylene disulfide 

(Figure 6 ) .  These re su l t s  are consf s ten t  with the interpretation: 



f"l 
S-S 

warming 
___I) 

S-S ... S S 

Confirmation of the production of f r ee  by photolysing trimethylene 

(26) Since the i n i t i a l  preparation of this manuscript there appeared some 
sonfirmatory evidence f o r  the photo dissociation of aromatic d isu l f ides  
in to  f r e e  radicals.  M. So Kharasch, W. Nudenberg and T. Meltaer, 
J, Org . Chem , 18, 1233 (1953) 

dieulfide was sought by using diph&ylpicryfiydrazyl wMeh is  i t s e l f  a f ree  

rad ica l ,  stable to a i r ,  and which has been used before in the detection of 

radicals.  27 Diphenylpicrylhydrazyl with and without t - h e  thylene disulfide 

(27) C. E, H. B a r n  and So F. h l l i s h ,  Trans, Farad. Soc. a, 1217 (1951). 

solution,was both illuminated and kept in the dark, The  color of the hydrazyl 

faded only when mixed with trimethylem dfsulfide and exposed to  l i gh t  (see Figure 

4). T h i s  r e s u l t  was also consistent with the notion t h a t  t rhethylene d i s U i d e  

on photolysis gave rad ica ls  , the se then reacting with the hydraz;yl, However , 
we real ize now t h a t  th5s experiment no longer affords proof of the formation of 

radicals  f o r  subsequent work has sham tha t  the picrylhydrazyl color fades on 

adding th io l s  and a s  i s  shown below, th io l s  are generated when the disuU'i.de i s  

illuminated in ethanol solution. 

The theory of quantum conversion as it was outlined previously a l so  

required tha t  the -&-%bond be i n  a condition to  be naplured by a quantum of 

l e s s  than 40 Heals. The estimate of ring s t ra in  given earlies derived from 



spec t ra l  data i s  based on several assumptions of uncertain validity.  That based o 

on purely s t ruc tura l  considerations i s  somwhat better. In  order to  arrive a t  

a more accurate balue f o r  the difference i n  the -S-S- dissociation energy +- 

tween an a l ipha t ic  disulfide and trim thylene disulf  ide ( i .e  . , ring s t ra in)  we 

exploited the observation that a l iphat ic  th io l s  reacted i n  a reversible manner 

with t r h t h y l e n e  disulfide . After adding a t h i o l  the trimethylene disulfide 

was pa r t ly  destroyed, the amount of destruction being correlated with the amount 

of added t h i o l ,  and di lut ion of the solution causing a regeneration of tri- 

methylene disulfide.  The equilibrium being observed could be either:: 

n + 

R-S-S SH 

The equilibrium constant calculated f o r  reaction (1) does not  f i t  the 

data  obtained. The complex of reactions (2) can be given a simple mathematical 

formulation by noting tha t  fo r  each added t h i o l  group reacting with trimethylene 

disulf ide a new t h i o l  group i s  generated. If it i s  assumed t h a t  all tb t h i d s  

in react ion (a) have the same equilibrium constant f o r  the reaction witqh tri- 

rnethylene disulf ide , then since in the experiments herein reported there i s  

always a large excess ( (10-f old) of added t h i o l  , a good approximationto the 

overa l l  equilibrium constant can be represented by 



Values of K calculated from the data by t h i s  equation are reasonably constant 

f o r  the reactions of trimethylene disulfide with both benzyh mercaptan and 
- 

bmercaptoe thanol. 

For the reaction with benzyl mercaptan oonducted a t  24.1 and 35. $5' C , 
the f ree  energies of reaction are  bF 

Z a l  
= -9, Q"P~sals, and BF 35e1 = -1.74 

Keals. respectively, Hence AH = -6.3 Kcals, AH, which i s  a measure of the 

d i  fferences i n  bond energy be tween the eyc3.f e disuZfide and an al iphat ic  di- 

sulfide f s thus a measure a l so  of the ring s t r a i n  i n  trimethylene disulfide,  

It should be noted tha t  although there i s  s, 6 Kzals of heat energy available 

t o  drive the reaction t o  the r i g h t ,  t h i s  i s  opposed by an entropy t e r m  TB 

of ca. 4.5-5 Kcals. so t h a t  only G. 1.5-2 Kcals. of f ree  energy i s  l e f t ,  

A s  an al ternat ive method of deriving informatim concerning the s t a b i l i t y  

of the S-S bond i n  t r imethyle~e  disulf ide,  the kinet ies  of the p o l p r i z a t i o n  

of the substance i n  n-octane were investigated, The activation energy of such 

a reaction would be the sane a s  the dissociation energy of the S-S- bond 9 if 

the reaction were unimolecular i n  the disulffde and if the rate-determining 

s tep required the homolytic f i s s ion  of the bond. Hcwever , f t was found tha t  

the reaction was abnormal in t ha t  the activation energy was extremely low 

8,7 Kcals, ) and the apparent PZ factor  f an tas t iea l ly  small. Mhatever may 

be the interpretat ion of these r e s u l t s  it i s  e lear  tha t  the reaction i s  not a 

simple one, and the values obtained have l i t t l e  rekvance to the problem under 

inve s t i g a t  ion, 



A s  an approach t o  an inquiry in to  the intermediate oxidation levels  of 

the disulfide the oxidation of trimethylene disulfide by a i r ,  by hydrogen 

peroxide and by ammonium persulf ate was inve stigated, Pre l f  minary te sts showed 

tha t  trirmthylene disulfide was not readi ly oxidized by a i r ,  but was rapidly 

photooxidized i n  the presence of a suitable photosensitizer. Figure 7 shows 

t ha t  while trime thylene disulfide and zinc te traphenylporphh indivi dually 

were almost stable to  oxygen both i n  v is ib le  l i g h t  and i n  the dark, a mixture 

of the two rapidly absorbed oxygen upon illumination. When the reaction was 

followed quant i ta t ively (Figure 8) it emerged tha t  the oxygen was absorbed 

i n  the r a t i o  of one atom of oxygen per mole of t r imthylene df sulfide suggest- 

ing that  the overal l  reaction was: 

n 
S-S 2 S-S 

3 0  

This f o d a t i s n  of the oxidation product a s  a disulfide monoxide was suppssted 

by the close s imi lar i ty  between i t s  u,v. absorption spectrum and the spectrum 

28 
of the monoxide of 6-thioctic acid ( ~ i g u r e  101, A t  t h i s  point, we should, 

28 We are indebted t o  D r .  T, H. Jukes of Lederle Laboratories f o r  a 
specimen of t h i s  substance, 

perhaps, mention that, fur ther  experiments have shown tha t  photcachemical polymer- 

izat ion of the disulfide sensit ized by zinc te traphenylporphin which was mn- 

t i m e d  in  the e a r l i e r  communicatio$* was probably caused by traces of oxygen. 

The ammonium persulfate oxidation of trimethylene disulfide gave comparable 



r e s u l t s ,  Figure 11 shows the rapid course of the reaction and the isobestic 

point indicates that the oxidation followed one course only. The diluted 

react ion mixture had a U,V,  spectrum vi r tua l ly  ident ical  (allowing fo r  the 

end absorption of the monium bissllfate formd) with those of 6=-thioctic acid 

monoxide and the photooxidation product of trimethylene disulfide described 

previously, Furthermore, only one mole of arnmonim persulfate can probably 

have been used per mole of trimethylene disuEfide since the same product was 

obtained even with an excess of tsirnnthylene disulfide.  Also b t h i o c t i e  ac id ,  

oxidized with one mole of ammonium p e r s d f a k  gave a product the spe@trum of 

which resembled closely the spectmun of authentic 6-thioetic acid monoxide , 
and the extinction coeff ic ient  of the 2$..40 peak of the oxidation product 

assuming 100% yield (which is just i f ied by the isobestic point) i s  within the 

limits of ercpesbntaal e r r o r  ident ica l  with LkLat of 6==thioc%ic monoxide. 

This accumulation of data p m w s  tha t  the course of the reaction is  

In  t h i s  context it i s  M e r e s t i n g  t o  note "chat di-n-p~opyl disulfide i s  s tab le  

t o  oxidation under the se conditf ons, Trim thylene d i  sulfide monafide was 

found to be stable t o  acid i n  the cold but it was instantaneously destroyed 

by alkali. Disulfide monoxides are a little-inves'tiga-t;ed group of compounds 

of which the best known are a l l i c inB  and &tkiiontic acid monoxide ?' They 

00) PI. W, Bullock, S o  A, Brockmetn, E, Lo P a t t e ~ s o n ,  J ,  V, Fierce and E. L. R. 
Stokstad, J. Bra. Chem, Soc. , &I, 3 5 5  (1952). 



have been previously p e p r e d  by oxidizing disulf ides  with k b u t y l  hydre- 

30 peroxide and with per-acids?' The course of the reaction between tri- 

J, Am. Ghem, Soc, , &, 1710 (1947). 

f ide  and hydrogen peroxide was too complicated t o  be elucidated spectroscopi- 

ca l ly ,  bu t  l i t t l e ,  of any monoxide appeared t o  be f o m d  directly.  

The f a c t  t ha t  th ioc t ic  acid seems to be the coenzyme d i rec t ly  

responsible f o r  the oxidative decarboxylation of Gketo  acids led us t o  

inve s t i  gate the non-enspic reactions be tween cbke t o  acids and trime thylene 

disulf ide.  When pyruvfc acid or  ~ k e t o g l u t a r i c  acid was heated i n  alcohcdic 

solution with t r h t h y l e n e  disuafi.de very l i t t l e  change occurred. Next, 

Qc.-ketogluhric acfd and trfmethylene disulfide were exposed t o  u,v. irradia- 

tion in a nitrogen atmosphere, It was found tha t  whereas control tubes con- 

taining trimethylene d i s d f i d e  only, rapidly becarrae turbid due to  polymeriza- 

t ion ,  the tubes containing -t,rimthylene disuUfde and ak.ketoglutasic acid 

remained c h a r  although spectroscopic examination showed the complete de- 

s t ruct ion of the t r h t h $ l e n e  d i  suXide. A ser ies  of similar e x p e r h n t s  were 

performed with pp-uvic oxalic and acet ic  acids. The fo11~wing f a c t s  emerged, 

(1) With pyruvic and oxalic,  as w i t h  ospketoglutaric acfd,  the solution re- 

mained c l ea r  upon photolysis but with ace t ic  acid polymerization of the 

trimethylene dfsuWi.de was only par t ly  inhibited, (2) No detectable quantity 

of 60 w a s  forrosd during the p;yruvic and oxalic acid experiments, (3) The 
2 

R' concentration was unchanged by photolysis, (4) Amperom t s i c  t i t s a t i o n  

for  t h i o l s  with showed that rather  l e s s  than one thrfol group was formed 

p r  molecule of trimethylene d i  sulfide,  ( 5 )  Iodine t i t r a t i o n  revealed the 

presence of reducing srzhstances i n  the solution i n  addition t o  the t u o l s ,  



Since the added acids were apparently unchanged by the photolysis and since 

ace t ic  acid which i s  a weaker acid than p p v i c  and oxalfc acids was l e s s  

effect ive a s  a polymerization inhibi tor  than the othersp it appeared l ike ly  

t h a t  these substances were fahibiting go-riaation =rely by virtue of t h e i r  

ac id i ty  and tha t  mineral acids  would exercise a s M l a r  e f fec t ,  This was 

found t o  be the case. ghotslysis of trinzethylene d i s a i d e  in. the presence 

of hydrochloric ac id ,  again caused no change 2n the acid t i t r e .  Also $a, 

1 t h i o l  group was l iberated per molecule 0f Lrkthybene  disulf ide and excess 

reducing power was revealed by iodine oxidation as with the organic acids. 

