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C m C A L  AND PHOTOCBEMICAL REACTIONS OF 

THIOCTIC ACID AND RELATED DIWIDES* 

Melvin Calvin 

Department of Chemistry and Radiation Laboratory," 
University of California, Berkeley 

ABSTRACT 

June 10, 1954 

The carbon cycle of photosynthesis is briefly reviewed in its entire- 

ty and the experiments involving it which led to the implication of disul- 

fide rupture in photosynthesis are indicated. A review of the organic, 

physical and photochemistry of disulfides, with particular reference to 

the five-membered disulfide rings as they appear in thioctic acid, is 

given. 

For publication in Federation Proceedings 

(*) Presented at symposium on "Metabolic Role of Lipoic Acid", Federation 
Meetings, Atlantic City, New Jersey, April 15, 1954. 

(H) The work described in this paper was sponsored by the U. S. Atomic 
Energy Commission. 
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Introduction 

bIe have =rived a t  a f a i r l y  complete picture of tb route by which 

carbon dioxide i s  sonverhd into oarbohydrate and other plant constituents. 

You may r e c a l l  that the driving force %or th5s reductive sequence of steps 

was a single reduction in wMch phosphoglyceric acid was reduced to phos- 

phoglyceraldehyde. This and the other s teps i n  the creation of the proper 

carbon skeletons a m  shorn diagrammatically in Figure 1. We have called 

t h i s  the l"hofrOsynthesis cyclen and we sha l l  use this term l a t e r  i n  the 

discussion. It i s  driven by a single gear, the reducing power C H ~ ,  which 

has i t s  or ig in  somewhere i n  the photochemical reaction which s p l i t s  water 

in to  active hydrogen C H 2, in some part icular  form, and active oxygen :, 

KO 3, which eventually f M s  its way in to  oxygen gas. 

(*) Presented a t  symposium on w&tabolis Role of Lipoic AcidQ , Federation 
lbe t ings  , Atlantic City,  New Jersey, April 15,  1954. 

( *  The work described i n  this paper was sponsored by the U,S. Atomic 
Energy C m m i  ssion. 



The basic form of t h i s  cycle was devised en t i r e ly  on the basis of 

analyt ical ,  degradation, and kinet ic  s tudies  with i n t a c t  organisms using 

CGo2 (1) This has pointed the way f o r  the search f o r  simplified systems 

(cell-free enzymes etc . )  which might carry out one or  another par t  of ,  o r  

reaction in the cycle. The reduction of phosphoglyceri~ acid and the aldolase 

condensation %o hexose have, of course, long been known i n  separated systems, 

and more recently since our discovery (2) of the widespread dis t r ibut ion of 

the secioheptulose phosphate and rfbulose phosphates the transketolase sys- 

tem involved i n  the intereonversfons of t r i o s e ,  hexose, heptose and pentose 

has been separated and studied. (34+,5) Final ly,  it may be of in te res t  t o  

point out tha t  we have succeeded i n  demonstrating the presence i n  a cell-free 

preparation of an enzyme (or system of enzymes) capable of carrying out the 

carboxylation react ion specif ical ly  from ribulose diphosphate to  phosphogly- 

cer ic  acid. (6) This can be done with e i the r  of the reactants Labeled and the 

dis t r ibut ion of t h e  l a b e l  i n  the resu l t ing  phosphoglyceric acid (PGA) indi- 

cate s the carboxylation takes place as proposed. (1) - 
A 

-0 - c+-> -7 

2 CH2 - CH - C02H 

C = 8  
I 

OF OH 

I - 



f y  my presence on th i s  prograna, 1 want t o  m p l i f y ,  or, i f  you l i k e ,  use a 

high-puwer mioroeoope on that square box marked @ i n  Figure 1 and see if 

we can build it up ii some d e t a i l  which w i l l  be comparable the one for the 

path of carban, 

It so happens tha t  during tlhe course of our study of the path of carbon 

some years ago, we encountered an experimental f a c t  which required inbrpre-  

ta t ion  and gradually led us in to  the upper left-hand corner of t h i s  diagram. 