A small quantity of hydrogen sulfide was det,ested by a lead acetate paper. 

The difference between the iodine and s i lve r  t i t r a t i o n s  posed the 

question a s  t o  which should be accepted a s  the index of t h i o l  concenkation. 

was found model with other tha t  w i t h  freshly pxe pare d 

solutions the I and A ~ +  t i t r e s  agreed, but tha t  with aged solutions, pattiaally 
2 

oxidized by a k s  the iodine t i t r e  was much higher than the s i lver  t i t r e ,  This 

suggested that while both silver and iodine were equally effective for es- 

timating pure t b io l s  , and theref ore the sf h e r  ms probably the more spec i f ic  

reagent. We attempted t o  confirm t h i s  value (from A+ t i t r a t i o n )  f o r  the 

-SR concentration by developing a new amly-tiical. method. It i s  knom that, 

both alcohols and t h i o l s  reac t  with carbon dfsulfide under alkaline conditions 

t o  f ona xanthates (111, X = 0) and trithioeaxbonates (111, X = S) respectively: 



Eodel e x p r i n e ~ l s  re-~ealsd t h a t  Slf e 3  ma et ixs-bantaneousQ while alcohols 

f a m  xanthates only s 5 o d y ,  Furthermore , Khe s p c t r z  or" t r i t h i o c a r b m t e s  sre 

r ead i ly  dlstingulshab2-e fa"9n tihose of m n a a t e s  (see Figure 13). By adding 

a p p r d m t e l y  the ca lcda ted  mount of carbon d5suEfid.e and sodium hydrcmide 

t o  %he solution, and obsembg the fnstantaneow f o m t i o n  of t h e  c h r a c t e r f s t i  c 

peaks st go 3090 and 3350 a tine presence of miorosoopic amour& of t h l o l s  in 

aPe&oLie solution my readily be detected. IJnfortumtely, the fornation of 

.F;riYliomrbomLe appears t o  be raversible and the mcerLainty as 'GO %he ex- 

Sent of reaction means t ha t  the meLUhd, while useful for q u a l f b t i ~ e  de%ectio~,  

is of U t t l e  value f o r  qmn%Ptative es tha%ion,  Never%heless, ccunp~isan 

between the heights oZ the -3000 1 and 3350 2 peaks obtained from tihe reaci5n 

between $be photolysis so1uSic.m and carbon d i s d f i d s  OE the o m  hand ad.  those 

of' the t~i+&i~c%rbor~a*i,eS derived from bemy1 mczoaptaan and ~-neacspioeZIkxd 

OZ other indicated %hi3 f '3~tfx.a of abcrt 0x18 and bgss %ha two thf 92 



solutions a f t e r  these treatments, thus demoms%rating tha t  the course of the 

photolysis could be represented schematically as : 

Having now established tha t  one of the SILEW atoms of trhe%hylene 

disulffde was transformed on photslysis i n t o  a thfol ,  it becam pertinent t o  

inquire in to  the  nature of the other, f ,e . , what is 43-16" i n  IV? Since one 

of the or iginal  sulfur a tom has been reduced, it follows tha t  one or more 

of the components of the i n i t i a l  solution m u s t  b v e  been oxidized. This could 

be accomplished i n  two ways. The components eodd ei ther  be d i rec t ly  dehydro- 

genated t o  same axidati  on product which then became attached t o  the o a e r  

sulfur atom o r  d i r ec t  addition of one of the components t o  the S-S bond might 

take place. 

The only substances present in the solution before pho%olysis are tri- 

methylene disulf ide,  hydrochloric acid, water and ethanol. The simple axida- 

t ion  of any of these t o  e .go chlorine, acetaldehyde, ace t ic  acid, hydrogen 

peroxide, e t c  . i s  excluded since f o r  reasons of stoichiometry, trimethylene 

d i t h i o l  would a l s o  have t o  be formed. Their fognaLion can only be reconciled 

with the absence of t rhe thylene  d i t h i d  if they subsequently react  with one 

of the t h i o l  groups of the d i th io l  giving (VI), (VII) (~111) + 



All these are improbableo It i s  d i f f i cu l t  t o  see why interaction betwee& 

chlorine (or hydrogen and trimethylene d i th io l  should s top  a t  (TI) - 
one would expect polymers of the type (IX) t o  be simultaneousl;r. formed . Also 

al iphat ic  disulfides have a peak A -fi2500, S 5 0 0  (see Figure I) no 

evidence f o r  which can be f o y d  in the u.v, spectrum of the photolysis so lu t ion  

(Figure 12 ) .  The structure (VIIf , a t h i o  semi-acetel? would certainly dehydmte 

i n t o  the cyclic thio a ce ta l  (x) and %bus eEmina-c;e a31 th lo l  group9 , 3. :%;g 

considered d i rec t  d d a t i o n  of one of the coqanents , the 2217 other possibkPi-cVj~ 

f o r  the primary photochenfical a c t  52 addition of me of the s o k t l o ~ i  z.,rrnpo~~mx 

t o  the 3-S bond of ti-i?lethylsr?e disulf"ide . This leads to ~Lruetures (V, F: = li : , 
(V, R = G H (IV, X = GI.) and t o  (XI) 

2 5 

The structure (V, R = H) would be a sulfenic acid,  With the  exeepkioz; of 

32 a sulfenic acid derived f rm anthsoquinone none are  known to =is%, 4 2 2  at-= 



tempts t o  prepare them have resul ted i n  mixtures: of df smutation products such 

a s  sulf  i n k  acids, d i s d f i d e s ,  thiolsulfanic  es te rs  and t h i  o ketones. 33 

(33) N. IOlaraseh, S. J. Potemp and H, L. Wehrmeis'ter, Chem. Rev., 3, 263 
(19463 - 

-- - - - - - - - - - - - 

The substance (V, R = C H i s  a sd fen fc  e s t e r .  U t t l e  i s  hown of 
2 5 

these substances ?3 The sulfenyl chloride (IV, R = C1) would certainly not 

preserve i t s  ident i ty  i n  the photolysis s o l u t i o ~  but might be expected t o  y i e ld  

mixtures of substances such a s  sulfenie  anhydride3'! and the usual d i smta t ion  

(34) Th . Zineke, Ann., a, 106 (194) and Am., =, 57 (1912) . 

products of suafenic acids .  So f a r  a s  we have been able  t o  ascertain, no semi- 

t h i o a c e k l s  a re  known. This does not exclude the possible f ormati on of (XI) 

a s  the primary photochemical product but on s t ruc tura l  grounds we would expect 

it t o  be transformed i n t o  (XII) or more l ike ly  (XIII) through equilibration 

with the isomeri c t h i o l  thioaldehyde (xIV] , Thus general oonsiderations sug- 

gest  the eonelusi on tha t  the primary photochemical t ransf  o m t i o n  o c c m i n g  

when trfmethylene disu3fide i s  photolyzed sho'sld lead %o (XI),  or t o  (m, 
X = OH, O E t ,  or  ~ 1 )  and t h a t  the ac tua l  soPutfm obtained a t  the end of $0- 

t o lys i s  should consist e i the r  of one or more of these erbti%iea or of some 

transf  omation product or products derived therefrom . 
A t  t h i s  point it became necessary t o  investigate the photolysis solution 

chemically in order t o  attempt t o  discriminate among these possibi l i t ies ,  but 

first in order t o  orientate the investigations we decided t o  experiment with 

model sulfenic  e s t e r s .  The on* aEpha t fc  sulfenfc erstem described in the 



l i t e r a t u r e  are  e thyl  and methyl &=butyl sulfenate (XN) pepared by Beinhdldt  

and ~otekus?5 

(35) H . Rheinholdt. and E, Motzkus, Ber , , a, 657 (1939) and Chem. Aba . , 2, 
48.4 09381 0 

The U.V. abssrp%ion spectrum of the  ethyl e s t e r  was found Zlo have a 

charaoteristdc p a k  a t  2655 = 70.5 (see Figure 16). Spcotroscopic 

investigation then showed t ha t  the substame was stable  t o  M/LO sodium 

.hyd.raxide fm aqueous alcohol f D ~ P  many ~ O U P B .  Eydraylamfne also had no detectable 

e f fec t .  Dilute acid on the other hand rapidly destroyed the ester i n  the cold 
0 

t o  give a solution with a u,v, peak a t  2880 A ,  Thm %he sulfenic es ter  

seems chenxically t o  be mare closely related to ethers than Lo es ters .  Because 

of the possible simultaneous oecmence in the photolysfa solution 32 t h i o l s  

and su l f en i c  asters, the reaction bekweea (Xlw,  B = G H 1 and th io ls  was in- 
2 5 

vestigated. Under neu-i-pmi conditions, t h fo l s  were wif;aaoi:t effeet upan A==-butyl 

s w e n f c  e s t e r  in the cold. Or, making alkaifne, homver, a rapid reac%ion 

occurred . (Ff w e  17.3 With trimethylene d i  thf 01, ethyl -&=butyl s d f e n a t e  

rapidly gave a mderate, yield af trhethyPene dfsulfide ident if ied by i ts 

characteristic u.v. absorption peak a t  3300 8 .  Thus the ester cocdises th io ls  

t o  disulPf des under alkaline conditions . It can a l s o  f u n e t k m  as  an &di zing 

agent. under acid eoriditfona as shown by the rapid libemit-ion of lodine f rm 



d i l u t e  hydriodic acid s olutions . 
The known tendency of sulfenic derivative8 to d i s ~ m t e ' ~  in to  disulf ides 

(361 There appears t o  be no verb i n  the English language dictionary corres- 
panding to the noun dismutation. In this papar, we propose t o  r e c t i f y  
th is  regrettable omission by introducing a new verb "to dismute ." 

-- - -- 

0 
and other products suggested tha t  the 2880 A peak mentioned ea r l i e r  which 

develops on t rea t ing  e thy l  &butyl sulfenate with acids might be due t o  

di-kbutyl  disulfide. In order t o  elucidate this point sme  of the d i s u z i d e  

was synthesized by d d i z i n g  p b u t y l  mercaptan wiA& iodine i n  aqueous alcohol,  

It was observed during the preparation tha t  although the iodine was rapidly 

destroyed, no def in i te  end point could be discerned; the solution became 

gradually yellow and then brown and the unforgettable and d s t ~ k a b l e  smell 

of sulfenyl iodides developed suggesting tha t  the d i s - a i d e  was f issioned by 

the  s l igh t  excess of iodine i n t o  k b u t y l  sulfenyl i d i d e  ( X V )  . The f ormatian 

of sulfenyl iodides from al iphat ic  disulfides under these conditions is unfque 

in om experience although 37 
Fnson, e t  a l .  have shown tha t  it i s  possible t o  

(37) R.C.Fuson,C.C.  
Hat chard and E . W . Price, R .  A .  Baumcn, 0 .  Fi. B U t t ,  Jr., W. R .  

mynerd, J. Org. Ghero., Q, 449 (194.6). 

f i s s i o n  di-kchloroethyl disu3fide with chlorine i n  C @ l  so lu t fm in to  the 
4 

sulfenyl chloride. This anorualy associated with the 2-but71 disukfide was 

ref lected a lso  i n  i t s  u.v. spectrum (Figure 16). The substance is  yeilow, i n  

contrast  with a l l  other known al iphat ic  disulfides,  and instead of showing the 
0 

character is t ic  2500 A peak of a l iphat ic  d i s d f i d e s ,  only end absorption was 

manifested. Thus the 2880 1 peak mentioned above cannot be due t o  di-&-bntyl 

d i s - a i d e .  A t  t h i s  point it may be pertinent t o  pob-t out ths t  the spectrtrm of 



sodium A-butyl trithiocarbonate (FQure U )  fa  a l s o  markedly different fron 

those of the other t r i thiocarbcmtes.  