This f a c t  was the followings While the l i g h t  i s  on and we have algae i n  a 

steady s t a t e  of photosynthesis and feed t h e m  radioactive carbon dioxide, that  

radioactive CO does not appear i n  the compounds which normally are  used f o r  
2 

the generation of respiratory energy - the so-called trlearboqylic acid 

cycle compounds (Krebs cycle compounds), Immediately the Ifght  is turned 

off after the radioactive carbon has gcptbaa in to  some thee-carbon compomd 

mch as phosphoglyceria acid,  theq radioactive carbon does find i t s  way 

into the c~mpounds of the t r i ~ a r b o x y l i c  acid cycle, The trfaarboxy%ie acid 

cycle is  a sequence 02 reactions by wMch pyg.uv%@ acid, which Ps fss-rfc 

with glyceric ac id ,  i s  converted in to  useful  energy and CB by animal and 
2 

plant  erganisms (citric acid or Kreba cycle). It i s  first converted t o  CQ2 

plus an active acety1 which then condenses with oxalacetic acid t o  form c i t r i c  

acid, The c i t r i c  acid goes on to aconitfc acid,  $0 i s s o i t r i c  acid,  %a om& 

succinic ac id ,  t o  ke toglutaric acid,  and back again t o  c~xahce t i e  acf d , though 

succinic, f u m r i c  and malic acids. So we have the comp1eted cycle (Figuse 2). 

And i n  going through the cycle two atoms of carbon (the active acetyl) have 

been converted in to  carbon dioxide and useful energy baas been made available t o  



the organisms9 1110stly in %he t o m  of so-caUed high energy phosphabe -- %he 
phosphcs~ie anhydride bonds of AW (adenosine tzriphosphate), Let us not be 

concerned with the de ta i l s  sf this procese except to  seeognfse %hat it i s  a 

well-known one, and that in order t o  ge t  radioactive carbon which i s  hcor -  

porated in pbosphoglycerie acid into the-ci.P;ric acid cycle, one has t o  pass 

through tb active acetyl  stage, The inportant c~bsemation i s  that while the 

l igh t  is on, we don* t see radioactivity appeasing in these compounds (Fi 

very rapidly, lit ge ts  into pymvic acid,  ijycerfc acid and the compouds we 

discussed earlfer. -- the photosynthesis c y s k  (Figure 1), However, when the 

l i g h t  i s  turned of f ,  there i s  immediate appearance of radicsaetive carbon from 

phosphoglycerfc acid in to  the compounds of th Ksebs cycle and the i r  close re- 

la t ives.  This phenomncsn fs shown f o r  two different types of experiment i n  Fi- 

Thus, we a m  say without any mb%guf%y tha t  these m s %  ex i s t  a eon- 

nection between the photosynthesis cycle, which you saw in Figure 1, and the 

respiratory, or c i t r i c  acid cycle , i n  Figure 2, which i s  blocked in some way 

when the l i g h t  f 83 on, This can be represenkd schemati ca l ly  fle Figme 5 ,  

Normalby, ghea the 1 i ~ h t  is on, most of the radioactive carbon which enters 

carbohydaa%es before f t gets to  the %ri earboxylie acid cycle and makes energy 

available t o  the plants or animals, However, as soon as the l igh t  is  turned 

o f f ,  there i s  made available a t  l e a s t ,  i n  pas t ,  a new conneetion, and a much 

shorter one (the dotted, l ine  in Figure 51 between the phatwynthesfs c y d e  and 

closing 



Afsout two pars ago, the enzyme system which car r ies  the three-carbon 

piece across t h i s  gap into the c i t r i c  acid cycle was recognized, The c o e n z p  

required t o  ge t  pyruvic acid over in to  the c i t r i c  acid cycle was given the 

name "py~uvic  acid oxidase factor'u , and it was recognized as a specific type 

of sulfur  compouad i n  l a t e  1951. This was r ea l ly  the only way t h a t  was known, 

theri, of carrying pyruvic acid aver i n t ~  the cikrie acid cycle, The e x p r h n t a l  

f a c t  t h a t  l i g h t  blocked t h i s  carry-over focussed our at tent ion on the relation- 

ship of l i g h t  and the "p~lruvic acid sxidase factorND. Piguse 6 w i l l  show in asom 

d e t a i l  the nature of that pysuvic acid oxidase factor  as it was detmmbed both 

by the group a t  Lederle Laboratories and a t  the University sf I l l i n o i s  and 

Li l ly  Latmratorie s . It i s  a five-membered cycl i  c disulf ide -- 6 98-ditMa- 

octanoic acid - and the pyruvic acid coming from the photosyrathesis cycle, 

i . e  . from phosphoglyceric acid (because t h i s  is  the f isst three-carbon csm~aaaad 

t o  form) i s  decarboxylated t o  form acetyl  thioct ic  acid. The fac tor  appeased 

i n  four other places under four other different  names. They were a l l  f i na l ly  

recognized t o  be one and the same thing. The names are shorn i n  Fiwe 6, 

The term th ioc t ic  acgd i s  the one I prefer since it most nearly d e s e r i b a  

the chemical and has been used by the f i r s t  people t o  synthesize it, namely, 

the group a t  h d e r l e .  (They have invented the term th ioc t ic  acid to  describe 

the synthetic material and t h i s  i s  the term I shal l  use.) Acetyl thioctfc  acid 

i s  thus f o m d  by the reaction of pyruvic acid and thioet ic  acid (with the 

cooperatfon of a thiamin compound) giving off COY T h i s  active aeetyl ,  then? 

undergoes a t h i o l  exchange with coenzyme A ( 6 0 ~ )  to  f o m  ditbioloetanaic acid 

and ace t y l  CoA. (1 shanq t trouble you with the whale structure of CoA here 

except t o  point out that the su l fur  of CoA i s  on the tail-end 0% a nuclieotide- 



l i k e  structure , being the SH group of a mrcapto e thanolamide residua. ) T h i s  

then, i s  the oative acetyl  which oondensesc with o x a l a c e h b  and brings the two- 

carbon fragment front py-raavie acid in to  the c i t r i c  acid cycle, These appear t o  

be the s s sen t i a l  features of the reaction by which the R O p p ~ i ~  acid oxidase 

f ac torn f w t i  ons, 

fhr f i rs t  proposal was that $he reducing power g e m r a b d  by the l i g h t  

simply reduced the disulfide t o  the d i th io l  and thus shif ted the steady-&%e 

r a t i o  of the f s m s  of t u o e t i c  acid in favor of tbe d f th io l  form, The dithfsh 

i s  incapable of oddisflag p p u v i c  acid to  form ace ty l  th ioc t ic  md and 

so in  the presence a f  high in t ens i t i e s  s f  l i g h t ,  since there was very L i t t l e  

disulfide (most of it was i n  the form of d i t ~ s l )  the connecting d i r e s t  route 

between pgruvic and the c i t r i c  acid cycle i s  closed, or a t  l e a s t  is nasrowed 

down, A s  soon as the l i g h t  i s  turned o f f ,  however, the dfsuafide i s  not be- 

ing reduced by the action of the l i g h t  -- it is rather  being oxidized, with 

the oxidizing agent being a pyrfdine nueleotide whieh i t s e l f  is  then reduced, 

Since it i s  being oxidized, the steady--state amount s f  disul%i.de i s  higher 

i n  the dmk and therefore there i s  more 0% i d ;  to carry the pyruvea~ over in to  

the c i t z i c  acid cycle, The d i r e c t  e ~ m ~ c t i o n  between the phobspt lhesis  ~ y d e  

and the e i t n i o  acid cycle i s  thus made in the dak. 

TMs was car suggestion, $hen, in the ksumws of 1952 without be- my 

more speefl ic  a s  t o  how t k  l igh t  d g h t  achieve t h i s  shift s f  shady-s t ab  - 
t h i s  &if'% of equilibrium - from d i s d f i d e  t o  d i tMol ,  