These interestling 023servat.f ons on 4-butyl df sulfide suggested g 'more 

extended investigation in w h i c h  it was discovered t h a t  the substance was an 

axidizing agent capable of both liberating i d b e  from di lu te  hydriodic acid 

and d d i z i n g  trimethylene dithLol t o  trimethylene disulfide though much less  

effactrEvely than ethyl ~ b u % y l s f l e , m % e  . 
In view of the spectral  anmolies assoei.a%ed with k b u t y l  empounds, 

we decided t o  make another sulfsnie es ter  f o r  comparison purposes. Triehloro- 

methyl sulfeqyl. &loride was emmercfal2y available. It was reacted with 

sodium e t h d d e  under coaditfons similar t o  those described f o r  the synthesis 

of the k b u t y l  analogue by Rhsiobddt and ~otzkus~~ t o  give ethyl % r i c h l o r e  

me thylsulfenate (DI) . We exprieraced d i f f icul ty  f rr obtaining good 

analyt ical  data for this substance -- a diefie-&by merrtionsd by Bebho1d-k and 

~ o t a k u s ~ ~  i n  connection with the &-butyl analogue . I"ne substance had an ab- 

sorption maximum in the same region as  the k b u t y l  sulfenate (Figore 19) but 

inverse chemical properties . Thus In  eont-ras t Lo ethyl 2-bzrtylsulfenab , the 

t r ichlormethyl  sulfer ic  ester was stable t o  e,cid and s a ~ s % t i ' ~ . ~ e  t o  a2kal-i. Me 

are  thus placed i n  t he  embarrassing pasition of having t o  decide which, 3 

ei ther ,  of these two model sulfonic esters is in f ac t  r; nadeXfor the supposed 

substance (V, R = C H 3 ,  In view of the profound change in chedcs l  psoper-i;ies 
2 5 





0 (Amx = 2290 A )  when mly Y2 of the previous concentration of t h i o l  is i n t r e  

duced i n t o  the compensating ce l l .  That the phstoPysis solution contains en t i t i e s  

sensi t ive t o  acid is demonstrated by the f a c t  that while no change occurs i n  the 
0 

spectrum i f  the solution i s  kept a t  -20 f o r  24 hours, keeping it at' roan tern- 

p r a t w e  causes the 2320 1 peak t o  move t o  2420 8 (Figure 12b ) . 
The photolysis solution i s  rre~ry sensitive t o  a lka l i  which causes in- 

0 
stantaneaus elimination. of the 2320 A peak and the developent of maxirna a t  

0 0 0 
2629 A and more slowly a t  3340 1 and 4100 A and s t i l l  more slowly a t  2310 A .  

On reaeidifying, the bands a t  3340 and 41002  are immediately destroyed and 
0 0 

replaced by bands a t  2820 A and 2350 A ,  Haking alkaline again muses re- 
0 

appearance of the 3340 and ,!+LOO A maxima . With variat5f ons b d . e p e  refer- 

ence t o  Figures and 21 shows tha t  similar plaexnmena were encomtered both 

with solutions of trimethylene diaaide photnolyzad a t  low temperatmas and 

i n  solutions photowed in the presence of sodium h y d r d d s  , ExpaciaUy notable 
0 

is w h a t  appears t o  be a def in i te  maximum of low in%csnsfty a t  -3100 A i n  the low 

temperature photolysate , 

pletely the complexities i n  these transformations, ocoming i n  photolyzed solu- 

t ions of trimethylene d isa l f ide  , But certain conohslms are inescapble  . 
First ly,  %he phot olyzted s olutisn is markedly matable, part2icularly t o  

a l k a l i ,  Secondly, the solu%fon possessed d d i z i n g  pomr, This is demonstmted 

by the addat ion of trimethylene d i t k i o l  t o  trimethylene df sulfide . Also the 
0 0 

bands which appear a t  3340 A and -4200 A when the as1u%ior, i s  made alkaline and 

their  disappearance when it is raacidified are strongly reminiscent of" di thio-  

38 - c a r b a y l i c  acids . Hantsoh and Buoerius give f ce. ditkioaoetio acid, max - 



0 
2950 80 and f o r  the ammonium s a l t ,  A = 3330 8 .  The f omation of di thio acids 

rnax 
from a substance which before photolysis was a t  the addat ion  level  of a di- 

sulf ide m u s t  involve corfdati m. Whether the tentative assignment of those bands 

t o  d%thi  o acids i s  correct or not, the  transf omation of compounds of the 

photolysis solution in to  substances absorbing a t  such long wavelengths can 

only mean the development of multiple carbon or sulfur bonds ( i m 6  . , axidation) 

f o r  these bonds can be developed i n  the absence of halogens. Furthermore, the  

formation of unequivocally acid substances sach as those giving r i s e  t o  these 

bands requires the presence of d d i z i n g  agents i n  the original photolysis 

solution. Thirdly, the solution possesses reducing power in addition t o  t h a t  

furnished by the l iberated tlaiol groups, a s  show by the m l n a  f o r  the i d i n e  

ti t r e  . 
The arguments advanced e a r l i e r  i n  %his paper &itad the structure of 

the primary photolytic product t o  (V, h6 = OH, OEi;, ~ 1 )  or t o  (XI). The f a c t  

t h a t  similar products appear t o  be formed When trimethylene disulfide i s  photolyzed 

under both alkaline and acid conditions a s  we11 as with a variety of acid anions 

eliminates structure (V, R = ~ 1 ) ~  We can f ind  no ra-tionale by which t a  explain 

the diversi ty  of products derivable from =the photaQzed solu%ion in t e r n  of the 

s t ructure (XI) and we a re  left only with (B, B = OK 3r OR), 

We can thus postulate with rmsorzable eonffdence the idea tha t  when tri- 

methylens disuLfide is photoJyzed i n  ethanol sol_uttion the sulfenic as ter  

(V, R = OB) is  the primary chemical product 

n 
S-S 



and tha t  the solution a t  the end of the photolysis eontafns i t s  transformtion 

products. The well-established i n s t a b i l i t y  of s a e n i c  acid derivatives, their  

extreme tendency t o  df smute (shown a l s o  by sulfur monoxide, the inorganic ana- 

logue), and t h e i r  midizing power are comple te l~  Ln accord with the data obtained 

from phot olyzed solutions of trimethylene disulff  de . F'wthermore , hydrogen 

sulfide wMch was detected in the  photolyzed solutions i s  am expected de- 

camposition product of certain sulfenic  acids (do ~ e h o b e r l ~ ~ ) .  The various 

(39) S Schoberl, Ber . , m, 1186 (1937). 

decomposition products could be derived by such reactions as: 

i I 
SH S - OEt E R  - CH, - S - OEt -)R - CH, - SOH ,-)R - CH =St,-] 

and what 

entf r e ly  

'SH I PI 

has been discovered of the  properties of the phlsbolyzed solution is 

eonsfstent wlth t h i s  f ornulation. 

Lf the suggestion tha t  photolysis of trimethylene disulfide i n  ethanol 

solution leads t o  a sulfenic  e s t e r  be correct,  the questi  on h e d l a t e l y  ar ises ,  

a s  t o  what is  i t s  relevance t o  the process of photosynthesis. In an ea r l i e r  



18 communication, Calvin and Barltrop advanced arguments i n  support of the idea 

tha t  L t h i o c t i c  acid was d i rec t ly  involved i n  the quantum conversion s tep of 

photosynthesis but  the steps by which water was axidized t o  molecular oxygen 

were not specified. The above work with trimethylene disulfide leads us 

d i r ec t ly  t o  the further suggestion tha t  water i t s e l f  or same very closely 

related hydrcnrylic substance i s  the primary hydrogen donor, i . e  ., t ha t  the prS- 

mry photochemical a c t  of photosynthesis involves the splf  t t fng of the 0-H bond 

thus : 

T C U ~ H  Hz0 p C 0 2 H  
or 

S - S  Chl S S S SH 
H 'OH ' b~  

It is d i f f i c u l t  t o  assess the feasib%ii-ty of t h i s  process from consider- 

ations of the energy changes involved since most of the c r i t i c a l  data i s  h & i n g .  

However, assigning values of 120 and 85 KcaPs. respectively L o  the bond energies 

of the 0-H ( E ~ ~ )  and S-H (ES - H) bonds, the change in  energy d the system 

would be 

No t h e m d p a m i e  measurements involving the S-0 l i n k  have been repor-ied 

i n  the l i t e r a t u r e  and there seems t o  be a considerable diversi ty  o;f opinion on 

the S S  bond. However, we may estimate the  difference (E s s  - ) by analogy 

40 
with F2 (35), C 1 2  (57), and FC1 (60)  t o  be zero or smnewhat negatiTe. Since 



- 

(40) K. S . Piteer,  "Quantum Che&stry," &entice Half, New Pork, 2953. 

f o r  the d i th iohne  r ing  seems t o  be a t  l eas t  about 6 Kcals, less than t h a t  

f o r  an open chain d i s a i d e  the net  ae rgy  req~irement  f o r  the reac t im would be 

about 30 Hcah . IT the s i ze  of the quantum passed on by the chlorophyll f s 

something l e s s  than 40 K a l s .  then t h i s  p s e s s  would not o n l y  be possible but 

would represent a r e l a t ive ly  e f f i c i en t  ut;il.izatfm of the quan'cum. 

It should be noted t h a t  sulfenic  acids a re  the auLfar  analogues a' a w l  

hydroperddes .  Thus i n  one s tep,  the axygen of water (or i t s  hydroxylfc 

r e l a t ive )  has been brought t o  the oxidation leve l  of p e r a i d e  while one of the 

hydrogen atoms has been raised t o  a reduction potent ial  approaching tha t  of 
41 

molecular hydrogen. In order t o  l ibera te  oxygen from water the energy of 

(41) M, Calvin, wWreaptans and DisPLfides ," presented a t  t he  Conference on 
Glutathione, Ridgefield, Corn,, NOT. 20, 21, 22, 1953. Academie Psess, 
1954 

several  quanta is  required, and how these may be accumulated has b e a t h e  subject 

42 
of prolonged discussion. Assuming only a single t y p  of quantum eonversi on 

( 4 2 )  E. I. Rabinowitch, "Photosynthesis P, 1951; "Photosynthesis 11, pt . 2," 
194.5, Interscience Publishers , kc., New York . 

process always producing the same chemical en t i ty ,  we must have a disrnutatf on 

between two such systems whereby one drops t o  a low energy s t a t e  and the other 

is raised t o  a higher energy level ;  repe t i t ion  of these dismu+&tions, if necessary, 

would lead ultimately t o  a system with suf f ic ien t  energy t o  e f f ec t  the f i s s ion  of 

water. Now, what emerges more clear ly than anything e l se  from a survey of the 

l i t e r a t u r e  on suLfenic acids is  t h e i r  tendency t o  dismute. 34 The only known 

sulfenic  a d d s  a re  those of ~ r i e s ~ '  - a l l  other attempts t o  prepare them have 

resul ted merely in the i so la t ion  of t h e i r  dismutation products. Similarly, a l l  



reactions in which sulfenic acids have been postulated as  intermediates lead t o  

the decomposition of dismutation products of sulfenic acids. We thus f e e l  

jus t i f ied  i n  suggesting tha t  the thioct iost i l fenic  acid (XVII) , once formed, would 

dismute . In view of our limited understanding of the chemistry of sulfenic acids 

the nature of t h i s  dismutation is  d i f f icu l t  t o  predict, but i n  order t o  crystal- 

l i z e  the  s i tuat ion,  we tentatively propose a dismuta t ion into 6 :8-dithioloctanoic 

acid (XVIII) and a molecule a t  the energy l eve l  of hydrogen pe ra ide  (possible 

(XIX), (x), or (=I) which then decomposes i n t o  hydrogen peroxide and 6- 

t h ioc t i c  acid: 

2 r r \ c G 2 H  ( ' p P c G 2 H  
S S - O H  
H 

SH SH 

The d i t h i o l  (XVII) can then provide the reducing power required t o  con- 

ve r t  carbon dioxide i n t o  sugars - possibly thraugh +he reduction of TPN or DPN . 43 

(43 ) I. C . Gunsalus , McCollum-Pratt Inst. Symp . on "Mechanics of Euzyme Action," 
1953 . Johns Hopkins TJniv . Press . , 1954. 



The hydrogen p e r d d e  mag lead through catalase t o  molecular uxygen. 

Adding equations (A) and (B) gives the overall  reaction: 

and t h i s  leads, on 

quanta be u t i l ized  

p u r e l y  s tof  chi  m e t r i c  grounds, t o  the requirement tha t  four  

f o r  each molecule of oxygen evolved, not considering losses 

o r  any other concammitent energy requirements tha t  might e x i s t ,  The question 

s t i l l  remains t o  be answered -- is quantum conversion by the mechanism of 

equation (C ) thermodynamically possible? The l i t e r a  ture contains the following 

data : 

Subtracting (E) from (F) 

A F  = -13 Koalz3 
E = 0 -3 volts  

(F 1 

4 + H2(d 
SH SH 

AF = + 5.1 Kcals. (G) 



From (D) and (G) by subtraction we get 

2 H 0 (1) + 
2 S-S -) ~ ~ 0 ,  &I] + SH wco2H SH 

Hence the increase i n  f r e e  energy involved i n  the proposed photosynthetic 

N 

equation (c) i s  65 Kcals . Since t h i s  has t o  be provided by two quanta, the  

energy of the excitation passed on by chlorophyll s h a d d  be not less  than * 
32 Kcals ., a f igure which is well within the bounds of poss ib i l i ty ,  The energy 

required f o r  a photosynthesis process following the above mechanism might well  

be l e s s  t h o  the 65 Kcals per atam of oxygen l iberated calcull.ated above, 

f o r  two reasons. F i rs t ly ,  it is ent i re ly  possible tha t  the plant might be able  

t o  evolve oixjTgen d i rec t ly  from the dismutatim product (B) withmt necessarily 

using the energy-rich hydrogen p e r a i d s  as an intermediate Secondly, should 

hydrogen permide by an intermediate, then it is, i n  principle, possible me- 

f u l l y  t o  recover the energy stored in the molecule by using it as a reducing agent, 

e .g. 

rP"CooH + H2°2 + H20 + O2 
SH S SH SH r 

Q 
I! 

thus providing a three quantum route t o  one sudecule of oxygen, 

These considerations of the energy relationships lends support t o  the proposed 



I. S.vnthesfs of Trhethvlene Dfsulffdea - Pulverized s o d i m  sulfide nocahydrate 

(120 g.)  was dissolved i n  boi l ing 95% ethanol. (500 ce.) and heated under reflux with 

s u l f u c ~  (17 g o ) ,  'When the sulfur had dissolved, the brown twc+phase solution was 

dispersed by ehaking aad added during 20 xoixutes to a boilfng solution of tri- 

meehylene d i b r a i d s  (h.9 cc o, 3 4 8  m d s  . ) ~ J L  95% ~thn01 (250 cc 3 . The m h t m e  

was then d i s t i l l e d  m-der reduzed p~-esswe,; 7-50 ce, of a brfgb.t yellow d i s t i l l a t e  

( A )  was collected. Hare 35% ethanol was added $0 the re.8.fd.m which was again 

d i s t i l l e d  under seduced pmasure %cz give 600 ec, of a pl9 yelilsw dFs%illsn.te (B).  

The opt ical  densities [a t  3300 .!?) of ealut i j r is  A and B were 6.7 and 1.98, respec- 
0 

t ive ly .  Since the m ~ k r  extfn&im eoef".tfei.e~.,f, of the  3300 A band o f  tr.hethylers; 

disulffde is 24.7 (see below and Figure 11, the 'ield af p rduc t  i s  apprcocimately 

The solutf  on of trhe-thylene disuXide prepred t h i s  way sometbee conbins 

a significant, amount of %hfacyolobutane . This ma.y be semoved kry f rsctionating 

the so3ut i  on through a 15-93 be e o X m  unti2 ns more d i . e t l a t e  with a -u .e , peak 
8 

L a x  = 2720 A d i s  ti- .15 The bulk of the rea c t i m  prOdi~~ir is a a olid which may 

t o  trimethylene d i a - a i d e .  by steam dist;.illing with s t rong sodium hydroxide and sodium 

(46) We are hdebted. t o  DP , la . F . Bradley, a? o w  h b o r a t o q ,  for %he freezing 
point datemina tions 



trimethylene disvlfi.de i n  petroleum ether &. 1 B) was evaporated i n  a vacuiL1, 

desiccator leaving 1.36 g . of crude trimethylene disulfide,  a few mg o of polymer, 

and possibly remaining traces of pstroleum ether .  This was taken up i n  10 m l .  

benzene. !The freezing point of 43 -75 g. benzene t o  which 1 m l .  aliqucts of 

t h i s  solution were added successively was determined with a Beckman themmeter .  

The maximum. depression (4) was 0.703' C. (for  47057 g. of benzene and 0.684. g. 

of %rimethylene d i s ~ i d e )  with a maximum deviation from l inear i ty  (of the 

intermediate points) in the weight of trimethylene disuXride/weight of benzene 
0 

vs . ATf plot  of < 0 . 0 0 5 ~  C . Using 5 -49 C . as the freezing point and 30.4 

ca l  a s  the heat of fusion of benzene, the found molecular weight i s  104 for 

trimethylene disulf ide (calc.  molecular weight 106). 

2, Smthesis  of Tetramethvlene Dbulf ide . - This preparation is  s h i l a r  t o  

t h a t  of trimethylene disulf ide except tha t  tetramethylene dibromide is  used. 

The reaction mixture was extracted with Light petrolem instead of being d i s t i l l e d .  

Ths e x t r m t  was concentrated and d i s t i l l e d  under reduced presswe. Tetramethylene 

disulf ide was collected a t  82' G., 150 mrn. pressure and was purified by sublima- 
o 

"cia. Tt f omed colorless needles (25% yield) ,  melting point 32-33 . 
Anal: Calcd. f o r  C H S S, 53.349' Found: S, 53 -39%. - 4 8 2: 

3 .  Proberties of Tr3methvlene Disulfide. - The substance can be obtained i n  

the form of an unstable, unpleasant smelling o i l  by cautiously e-~aporating a 

p o h m e  solation under strongly reduced pressure i n  a stream of n i t r o g e ~ .  

Attempts t o  d i s t i l  it. even under reduced pressure caused it t o  be transformed 

i n t o  a colorless rubbery polymer on the walls of the condenser. In solution it 

i s  destroyed by cotygen and i s  polymerized by l i g h t .  Even i n  the dark i n  an 

atmosphere of nitrogen a t  sub-zero temperatures , solutions w i l l  s metines be- 



came t;lrbid i f  kept i n  cer tain fla.sks. Eowamr, pme solutions ~f the d2suFicit: 

can readi ly  be obtained f r a  the pa r t i a l ly  polymerized soiu-tiona by dis-i;illing 

reduced pressure. Iodoacetamida does not react with it Ln the cold and 

it i s  s t ab le  t o  reductiori by sodium borohydrfde, a s  is the related b,%thioetic 

a c i d ,  It i s ,  however, much more rapidly recluced by zinc dust i n  %he presence 

of d i l . ~ t e  hydrochloric acid than are other aliphatic dfsnlfides . Also, i n  

contrast  t c  other a l ipha t i c  disulf ides ,  t r h e t l y l e n e  disu.2R.de appears t o  be 

s ~ b b  t o  the act ion of potassium cyaaide salutio;?-. 

4 0 Ektinetiorz Coefficient of TrimdJ~ylene Disulfide. - A f reshly d i s t i l l ed  

aqueous ethanol sokuti  on of trimethylene disulf ide was found spectroscopiea 1l.y 
0 

t o  be f r e e  from dimer and pclymers (aptie3l density of 33014 A band 0.803). One 

hmdred cc. of t h i s  soIu+,ion was redwed iri a stoppered maswing cylinder by 

shaking with zinc dust 41200 mg .) and eoncer tmhd hydrochloric acid (3.5 cc $1. 

Spectroscopic exmination sh~wed reducfJion t o  be almost complete i n  5 minxi-bes 

and quantitative fr, 10 mbutes .  The smll amount; of wnreacteii zinc m,s spun 

down and the amount of trimethylene s i t h i 0 1  prsseot i n  the solution estimated 

by i o d i m  t i t r a t i o n  which had already been shorn t o  be quantitative by rr;ofiel 

t i tralims on p-mescap%oethanoL. F i ~ e  cc . 02 d i t h i o l  solutf  on was treated 

under nitrogen with 10 co . c~f 1 *022 x 16" N iodine (5) 6nd immediately back 

t i t ra ted  under ntkrogen w i t h  1.00 x 1r2 N sodiirm thiosuifate saluttani 

L.83 ce. 9f thfosulfate was r a q e r e d  as the amrage of several  t i t ra t fo~:s .  
ao .22 - 11.83 

Hence, normality of trimethylene d i t h f o l  = x i.e., 
5 

molerity = 1/2 x normality = 0 -539 x Y e  Theref ore, molar sxt inct ior  

1 .Ul5 cor~rects fo r  ciilution of disaide by added hydrochloric acid)  = &J. 



5 , Quantitative Re-oxidation of Trinethvlene Dithiol t o  Trimethylene Disulf ide  

by Iodine. - Three cc.  of the solution of trimethylene df th io l  obtained i n  t h e  

preceding experiment was t reated with 2.8 cc . of 1.022 x N aqueous iodine 

s o I u t i m ,  (The data of' the preceding experiment show tha t  t h i s  corresponds t o  

88.5% d d a t i  or, of the d i th io l  .) The pa r t i a l ly  oxidized solution examined 
0 

spe+Yroseopi@ally showed trimethylene disuZCide (opt ical  density of the 3300 A 

band is 0 "37) . The s o h t i o n  was quite d e a r ,  indicating absence of polJm~rrs . 
The original df su l f ide  solution of' the preceding expmhent (sPt ieal  densf %y 

0.801) was di luted dwhg  reduction by a factor  of 1.015 and 5wing t h e  iodine 

5 98 
r e a f d a t i  on di luted fur ther  by a fac tor  of - 

3 
Thm, i f  the original 

d i s d f i d s  had been quantitatively reduced and remidized u5thozt d i l u t i m ,  the 
0 

calculated opt ical  density rS the 3300 A barad would be: 

S h e s  the ac+,ual optfeal density of She i n i t i a l  dfsulf5.de ip 0 A01 the yield 

192 trimethylene disulfide obtained by midizing trimethylene d8";hf 01 with 

iodine equals 102$. 