Abatat t h a t  t h e ,  1 received from D r .  T. H. Jukes a t  the Lederle hbora- 

t s r i e a ,  some s a p l e s  of this th ioc t ic  acid. The history of that is rather  in- 

terest ing,  and H thought I might take a minuts t o  - b e l l  you about the sequence 



of events which brought up the whole question of t h i o a t k  acid again, It 

f s a s  follows: DE", J a e s  had sent  me 20-30 rag, of w h a t  they believed to be 

the p p 8 f e  acid oxddase f ae t c~s  -- s p t b $ f c  thioot ia  acid -- %pa February 1952, 

f had opened the package and booked a t  the 20 mg. 0% nice ~olorl less  C ~ S ~ ~ P B  

and thought someday we would figure out s o m t b g  t o  d~ with these crystals  

and tucked them away i n  the icebox, Some weeks later, there appeared a n o h  

i n  The Journal of the American Chemical Society (8) saying (this i s  again 

from the Lederle group), We were wrongtQ". The first proposal %ha% %ha p p v i e  

acid oxidase factor was a six-mnmbered sing 0% t h i s  character 

s-s 

was i n  error ;  that the r e a l l y  ackive material was a five-membered ring, 

isomns of 6,8-tMoctic acid,  having this stxwtblare: 

the 

(I) was not the  active pr incipal  but ( X I )  was, f; mo%e t o  Jukes asking wfieh 

sample he sent me, and t o  please send the other one now, Q0 bze did -- he sent 

me another sample -- and it t u n e d  out t h a t  the first one he had sent me was 



indeed (I) , and when he sent  me (11) it was quite a d i f fe rent  thing. (11) 

w a s  not  white crystal l ine material  which looked p re t ty  much l ike  naphthalene 

( t h a t g  s what  the f i r s t  sample had looked l ike)  ; it consisted of nice yellow 

c rys t a l s ,  Now t o  an organic chemist the pale yellow color of c ~ y s b l s  

generally doesn't mean very much -- the yellow could be there for a whole 

v a r b t y  of reasons, having l i t t l e  to  do with the nature of the p i m i p a l  com- 

pound present. On the bare chance that it might be s ignif icant ,  I suggested 

t h a t  we had bet ter  determine the quantitative absorption spectrum of each of 

the samples, The spectra were quite different ,  indicating that the yeUow 

color which appeared in (11) was perhaps a genuine difference of (11) from (1) . 
About tha t  time a lso  we had a v i s i t o r  i n  our laboratory, D r .  John A ,  

Barltrop *om Oxford University, and he was s t a r t ing  t o  do some@xperiments 

with radiocarbon i n  the usual fashion which v i s i t o r s  do i n  our laboratory. 

We d i  scussed this spectroscopic observation with the view of obtaining a 

small sample of a disulfide r ing ,  without any side chains, and with only 

three carbons in it, t o  see what i t s  spec t rosc~pic  properties were -- t o  

see if there was something r ea l ly  queer about t h i s  f ive-membered disulfi.de 

sing. He sa id  he could do t h a t  -- it would j u s t  take a day or so -- and 

what he did wae to make the trimethylene disu1fi.de by heating together tri- 

methylem dibromide and sodium disulf ide,  i n  alcoholic solution. Upon dis- 

t i l l i n g  oM the alcohol, he got a c lear  yellow dis t i l la te . ,  That yellow 'stuff 

in tb spc%rophotonaebr gave exactly the same spectrum tha t  we had f o r  the 

6-thioctic acid which we had obtained from Lederle . D r .  Barltrop didn' t 

touch carbon-14 f o r  the r e s t  of the year, He spent a l l  h i s  time on the 

chemistry of this five-membered r ing  and the six-membered ring which he also 



made, t o  define precisely the difference between them - what were the essen- 

t i a l  characteristice of the five- and six-membered r ings which seemed t o  make 

the five-mabered b p o r t a n t  i n  pymvie acid oxidase while the six-membered 

r ing didnot function w e l l  a t  a l l ,  

Physi c s  of the Gyclic D isulfi des 

Figure '7 shows a model of 6-thioctic acid; these are photographs of 

scale models of th ioc t ic  acid,  showing the re la t ion  of the carboxyl group and 

the five-membered disulf ide.  The second molecule i s  there simply because the 

8-methyl-6$-thioctic acid happens to  be the only antagonist we have today, 

as ye t ,  t o  6,8-thioctic acid. If we have t h e  , we w i l l  discuss sane thing of 

the chemistry of t ha t  as w e l l ,  The spectra are shown i n  Figure 8, Here you 