6 , Gs-kalmed Aerial M d a  t ion  of Trimethvlene Dithiol , - 
(a) Twenty ec 3f" a freshly d i s t i l l e d  aqueous e-cukianol solution of 

trimethylene d i s u l i d e  (3100 1 band ~ p t i c a l  dens5ty 0 S9) was rad.uced with z inc  

dust (50 mg . ) and concentrated hydrochloric acid (0.2 ce . ) . Ts 2 . 5  cc of this 
-2 

solu%fon -&is added 0.5 cc. of an approximtely 10 rJ iodine i n  aqueous 

potxissim iodide . Some trimethylene d i  sulf ide was f smed (o$f c a l  density 05 

emtailzing Che reaction mixture was opened t o  the atmosphere, closed, shaken 



vigorously t o  aerate the akct-ure and then re-examined spe~ t rosoop ica l ly~  By 
0 

repet i t ion of these operati   as the opt ica l  densf %y of the  3300 A band increased 

gradually t o  a maximxm value of O "74, Had no d i l ~ t f  on taken place &!ring the 

addition of" the iodine s o l u t i m ,  the height ~f Ghe band wodd ham beer, 

3 0.74 x - = 0.89. Since the optLeal 2ensity of the in i t ia l .  trimethylene di- 
2 -5 

sulf ide i s  0.89, t h i s  corresponds t c  a 10% yield i n  the reduction and a e r i a l  

r e d d e t i o n  of the d i s a i d o  , 

(b) A solution of trimethylene d i t h i o l  i n  95% ethanol (approp5mate2y 

lo-' B) was shaken with aLr. No trimethylene disulf ide was found spectro- 

scopically . Ten cc . of the solution was agitated f o r  10 minutes with zinc 

dust (25 ng .) and concentrated hydrochloride ( 0  .I cc .) and centrifuged from 

m e a c t e d  zinc dust .  The supermatant, solution was shaken x i th  a i r  and sxaazrzrzed 

spectroscopically. No detectable amount of trimethylene disulfide was fomed. 

Potassium iodide (23 mg .) d i s sobed  i n  water (0 -2 ec * )  was added t o  4 cc. of 

the supernatant solution and the mixture then shaken with a i r .  lYhet;hylene 

d i suu ide  was formed rapidly Trimethylene d i t h i o l  was a l s o  rapid2y axLdfasd 

t o  trimethylene disulrffde by shaking wfth air i n  the pesenee of sodium 

hydraxide . 
7. P h o t o l ~ s i s  of Di&envl~2~raL%~drzzvl  and Tr:metbEcl.ne DiszlhfPide . - The 

following s o l u t i o ~ s  were prepared : diphenylpf c r~lhydraz  y1 (8 "3 mg . ) i n  ethanol 

(100 ce.) and freshly d i s t . i l h d  t rbe thy lene  dis&EPide h aqueous ethanol 

(1 .l9 n lo-* _M) . The apparatus shown i n  Figure 3 was charged with the hydrazyl 

solution (10 cc.) and the disulf ide solution ( 1  cc . ) .  After deaxygenating the 

mixture i n  a stream of pure rftrogen saturated with et'mnol fo r  halt" an how, 

the fading of the dfphenylflcrylhydrazyl, both i n  the l i g h t  and i n  the dark, 

was followed by density nteaswements i n  a net& calorimeter usf ng a red f i l t e r  . 



I lLmhatioxi  was effected between opposad photospot lamps behind infm-red 

absorbing f i z t e r s ,  the apparatus being kept cool i n  an a f r  b l a s t ,  A cont3rol 

experiment was performed by introducing i n t o  the appam.i;us a &tWe of the 

df phenylpf crylhydraeyl (10 cc . ) and ethanol ( 1  m * )  and repeating t h e  &bow 

sequence of operations. The data obtained are  shown i n  Figure 1, P-8.eviou.s 

experiments had shown tha t  the coEorheter deosii,p measurements sere pro- 

portional t o  the eoncent~ation d diphenyipicryulydrazy?.. 

Pvr03~s i s  Tsimeth~lene Disulf5.de i 8 .  n la-Octane. - A sol-dtion of tri- 

me-bhylene dis7;lfide i r _  l i g h t  pet~dem was prspared by di lut ing a freshly dis- 

t i l l e d  alcoholic solution of the substance with water and e x t ~ a c t i n g  with 

several  small portions of E g h t  petroleum and washing and drying the extrs~t;o 

This ext rac t  was diluted with appraimately twenty times i t s  volume of n-octane 

t o  give a s o l u t i o ~  of sppzoximately- 6.8 x 1.0-~ 5. Five cc. portions of t h i s  

mixtme were gfpetted i n t o  thick-walled tubes, deoxygenat,ed, sealed and heated 

ia  %he dark a t  &.lo an? 17&0. B t t e r  appropriate time i n t e m l s ,  the tuhe~ 

were opened and the ~ p e c t r a  of the coztents recorded with a Gary rscording 
0 

spectrophotometer. The height of the 3300 A bard was used t o  estimate the 

anzomt of' %he distilffde which had been destroyed. The grqb ( ~ f g m e  5)  shows 

+,he data obtained. From the l inear  plot of umeactec? d i e a i d e  agziEt t h e ,  

the pyrolysi s would saeni t o  be first order ~ i " a  respect t o  %he dis-aXide * 

Eamtrse the products of" the r e a c t i m  zppeared t o  have an adsorp%ion band a t  

short  mvekecgths, the tail of' which extended as  f a r  as 3300 1, an a.tteri+ was 

made t o  correct f o r  '&his by taking the height of the main adsorption band of 
0 

trimethylene disafde a t  wavelengths larger -&hart 3390 A. Tie f a c t  tkraz the 

slope of the  graphs f o r  n r f  ous wavelengths, changes l i t t l e  indicates %hzt this 

e f fec t  is probably small. The most accurate kinet ic  data are probably derived 



0 
fram the re su l t s  a t  3300 8 .  

w n ' where X and X concentrations 17.L0 C . Velocity constant k2 = 3 log - 
t X 3 

of trimethylene disufffde a t  t = 0 and t = t see. 

Substitute,  X = 0,65; X = 0 .&, t = U+,4OO secs. 
0 

I L l o C .  X = 0.74, X = 0.60, t = 16,800 sees.  
e - 

Substituting these values f o r  k and k i n t o  the relation: 
1, 2 

=% , 

& =  x 2.3 log  gives AH = 8.7 Kcals. 
2 k 7 

9. Photolvsis of Trimethvlene Disvlltide a t  Iaw Temceratures i n  Ether-Pentane- 

~ l c o h o l / ~ l a s s .  - (Figure 6 )  A f reshl;y d i s t i l l e d  solution of trimethylene di- 

s f l i d e  in aqueous e%hanol was diluted with water and extracted in to  n-pentane. 

The ext rac t  was washed with water, dried over caloium sulfate  and then diluted 

w i t h  ether  an3 alcohol i n  the ra t io :  pentane extract  5 parts,  ether 5 parts,  

alcohol 2 parts,  and the spectrrm; reicoxrlled . The s o1.uti on was introduced in to  

a one centimeter Coyex spectrophotomeser ce l l ,  deaxygenated in nitrogen and 

sealed. The c e l l  was rnomted in a quartz Dewar attached t o  a Beckman spect rw 

photcaneter and rapidly cooled in l i q a i d  nitrogen. When the solutf on had set  t o  

a transparent glass, the speeiilwn was taken a f t e r  f i r s t  pumping off the liquid 

nitrogen t o  a level, below tha t  of the l i g h t  path,  The c e l l  was reimmersed i n  

l iquid nitrogen and u l t ravio le t  radiation fram a high pressure mercury arc  

f i l t e r e d  by a 2 mm. Corning f i l t e r  No. "74.0 was focussed upon the distilfide with 

a quartz lens . The spectrum of" t he  solution was taken again a f t e r  20 and 30 

minutes, by which t h e  s e r y  l i t t l e ,  if any, of the dieulfide was l e f t .  A t  t h i s  

point the  solution was a del icate  pale salmon pink color. Sudden recrystallfza-4 



%Lon of the glass prevented our examining the spectrum a t  wanlengths longer 

than @00 g. The bulk of the l iquid nitrogen was now d i s t i l l e d  off, but the ce l l s  

were kept i n  the Dewar f lask  so tha t  they might warm up very slowly in the dark. 

When they had attained room temperature, the c e l l  originally containing the 

disulf ide was f omd t o  be turbid. The solution was clar i f ied by ultracentri- 
0 

fuging and i t s  spectrum taken, The reappearance of the characteristic 3300 A 

band of the disulf ide with an optical density of 0.95 indicates a > 5% recovery 

13f the disulf ide.  

10.  Equilibrium between Trimethvlene Disulfide and 0-Merca~toethanol. - 
(a) A freshly d i s t i l l e d  aqueous ethanol solution of trimethylene di- 

sulfide examined spectroscopically i n  a 1 an. c e l l  had an optical density of 
0 

1 .A2 a t  3300 A . $-Mercaptoethanol (23.5 mg . = EFI; 20 h) was weighed in to  a 

speetrophotometer c e l l ,  trimethylene disulf ide solution (3 .0 cc . ) added, and 
0 

the  opt ical  density of the 3300 A band recorded on a Gary spectrophotometer as 

a function of time. The opt ical  density dropped rapidly a t  f i r s t  and then 

ieveLed off t o  a constant value of 1 -06. 

(b) The sequence of operations described i n  (a) was repeated usfng 

&mercaptoethanol (110 mg. 1001\) and trimethylene disulfide solution of 

i n i t i a l  optical density of 1,68. Final opt ical  density = 0.65. 

(e) The equilibrated solution of (b) was diluted with two volumes 

of ethanol. This caused the  optical density t o  increase t o  a f i n a l  value of 

0.365. 

Assume equilibrium being measured is: 



if a,  b and 0 are the i ~ i t i a l  conce~trat ions of these, three ent i t ies  respectively, 

then a t  equilibrium a f t e r  3-moles of reaction, t h e i r  concentrations are (a-x) , 
(b-x)fi7 and x and the equilibrium constant will be: 

(47) Note that  the t o t a l  t h i o l  group cmeentration remained eorlstant and 
equal t o  b f o r  any amount of reaction x .  

al iphat ic  disdB.de x 
K = - - 

c y c l i e  d i s d f i d e  x thio14? b (a-x) 

1 .Q 3 *o -2 
For (a) above, a = - x - = 0 -960 x 10 moles/liter 

where l4.7 = extinetion coefffcfent of trimethylene disulffde 

3 .o and the factor  - corrects for diluf;iori of d isuuide  
3.02 

by the added $-mercaptoethanol 

Hence K = 3 -30 

f o r  (b) and (c) ,  K = 3 "31 and 3 -20, respectively. 

11. ~ u i l i b r f u m  between Trhe-ehvlene Disulfide and Benzvl B r c a ~ k n .  - 
(A (1) The experiment described above f o r  &.mercaptoe.T;hanol was repeated 

using benzyl mercaptan (20 A)  which was added t o  trimethylene disulf ide , i n i t i a l  

and f i n a l  optics1 densi t ies  = 1.75, 0.97, respect2.vely. Since density of benzyl 

mercaptan = 1.058, K = 13.3. 



(2) More benzyl mercaptan (40 A )  was added t o  the equilibrated s o h -  

tion; new f i n a l  optical density = 0.545. Hence, K = 12.8. 

(3) The equilibrated solution of (2) was diluted with two volumes of 

ethanol; new equilibrium optical density = 0.33 . Hence K = 12.7 . 
@ (1) Benzyl merrcsptan (5 A )  added t o  trimethylene disulfide, i n i t i a l  

0 
and f i n a l  opt ical  densities of 3300 A band were 1 .& and 1.20, respectively. 

Hence, K = 13.8. 

( 2 )  More benzyl mercsptan (15 ) added; new equilibrium optical density 

= 0.81. Hence K = 13.4 

(3) Equilibrated solution af (2) was diluted with 15  volumes of 

ethanol. 

Qailibrium optical  density measured i n  5 cm. c e l l  = 0.43, Hence, K = U.1. 

Stra in  Enerm of Trime t b l e n e  Disulf ide 

Equilibrium determinations s i m i h r  t o  those described above were per- 

formed in 1 an. photometer ceUs surrounded by a jacket through which water a t  

constant temperature circulated. A t  equilibrium the actual temperature in  the 

reaction vessel was recorded. 

(a ) 2L .lo C : Freshly d i s t i l l e d  trimethylene disulfide solution (opt ical  

density = 1.55) (3.0 cc . ) was added t o  benzyl mercaptan (26.0 mg .) . A t  equili- 

brium optical  density = 0 .71. Hence K = 16.9. 
24. -1 

(b) 35 SOc z Trimethylene disulf ide solution (optical density = 1.51) 

(3.0 cc . ) added t o  bemy1 mercaptan (28.6 mg . ) . A t  equilibrium optical density 

= 0 -81.. Hence, K = 11.23. 
35 -8 

Substitution of these data i n t o  the  isochore: 



gives A H  = -6.34 Keals. 

12 . gatalvzed Photo-ggfdatfm of l r imet l l~ le l ie  D@.suZf ide . - 
(a) The photo-widation was followed i n  a Marburg apparatus a t  18' C . 

using solutions of z inc  letraphenylporphin i,n ber~zene and trimethylene dfsulfide 

in l igroin . The f olPowing mixtures were b t r d u c e d  in to  Warburg vessels p, 

( A )  Prophin solution 0.5 cc ,, benzene. 2.5 cc. (E) Por-phin solution 0 $5  cc., 

=groin 2 -5 cc . (c) P.orphia solution 0.5 cc , , l igro in  2.3 cc . , trimethylene 

disulfide 0.2 cc . (D) Trimethylene d isul f  fde 0.2 ce . , l igro in  2 -13 cc . 
(E) Trimethylene d i s a i d e  0.2 ec., berxzene 2.8 ec . Gxygen consumption by 

these mixtures was followed both i n  tihe dzrk and ia the 1igb.t- Figure 7 exhibits 

the data obtained. 

(b) The solution of zinc tstrsphenylporphin in ethanol (2.4 r loa4' g] 

and a freshly d i s t i l l e d  aquems ethanol solution of t rhe thylene  disulfide 

(0.972 x lo-' _M) were made up. The following rixturas of these solutions were 

introduced i n t o  War'burg vessels. [.A) i n t o  two (No. 1 and 2) vessels tzimethylene 

dfsulfide 1 ce., porphin 0.2 m., ebhanol 1.5 ec., (B) i n t o  two vessels (No. 3 

' and 4) trimethylene disulf ide 2 cc ., prophin 0 -3 c c . ,  ethanol 0.5 oc. After 

equilibrating a t  11.2' C. i n  the dark, the vessels were iiLumimtei and the 

oxygen consumption obtained as  a function of time. The graph (Figure 8) records 

the resul ts  obtained and shows t h a t  s l i g h t l y  more than one atom of' mTgen was 

consumed per mole of trimethylene disulfide. k a sbrdbar experbent  conducted 

a t  24' C . rather  more oxygen was consumed (Figure 9)  . When the acidations were 



cmplete  the  solutions were combined, diluted with a L i t t l e  water, and fract ionated 

under reduced pressure. The spectrum of "ce ethanol d i s t i l l a t e  which apparently 

e ~ n t a i n s  the  sulfox3.de derived from trimethylene disulfide i s  shown in  Figure 

10 and cmpared with t h e  saoxide of 6,ELthioctic acid.  

13. CheQcal &.idation of DJsulfide. - Since H 0 did not give a simple a i d a t i o n  
2 2 

of the disulf ide other oxidizing agents were t r i e d .  Ammonium ]persulfate was 

f ourad t o  be sui table .  To 9.4 ec. of trimethylene disuLTide i n  9% ethanol 

This was allowed %o stand a t  room temperature f o r  16 hours . The disulfide band 
0 

rapidly d i s a p p a r s  and is replaced by the monoxide band a t  2450 A .  Assmiing the 

ext,inotion coefficient of the s u U d d e  equals 1025 the calculated height of the 
1.67 x 1025 

24.50 band (diluted 10 times) = = 1.16. ~ o u n d =  1.15 
2.4'9 x 10 

(Figure 91). A corresponding r e s u l t  was obtained with 6-thioetic acid.  

PHOTOLYSIS OF TRIMETHYLWTE DISUUIDE IN 

PRESENCE OF ACIDS 

A ,  With rr-keto~lutaric ac id ,  - Into each of two pyrex t e s t  tubes was intrc- 

t:aced 6 cc. of trimethylene disuLfide (a. u l 0 0 )  i n  80% EtOH + 1 cc. of M/2 

s o h t i o n  a-ketogiuhrf r: acid in 80% EXOH. Two control tubes each containing 6 cc . 
of" the trimethylene disulfide solut ion alone were a l s o  made up. The tubes were 

demqrgenated i n  a stream of N2, seaied and exposed i n  pairs t o  the following 

conditions: (a) one pa i r  was kept 3x1 the dark f o r  24. hours; (b) the other 

pa i r  was illuminated for 3 hours under an 8 W. U . V .  lamp. Spectroscopic investi-  

gation of the  tube contents demonstrated tha t  no change occurred with (a ) .  With 

(b) the tube containing the o-ketoglutaric acid remfned clear,  while the con- 

t r o l  rapidly became turbid then miUcy, Further, in tb.e clea,r solution, a l l  %he 

t rhe thy lene  d i s G i d e  had been destroyed but no new character is t ic  absorption 



peak appeared . 
E l .  With acetic.  m d i c  and D ~ U L K ~ C  acids - Q u a n t & a i $ a a  - In these 

expsrhenm, the concentration of trirmthylene diszllEide 19 a freshly d is t f i led  

exhanolic aolutfon was estimated s p e c ~ ~ o s c ~ p i c a ~ i ~  The trbefhylene disul-. 

Ofde nixed wLth the required amorat of %he organic a d d  was dilated ~ 5 t h  water 

to s, 8% EtOH,  demygemted in ~i.f,rcger,, sealed ~JI Pgrex glass -tubes and 

photolyzed under a bank OI? six &-W tubular u .v , lamps f o r  1-3/& hours a W i t h  

acet ic  acid,  a turb id i ty  slowly developed bit with the other acids, the solu- 

t ions were clear  a f t e r  photolysis. Controls without added acid sapzdly b e m e  

~i3-h rh robure t t e s  (a ) potqea%iomtrfea1l.y against NaOH, (b ) agaf n s t  K I  (c) 3' 
agaf nat  -Ag+ mperametriuslly t o  es2;ima t e  thf a1 groups (f o ~ o w i n g  t k e  procedure 

~f Rosenberg, 9% a;kL8 The resvlts of these t i t r a t ions  are exhibited in Table I. 

CAB) S ,  Rosenberg, J. C. Perrone and P ,  Lo E r k ,  Anal, Chem., 22, 1186 (1950). 

+ E k t b a t i o r ~  af t h i o l s  by t i t r a t i o n  against IT and Ag . - In vfew 02 tihe results 

of the prereedLng experhenks it  be^^ desirable to learn srxnething of the 

~ a l i d i t y  cd" these methods for estimating th io l s .  &h00 sa3.uttfons of @-mercapt~- 

e%hnok a . d  trimei;hybne dithfoP i n  aqueous &OH (z. 80%) whEeh had been made 

up several. months previously were t i t r a t e d  on the micro soale against g l 0  I2 

(wing s tarch)  and ampermetrically against 3/10 &NOg using the procedure of 

Rosenberg, & with the resul t s  shorn i n  Table 2. 





Table 2 

-SH estimsted by I2 -SH estimated amperametrically 
~8 

However, new so1utfans mde up from freshly d i s t i l l e d  th io ls  and from pure 

cysteine hydrochlo~ide gave the results shown in Table 3 .  

Table 3 

USH esthated by -SH estimated by 
5 t i t r a t ion  A ~ *  t i t r a t i o n  

Note s - (a) Precipitate f ermed during t i t r a t f  on, 

1% thus appears that in the  absence of certain mideatiffed interfering 

G o  Photolvsi s of trimethvlene QsuLff de Tn uresenee ~f hvdrwhloric a d  - 4 0  

Quantitative Data. - A freshly d f s t i l l ed  aqueous ethanol solution oS t rhe thylene  
0 

d i s d f i d e  had optical density f o r  3300 A peak = 2 -05 corresponding t o  1 -39 x _Ma 

25.0 cc.  af th i s  solution end 400A a0 0.95 x 10-I - N aqueous HC1 (calc. for 1 
equiv. = 366 /\ ) was introduced into s m W i e d  m e x  "lollipoptr (a vessel with 

f la t  sides furnished wfth an ex i t  tube and a capillary reaching almost t o  the  



bottom of the vessel, both tubes being sealed t o  stlopeoeks), The s o l u t i m  me- 

deaygenated f ~ r  20 minrrtes Ln a stream of pure B saturated in slc&ol vapour 
2 

htroduced through the capillary and then isolated from the atmosphere by turning 

the stopcocks. Fhotolysis was con&;lcted f o r  1-3/4 hours at a distance of so 2" 

f rm a bank of eight 4-W tubular U.V. lamps, the apparatus being kept cool wfth an 

air b l a s t .  A t  the end of the photolysis, the solution me quite clear and 

spectros copic examinztion (Figure I 2  1 revealed the c a p l u t e  disappearance of the 

t r imthylane disulPide 3300 1? band. Lesd acetate papers showed the posewe or 

a tmce of H S i n  the photolysis solution. The solutf  on was then t i t r a t e d  , 
2 

Potenticunetrir; 

I n i t i a l  solution before photo1ysi.s; 300 = 46.6 )1 of 0.1 N BaOH, 

Solution a f t e r  photolysis, 300 = 4?.95)1 of 0 . 1 3  NaOH, C H ~  
= 1.60 x 8 .  

w e t r i ~  

Photolysis solution 250 = 58.8, 58.2 of 1.06 x 

.: pg = 2.48 x Y. The end point,obsemed w i t h  the aid 

of starch, was not good - the blue color rapidly disappeared. 

Am~erometrip 

300 h of photolysis solution = 35 -4, 36 2, 35.6, 35.8, 34 -2, 33 .b h 
of 1.02 x 10-1 3 R ~ N O  . 35.1 haverage .: [SH] = 1.2 x 2. 

Cab. vql.l;e af -sH assuming reaction 'n 
S-s SB n EX = 



Xanthates and Trithiocarbona t e s  . - PMmcapjcoethanol, bemyl mercaptan and 2- 

butyl mercagtan dissolved in ethanol were mixed in a Cary spectrophotometer c e l l  

with ~Ught ly .  more than the calculated amount of carbon disulfide, then treated 

with I E sodim h y d r d d e .  The yellaw color af" trithiocarbonates developed in- 

stantaneously. Figure 13 shows the spectra obtained. A s u l a r  experiment, 

conducted with a specimen of the solution obtained by photolping trimethylene 

d i s u i d e  in the presence of hydrochloric acid, gave the same characteristic 

peaks. h n  alkali  was similarly added t o  a solution of carbon dfsulfide, alone+ 

fn ethanol, the paler color of the xanthate (see Ff gum 11) developed much more 

sIowly. 