see the spectrum of the 6 ,8-thioctic acid,  the five-membered ring (It s a 

l i t t l e  confusing. The 6,&-thioctic i s  the five-membered ring, and the 3,8- 

th ioc t ic  i s  the six-membered r ing ,  and the A,&-thisctic is the seven-membered 

r ing.)  compared with an open-chain disulfide spotrum, You e m  sea quite a 

pronounced trend, both in the posit ion of the absorption peak and i t s  inten- 

s i t y .  Thts- shif t ing af  the absorption spectra from the ul t raviolet  %award 

the v i s ib l e ,  a s  we make the r ing  smaller, ha~i  important consequences, It 

imedia teIy  suggested t o  us  tha t  a s  we made the r ing smaller we introduced 

in to  the r ing a s t r a i n  which was more or  l e s s  located .in the sulfur-sulfus 

bond. It was t h i s  s t r a i n ,  introduced i n  some way and for  reasons a s  ye t  u- 

determined, which was responsible f o r  the peculiar position of thioet i@: acid 



(the five-membered r ing)  i n  biochemistry. It a lso  went one step fur ther ,  

I t  suggeskd -- why i t  suggested t h i s  Ism not exactly sure, but it did -- t h a t  

perhaps the thioct ic  acid was i t s e l f  acting a s  the acceptor of the energy 

from the chlorophyll molecule without the intervention of any intermediary 

conversion: i .e.  t h a t  it was the converting agent. Why this a b u l d  be w i l l  

a ppar i n  a l i t t l e  while, 

The problem, then, was t o  understand, i f  possible, the nature of the 

spec t ra l  changes, and examine the physical and organic chemistry of these 

disulf ide compounds, both the chain and ring a l ike ,  and f ind out what the 

unique character is t ics  of these r ing compounds might be, I n  order t o  do t h i s ,  

WE proceeded t o  make use of the five-, six-, and seven-nembered rings which had 

no side chains on them t o  confuse the issue and the models of these are shown 

i n  Figure 9. It shows the open chain, and the six-membered and %he five- 

membered ring -- the seven-membered r ing i s n ' t  shown here. Oneo&tanding 

character is t ic  was immediately apparent i n  t h i s  ser ies .  The dihedral angle be- 

tween the cmbon-sulfur bonds, which in the open-chain disulfide can have any 

value, must be very near t o  zero degrees i n  the five-membered ring, This 

suggested a search of the l i t e r a t u r e  t o  see if any information was available 

by any method of observation with respect to  the introduction of s t r a in  into 

such a ring as this, I might say f i r s t  of a l l  t h a t  there i s  i n  eyelopellaLane 

an amount in s t r a i n  energy which i e b o u t  5 Kcals, and so one might expect a 

similar s t r a i n  energy here , although the two sulfur atoms change the geometry 

of the r ing a p a t  deal. There was, however, a v a i l a e  i n  the I f  bra tme in- 

formation about the ba r r i e r  t o  ro ta t ion  about the sulfur-sulfur bond in some 

simple disulfides.  Heat capacity measurements (9) on dimethyl disdfide andb 
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diethyl  disulf'ide indicabdtha t  them was a ro ta t ional  barrier ta tbs GO- 

planar posit ion -- i n  other words, the 180" dihedral angle - of between 33-15 

Kcals. This is  a very large r o t a t i o n a l b a m i e r  f o r  what purports t o  be a single 

s-type bond. Figure 10 shows the geometry of the C-S-S-C system (lo) and shows 

a possible reason f o r  the ro ta t iona l  bar r ie r  i n  the dSsulfide; it i s  an over- 

lap of the pl, and p2, orb i ta l s  on the two sulfur atoms (11) -- I don't  think 

we want t o  go in to  tha t  a t  the moment, The evidence i s  then tha t  the stable 

confirguation of a disulfide has a 90' dihedral angle, and that  any departure 

therefrom involves an introduction of s t r a i n  energy which could amount t o  10 

or  12 Kcals. in the  180° position and would be expected to  be larger  in the 

zero degree position, because of not only the rotat ional  barr ier  of the di- 

sulfide but a lso the shift of the carbon-sulfur bond angles themselves. One 

could e s h t e  this i n  a var iety of ways; we t r i ed  to  do it with infrared 

frequencies - which were measured for %he tzhethylene df sulfide , the tetra- 

methylene disulfide and the pentamethylene d i s d f i d e ,  but t h i s  did not prom 

t o  be eas i ly  and tanequivoeally possible. 