0 i t 3  e n  . 

(a Spectrum of photolyzed solution is virtually m&snged by heating 5 cc . t o  

70' C . f o r  20 minutes with 50 A of conc. HC1. 

(b) Onmaking just alkaline with NaOH, the photolysis solution slowly becomes 

yellow as a peak gradually develops a t  a. 3400 1 (Figure 14) and Later turbid. 

H te r  standing memight and centrifuging, the solution possesses a good peak 
0 

a t  3380 A .  This is not due t o  trimethylene d i sd f ide  since, on acidifying, -the 

solation becomes tarbid, and the pa%: largely disappears and dis t i l la t ion of the 
0 

solutfcm under reduced pressure gives a d fs t f l l a te  with no absorption a t  3300 A .  

(e) W n g  the solution strongly alkaline and d i s t i l l i ng  under reduced pressure 
0 

gives no trimethylene disulETde. Apart f ran end absorption below s. 2300 A,  
0 

the d i s t i l l a t e  shows only a minor peak a t  a. 2700 A due t o  traces of fhiaeyclo- 

butane in the original trimethylene disulfide . 
(d) Reduced pressure d i s t i l l a t ion  of %he photolysis solution gives a spectrum 

0 
si,rdl~r t o  that  i n  {c) except that  the 2700 A peak is  now an inflexion on side 

of greater end abeorption 



(a) Oxidizing the t h i o l  groups in photolysis solution with I and then 
2 

d i s t i l l i n g  under reduced pressure gave a d i s t i l l a t e  with a peak a t  3380 1(, 

which f o r  sane t h e  was believed t o  be due t o  impure t rhe thylene  d i s u i d e  

( h,oax = 3300 2) derived by d d a t i o n  of? trimethylene d i th io l  present in the 

phot olysis solution. However, t h i s  poss ib i l i ty  was eliminated because reduced 

pressure d i s t i l l a t i o n  af the  acidic  photolysia solution gave no d i th io l  since 

oxidation of the d i s t i l l a t e  with I2 gave a turbid solution which on r ed i s t i l l a -  

t i on  gave no t rhe thy lene  disulfide.  A control experiment in which, a s ~ l l  

amount of synthetic d i t h i o l  was first added t o  the photolysis solution before 
0 

d i s t i l l a t ion ,  5 a i d a t i o n  and r e d i s t i l h t i o n  gave the 3300 P peak of trimethylene 

d i  sulf ide,  thus demonstrating that the photolysis solution did not d e s t r ~ y  tri- 

methylene d i t h i o l  and t h a t  hence there was no trimethylene d i th io l  present in 

the original photolysis solution. Another control e x p r h n t  (Figure 35) in 

which t rhe thy lene  d i  suafi.de was added t o  the photolysis solution which was then 

d i s t i l l e d  showed trimethylene disuLfide i n  %he dis%illa%a, thus proving tiit 

trimethylene disulf ide a l s o  was not destroyed by the photoas is  solution, 

( f )  Further proof of the absence of trimethylene d i th io l  i n  the photolysis 

solution was obtained from the  obsem-tiion that, trimethylene d i t h i c l  could be 

mfdized vktual ly  qualatftativelg- to trimethylene dfartlfide by hydrmq2mr&ne. 

A few of trimethylene d i t h i b l  in 3 ce. of B. 8@ aqueous ethanol was 

warned t o  50' C .  i n  a Cary spectr+otcrmeter c e l l  with 3.5 H NaGU (600 h )  and 

4 NH$lH, HC1  solution (300 A )  . The rapid f onnation of trimethylene dlsulf ide 

could be observed from the development of the characteristic 3300 1: peak. In 

a similar experiment in which the photolysis solution was t reated with a l k a l i  

and hydrcxylamine , no development of the 3300 8) peak could be observed . 



( 1  No H 0 was present f a  the photolysis solution since (1) adjusting the 
2 2 

pH t o  7, diluting with water and adding ca tabse  caused no liberation of O2 

although catalase added t o  alcoholic H202 OP equivalent ethanol concendzatim 

did give off ca;ygen; ( i i )  bleaching of PbS-impregnated paper fai led t o  occur. 

Also a photolysis experiment conduieted with a piece of PbS paper suspended in 

the solution, fai led t o  cause bleaching of the pigment. 

B h v l  t-butvlsulfenate 

This was prepared aecordfng t o  the dhec.tims of RhslnhoPdt and Motzhs. 35 

It was a colorless mabile, pleasant smelling Uqriid, bop. 65°/90mm. &pt in 

sealed glass ampoules a t  5' C .  it is quite stable but exposed t o  the a i r  it 

rapidly turns yellow and appears t o  change a t  l eas t  partly i n to  di-&butyl 

disulfide . The spectrum i n  ethanol showed hmgn = 2655 8, = 70.5 
max 

(Ff gure 16 1 . 
Effect d acid and a lka l i  on ethvl t -bu t~ lsdfena te  

(a) The sulfsafc es ter  (5 )1) was dissolved in ethanol (3 eco of 80%) and the 

spectrum taken. 70 d l 3 NaOH was added and the spectrum retaken, A s l i g h t  

hcreasa i n  absorption %hroughou% the speetrutu was observed but no specific 

change . No Purkher change occurred even a f t e r  2 horns . 
(b) The sulfsnic es ter  (5 i n  3 cc, of 80% aqueous ethanol  was treated in 

a spctrophotanster c e l l  with 70 h of 1 gl H C l  and spectra recorded at appropriate 

intervals of t h e .  A rapid change meupred k the spectrum l a a a g  t o  increased 

absorption throughout the spec%mun. After standing overnight, a91 the sulfenic 

esters had been destroyed and a new as  yet unLdentified peak had appeared, a t  
0 

2900 8 ,  @igure 26) 



Dl-t-but~l disulfide 

This was prepared by midizing an alcoholic solution of P b u t y l  m&aptan 

with aqueous K I  solution. No defini te  end point could be observed, A s  the iodine 3 
solution was added, the s o l u t i  on became browner and the characterf stf c smell of 

s-dfenyl iodides gradually developed. The excess I was destroyed w i t h  Na S 0 
2 2 2 3 

and the disulfide isolated with pn tane  and d i s t i l l e d .  The disulfide was ob- 

tained a s  a yellow o i l ,  b .p. 85'/25 mm. Anal: Found C ,  54.25; H, 9.86; S, 36.1, 

C H S require C ,  53 o 4 j  H, 10 .l; S, 36 -05%. Repeated fractionation fa i led  t o  8 18 2 

remove the yellow color. The u.9, spectrum ( in  %OH) i n  contrast t o  other a l i -  
0 

phatic disPlffdes showed no character is t ic  band a t  2500 A; instead it revealed 

only an end absorption extending b t o  the v l s ib l e  ( ~ i g u r e  16). 

Oxidations bv Ethyl-t-butvlsulfenate and bv di-t-butyl disulf ide.  

A Cary spectrophotcrmeter c e l l  was f i t t e d  with an attachment provided with 

two side arms t o  hold reagents, with an i n l e t  capillary and an e x i t  tube, both 

tubes being furnished with stopcocks. 

<,a k t o  the Cary ce l l  was htroduced 9% ethanol $3 cc.) and 12 aqueous KI 

(50 ) . Into the s ide a m  of the attachment was introduced the sulfenf c e s t e r  

(5 /\ ) in ethanol (50h) and 1 &, HG1 (50 (\) i n  ethanol (50 2 )  . The attachment 

was assembled and the system deaogrgenated i n  a stream of purffied nitrogen for 

10 lnirzutes beyond the time the eff luent  gases showed zero oxygen canter& in a 

Pauling oxygen analyzer. The taps were then closed. The H C 1  was then dumped 

i n t o  the C a q  c e l l  and the very slow development of t he  I color induced by 
2 

t races  of O2 was plotted a s  a function of time. The sulfenic e s t e r  was then 

tipped i n t o  the HI solution. I was immediately l iberated and continued t o  be 
2 

formed a t  a considerable speed B. 500 times greater than tha t  due t o  t races  of 0 a 

2 

(b) A similar experiment was prformed using di-k-butyl disulf ide (5 A) in EtOH 



(50h) i n  one side a m ,  H C 1  (50h of 1;) i n  EtOH ( 5 0 h )  i n  the other and with 

1 N M (50 A )  i n  aqueous EtOH (3 cc.) i n  the spactrophotometer c e l l .  Again on 

adding the  disulf ide a considerable increase i n  the r a t e  of l iberat ion of iodine 

was observed. 

{a) To investigate the d d a t i w  on th io ls ,  the siLkmk es te r  (10 A)  i n  &OH 

(50 ) and trimcthyiene d i t h i o l  (5  A) i n  EtOH ( 5 0 A  ) were introduced in to  the 

s ide arms. The c e l l  contained 1 J NaOH (50h  ) i n  EtOH (3 cc. of 90%). After 

r ~ m o ~ i n g  corygen, the d i th io l  was added t o  the  alkal i ;  a small amount of tri- 

methylene disulffde was formed slowly. Addftion of the sulfenic es ter  caused 

an instantaneous production of trimethylene disulfide (0 9. a t  3300 1 = 0.75). 

(d) A similar  experiment demonstrated t h a t  the sulfenic e s t e r  appears t o  be 

re la t ive ly  s table  t o  th io ls  under neutral  conditions ( ~ i g u r e  17) . 
(e) A similar experiment conducted with di-kbutyl  disulfide (4h ), and t r i m  

methylem d i t h i o l  (4 A)  a l so  showed a production of trimethylene disulfide but i n  

t h i s  case the mtie of formation was slow and the ultimate yield small. 

-x?neth~ls&f"enatq 

This was prepared from trfchlome~ylsul$eriy1.Ch1oride by reaction, with 

sodium ethcoride m-der conditions similar t o  those used f o r  the prepra t ion  of 

t,-butyl analogue. Anal: Found, C , 21 .A; H, 3.1; OEt, 22 4.  C3H5SOC1 re- - 3 
quires C, 18.L;; H, 2.6; OE%, 23,@. The absorpPlion spectra of the chloride and 

es t e r  a r e  shorn in Figure lt3 and Figure 19.  

k Q g  

In the apparatms i n  the diagmm (Figure 20), the Cary c e l l  (A)  was 

charged with ethanol (3 co. of 9@)  and 90 h of 12 NaOH, the s ide arm with 

trimethyZena d i t h i o l  (5 ) + ethanol (150h)  and the photolysis c e l l  (B) with 



trimethylene d isu l f ide  solution (3 cc., 1.2 x 1 8  &) + 40 h of 0.95 x 10-' 

N HC1  ( * 1 mole prop. ) . Pure I?2 was bubbled through We capillaries fo r  10 - 
minutes a f t e r  the eff luent  gas had zero 0 content according t o  a Fbuling q g e n  

2 
analyzer and the  taps were then turned. The trimethylene d i th io l  -as dumped 

i n t o  the Cary c e l l  and a spectrum taken. A small amount of trimethylene 

disulf ide was found . The Gary c e l l  was then wrapped i~ f o i l ,  the disulfide i n  

the photolysis c a l l  exposed t o  a bank of eight  4-V tubular u.8. lamps a t  a dis-  

tance of s. 1-1/2" f o r  2 hours, the apparatus being kept cool by an a i r  b l a s t .  