Another mode of estimating the s t r a h  energy in the trimethylene disul- 

f ide  , and the  tetza-, %or t ha t  matter, might be the T.Ilt3%vfole% spee.&rm it- 

s e l f .  If one makes the assumption t h a t  upon theabsorption of f i g h t  i n  these 

first absorption bands the excited state is one in which the bond between the 

two sulf'ur atoms i s  broken, then it would make l i t t l e  difference t o  the energy 

of the excited state how many carbon atoms lay  between the two sulfur  atoms, 

One could then, f o r  a f irst  approximation, suppose t h a t  most of the energy 

difference i n  the spectra of the three compounds was due to  difference i n  the 

energy of the ground state. Figure 11 i s  a diagrammatic representation of t h i s ,  



with a calculation on tha t  basis.  Thusa if we assume as  a f i r s t  approximation 

tha t  the excited s t a h  (u) fo r  a l l  of the disulf ides  has very mueh the same 

configuration, t h a t  i s , the sulfur-sulfur bond is no longer present, then 

using the r subscript f o r  the ring compound and the o subscript for  the open- 

chain we represent the energy of the vmious s t a k s  as a h e t i o n  0% S-S 

distances tag ordinary Morse Curves, Thus the t rans i t ion  a t  the absorption =xi- 

mutn f o r  the f ive-membered r ing (3300 11) corresponds to 86 Kcals . , while that 

for  the open-chain compound (2500 Z[) i s  1l3 Kcals . Using our f k s t  approxi- 

mation t h a t  the excited s t a t e s  are the same, f .e, 4 = 0 ,  then "$he difference 

between 86 Kcals. and 113 Kcals, would a l l  be assigned to th difference in 

the ground s ta tes .  This amounts t o  27 Ksals, That would make the s t r a i n  energy 

in the fim-membered r ing a s  high as 2% Kcala. T h i s  i s  certainly a mixhum or 

upper limit value, since + i s  surely not zero. Thus we have a t  Least one 

way of estimating the upper l i m i t  of the s t r a i n  energy in the five-mnibered 

~ i n g  a s  27 Kcals. Now we have two estimates -- one from the u l t r av io le t  s p e -  

tsm giving 27 as a maximum (something l e s s  than t h a t ,  in other words); and 

another estimate from the heat capacity data giving a minimum sf somewhere 

be tween 10-15 

demonstration 

There 

Kcals. Mow, l e t  us see i f  we can f ind  some direct  experimental 

sf this s t r a i n  energy. 

m e  several 

examine, fo r  example, the 

zinc i n  hy&seUcarfc acid 

ways i n  which thf a can be done, Me proceeded 50 

reducibilf %y of these d%suL*ldes, We found t h a t  

was rea l ly  the only reducing agent we could use -- 



borodhydride doesnvt reduce the distalfide. Zinc anch acid,  a heterogeneous 

reducing system, reduce s the f ive-membered disulfide almost ins tan t ly  a t  room 

temperature. The six-membered Usmlf5.de takes Pages  ; the open-chain disul- 

f ide  actual ly  must be heated, Another anomalous property of the trimethylene 

disulf ide i s  i t s  inab i l i t y  t o  r eac t  with HCN, 

But these are qualitative observatf ons , and we would much prefer to 

have a quantitative measurement, if possible,  of this manifestation. Another 

reaction whhh we examined f o r  t h i s  five-membered disulfide i s  the reaction 

with mereaptans. We found tha t  any mercaptan a t  pHus approaching 8,  where 

it was r e a l l y  mercaptide anion, would r eac t  with the five-membered disulfide, 
). 

opening it, t o  form an open-chain disulf ide of t h i s  character: 