The spectrum of the d i t h i o l  and a l k a l i  i n  the spectrophotometric cell was taken 

again but no increase in the concentration of trimethylene disulfide had taken 

place. !Phe contents of tb Cary c e l l  were then tipped in to  the photolysis 

ce l l ,  mixed thoroughly and poursd back i n t o  the Cary c e l l .  The spctrum showed 
0 

an increased absorption a t  3300 A which developed with t h e .  The ultimate in- 

crease in the height of the band corresponded t o  =. 15% yield in the d d a t i o n  

of trimethylene d i t h i o l  t o  trimethylens d isu l f ide .  Beduced pressure d i s t i l l a -  

t ion  of the acidif ied mixture gave a d i s t i l l a t e  containing t rhethylene d5sr;lfide. 

Photolvsis of Trimethylene Disulf ide i n  the Presence of Sodium H~drcocide . 
A solutior, of t~imethylene disulf ide i n  s. 95% e t k n o l  ( d l 0 0 )  was 

t reated w i t h  70A of 1 M NaOH, freed fram mygen and photolyzed ir a Cary speetrc- 

photometer ce l l  before a bank of 6-W tubular u,v. lamps. Figure 21 shows t h e  

progress of the ph.o%olysis and the effect of acidifying the photolysate. 



Figure 1 - 
Figure 2 - 

Figure 3 - 
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Fimre Cautions 

Absorption spectra of some d i s d f i d e s  i n  alcohol. 

S chemati c represents ti on of the potential  curves and transitions 

fo r  the cyclic arid open-chain disulf ides . 
Apparatus f o r  the measurements on photosensitized fading of picryl- 

hydrazgi . 
Photolysis of df phenylpfcsaIhy&aoyl i n  the presence of trimethylene 

(51) Readings t,aken against a dark red f i l t e r  No. 66. 

disulf ide . 
Figure 5 - Kinetics of pyrolysis of n i n  n-octane . 

S-S - 

Figure 6 - I c w  temper&.ture photolysis of trimethylene disulPide and its reversal.  

Figure 7 - ~ ~ t ~ ~ i ~ ~ t ~  of n catalyzed bp zinc tetraphenylporphin. 
S-S A 

Figare 8 - Stoichimetry of photemidat ion  of I I catalyzed by zinc 
S-S 

Figure 9 - S t o i c h i m t r y  of photo-aidation of I catalyzedby zinc 
S-s 

Figure 10 - Absorption spectra of disulf ide monddes  in alcohol. 

Figure Li - OrcfdEktiol? of trimethylene dfsulfide by ammonium persulfate . 
Figure 12a - Photolytfe behavior d aeidfe aqueous alcoholic soLution of trimethylene 

disulf ide a t  porn teaperatme. 

Figure 12b - Trimethylene disulf ide acid photolysis solution a f t e r  standing an& 

with %hi01 c~mpensation . 
Figure 13 - Trithf ocarbonate formed by photolysis solution, 



Figure 14. - 
Figure 15 - 

Figure 16 - 

Figure 17 - 

Figure 18 - 
Figure 19 - 
Figure 20 - 

Figure 21 - 

Effect of aUrali on photolp is  solution; 

S tab i l i t y  of trimethylene disulf lde t o  both acid and a l k a l i n ~  

photolysis solutian. 

Absorption spectra i o  alcohol. and sens i t iv i ty  of e thylfrbutyl-  

m e n a t e  t o  acid.  

k i d a t i o n  power and kinet ics  f o r  e thyl  &-b~tylsdfenab in 

alkal ine s o l u t i o ~ .  

Absorption spectra of t r i c h l o r m e t h ~ ~ l s ~ e n y l & i o r i d e .  

Sens i t iv i ty  of e thyl  trichlormethylsulfsnate t o  a lka l i .  

Equipmemt f o r  demonstratting spectroscopical&y the phot olysis solu- 

t i on .  A = Cary absorption ce l l ,  B = photolysis ce l l .  

Tne phot olysis of trimethy1sne dZsuUide i n  alkaline medium. 
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TIME IN MINUTES 

PHOTOLYSIS OF DIPHENYL PICRYL HYDRAZYL IN THE PRESENCE OF TRIMETHYLENE DISULFIDE 

I. IN DARK AFTER ILLWIWATIO* 

2. PKRYL WDRAZYL +A IN LlOMT 

1. r m w L  M Y ~ A Z Y L  IN DARK 

4. PKRVL UYDRAZIL I N  LlOMT 

I. PICRYL MYDRAZYL + ,o, IN DARK 

Figure 4 



I .o TEMPERATURE = 174" C 

KINETICS O F  P Y R O L Y S I S  O F  sq 
IN n - O C T A N E  

)_ 0.3 
I- - 
cn 
E I ,o., 
0 0.9,  

TEMPERATURE = 141°C 

- 3260 4, 
4 

J 0.8 0 
3420 1, 4 

4 0 .7  1 3500 A, 
g 0.6- 
Q 
o 

4 0 
, I 

6 0  120 180 240 
TIME IN MINUTES 



I 

3 0 0  320  340  360  380  4 0 0  420  

WAVELENGTH IN MI1 
MU-5548 

LOW TEMPERATURE PHOTOLYSIS OF TRIMETHYLENE DlSULFlDE 

1. 0 IN E.P.A. BEFORE PHOTOLYSIS (ROOM TEMP.) 
s s 

2.  * 1 AT -196. C. 

3. " 1 AFTER 10 MIN. PHOTOLYSIS 

4. * 1 AFTER 2 0  MIN. PHOTOLYSIS 

5 4 AFTER WARMING SLOWLY TO ROOM TEMP. 
AND CENTRIFUGING 

Figure 6 



CATALYZED BY ZINC TETRAPHENYL PORPHIN 

I.  0, + P.E. 

1. POI)PMII P.L. 

s. WRClIl* * .I 
4 . 0 .  + ma . 
L COrn lN  + q m. + P.L. 

I 

Figure 7 



TIME OF ILLUMINATION IN MINUTES 
MU-5543 

PHOTO-OXIDATION OF CATALYZED BY ZINC TETRAPHENYL PORPHIN 

0, CONSUMPTION CALCULATED FOR ONE &TOM 

OF OXYGEN PER MOLE OF 

Figure 8 



TIME IN MINUTES I U - ! B a  

9. 8 4. A ALONE 

6. CALCULATED O* ABSORPTION FOR 
ONE ATOM OF Ot PEL MOLE O f  ,n, 



2.C 

I .! 
> 
k 
cn 
Z 
W 
0 

J 
a 
0 

IS 
0 

O.! 

I. 6-THIOCTIC ACID MONOXIDE (LEDERLE) 
IN 95% EtOH. 1.89 x M 

Amox = 2 4 4 0  d 
& = 1025 

max 
2. PRODUCT OF AMMONIUM 

PERSULFATE OXIDATION OF 
6-THIOCTIC ACID. 1.72 x M 

3. PRODUCT OF AMMONIUM 
PERSULFATE OXIDATION OF 
TRIMETHYLENE DlSULFlDE 
1.135 x M 

WAVELENGTH d 
MU-6989 

Figure 10 



I = INITIAL DlSULFlDE 

2 * I + (NH&Se04 

3, 4, 5, 6, 7 = 2 AT 
T = 0, 4, 9, 15, 2 5  MIN. 
AND 16 HRS. 

8 = 7 DILUTED 10 TIMES 
WlTH 95% EtOH 

WAVELENGTH A 
OXIDATION OF TRIMETHYLENE DlSULFlDE BY AMMONIUM 

PERSULFATE 

Figure 1P 



I. ORIGINAL TMDS PEAK 
2. TMDS AFTER 15 MIN. PHOTOLYSIS 
3.  " " 6 0  " U 

" 105 " 4. " 
I 

WAVELENGTH A 
MU-8991 

E ' i  -ure ?.2a 



2 .o 

1.5 
> 
t 
V) 
Z 
W 
0 

J 
a 
0 

L C  
0 

O.! 

I. PHOTOLYSIS SOL'N. (vs. EtOH) 
2. PHOTOLYSIS SOL'N. I ~ 1 0 ' ~  M 

VS. H ' ~ H  1 . 0 ~ 1 0 - 2 ~  

3. PHOTOLYSIS SOL'N. I X I O - ~ M  
vs H ' s d H  0 . 5 ~ 1 0 ' ~ M  

4, PHOTOLYSIS SOL'N. IX IO-~M 
vs HISH 1 x 1 0 - 2 ~  AFTER 
STANDING OVERNIGHT 

5 HIS d~ \.OX M vs E ~ O H  

WAVELENGTH A 

MU-7000 . 

Figure 12b 



PHOTOLYSIS SOLUTION 

Figure 13 



EFFECT OF OH- OM TMDS 
PHOTOLYSIS SOLUTION 

I. PHOTOLYSIS 80L'N AFTER 
ADDING OH' 

2.~1 AFTER 25 MIN. 
I . 1  AFTER 3 M Y S  

a500 4mo 4900 
WAVELENGTH 

w-wa 

Figure 4 



I. INITIAL PHOTOLYZED TRI- 
METHYLENE DlSULFlDE 
SOLUTION (I EQUIV. HCI) 

2. PHOTOLYSIS SOLUTION 
I + Icc. TRIMETHYLENE 
DlSULFlDE SOLUTION 

3. DISTILLATE FROM 
ALKALINE 2 

I I I I I 

2500  2 9 0 0  3300  3700  
WAVELENGTH 



Dl- t - BUTYL DlSULFlDE \ 
1 

100- 

ETHYL t-BUTYLSULFENATE 

ETHYL t-BUTYLSULFENATE 

20 - 

10 - 

I I 1 I 

2420 2655 2900 3300 

i 

Figure 16 



I. ETHYL t-BUTYLSULFENATE 
2.=1+ TRIMETHYLENE DlTHlOL 
3.~2 AFTER -10 MIN. 
4.: 3 DILUTED @ I  VOLUME WITH 

EtOH AND ADDED KZHPO4 
5 . ~ 4  AFTER 5 MIN. 
6 . ~ 4  AFTER 15 MIN. 
7 . ~ 4  AFTER 180 MIN. 

WAVELENGTH A 
MU-6995 

Figure 1': 



I. TRICHLOROMETHYL SULFENYL 
CHLORIDE IN EtOH 

2. TRICHLOROMETHYL SULFENYL 
CHLORIDE IN CCI, 

WAVELENGTH A 
MU- (ID98 

Figure 18 



I .  ETHYL TRICHLOROMETHYL 
SULFENATE BEFORE ADDING NaOH 

2. 5 0  MIN. AFTER ADDING NaOH 

3. ETHYL TRICHLOROMETHY L 
SULFENATE 4 HOURS AFTER 
ADDING NaOH (CONC. DIFFERENT 
FROM I) 

1 I I I 

2500 2 9 0 0  3 3 0 0  3700  
WAVELENGTH % 

MU-6997 



Figure 2 0  



I. TRIMETHYLENE DlSULFlDE + NOOH 
AFTER 10 MIN. PHOTOLYSIS 

2. AFTER 25 MIN. PHOTOLYSIS 

3 AFTER 105 MIN. PHOTOLYSIS 

4.- 3 AFTER ACIDIFICATION 

5.4 WITH THlOL COMPENSATION 

I I I I I 1 1 1 \ 1  I 

2500  2 9 0 0  3300  3700 4 1 ' 0 0 4 ~ 0  
WAVELENGTH A 

M U-6881 

Figure 21 