T h i s  react ion was found t o  be sapid a t  pH0 s around 8, and reversible.  An 

equilibrium was established. tSe measured t h a t  equilibriura ad; two tempera- 

ture  s ,  25' and 35O, and got a LiR f on. t h i s  reaction of about - 7 Kcals . Now 

that i s n  9 t a very aecurabe measurement and it might even be twice t h a t ,  since 

we had only a ten degree temperature difference t o  work with. You will no- 

t i c e  t h a t  tb only difference between the reaction on the left-hand side 

and the right-hand side i s  t h a t  on the left-hand side the dfsulfide i s  

in  the five-membered r ing ,  in the right-hand side the disulfide is an open 

chain. Otherwise, the bonds are  the same; one mercaptan and one disulfide 



on each side. So the , then, presumably, represents the s t r a i n  energy, t o  

a f i r s t  approximation, of t h i s  cycl ic  disulfide.  That was one measuremnt; it 

w s  disappointingly small  compared to  the two other estimates tha t  we had 

xnade, but it was the only one - and s t i l l  i s  the only one -- t h a t  was a 

d i r ec t  equi l ibr  im measurement, 

Anather thermal reaction -- before we come to  the photochemistry of 

the disulf ides  -- was the reaction of the disulfide with a peroxide, t o  be 

specific with ammonium persulfate,  t o  form a th io lsu l f in ic  e s t e r  (or sulfenic 

anhydr i de ) s 

This turned out t o  be a very nice react ion,  eas i ly  susceptible of quanti- 

ta t ive  measurement. The method was again a spectroscopic one, depending 

upon the disappearance of the 3300 8 cyclic disulf ide absorption band. Fi- 

gure 12 shows the oxidation of the disulf ide carried out by ammonium per- 

sulfate.  Curve 1 i s  the absorption spectrum of the hitid disulfide and 

then curves 2,3,4,5,697 are  a se r i e s  of successive spectra a t  d i f fe rent  

times, a f t e r  ammonium pessulf'ate i s  added t o  the reaction mixture. Curve 8 

i s  the same reaction mixture a s  gives curve 7 diluted ten-fold so t h a t  we 

can see the absorption spectrum of the monoxide perfectly c lear ly  defined. 



It 's  not immediately obvious tha t  the reaction i s  uncomplicated, but here we 

have an isabestic point,  a very clean-cut one, which indicates tha t  for every 

disulf ide molecule which disappears a monoxide molecule i s  formed, and there 

a re  no unstable or  t ransient  intermediates which would throw off the stoi- 

chiome t r i c  relationship. 

Kinetically t h i s  appears t o  be a bholecular  reaction, anal we thus were 

able t o  measure quantitatively the rate constants f o r  the oxidation of the 

disulf ide to the disulfi.de monoxide f o r  two different  five-membered rings -- 
the 6-thioctic acid and the 8-methyl-6thioctic acid -- fo r  a six-membered 

r ing  -- 5-thioctic acid -- and fo r  an open-chain compound. The resu l t s  a re  

shown i n  Figure 13. k is the rate constant f o r  the bimolecular reaction and 

you see that the 6-thioctic acid has a r a t e  constant of approxhately UO; 

the six-membered r ing  only 4; the $-methyl th ioc t ic ,  with a methyl group on 

the end, actually oxidizes more rapidly than the thioct ic  i t s e l f ;  and the open- 

chain disulf ide seems to  be s table  t o  persulate,  a t  l e a s t  under the conditions 

t h a t  we did it. Undoubtedly it reac ts  with persulfate ,  bu t  no appreciably 

i n  twenty-four hours. This represents a s e t  of very rough measurements i n  

f a c t  a t  one temperature, and it wasntt even thermostatted. The only thermo- 

s t a t t i n g  was the ce l l  house of the G a r y  spectrograph. The temperature co- 

e f f  i c i en t s  w i l l  have t o  be determined. A wider var iety of s ~ u c t u r e s  should 

be studied, the pH dependence determined, and so on, None of these have 

been done and we hope to  do that i n  the very near future.  Here9 again, 

we have very clear-cut evidence of the remarkably greater r eac t iv i ty  of 

the strained f ive-mzmbered disulfide ring. 
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Photochemistry of the Cyclic Disulfides 

Finally, I want t o  say something about the photochemistaPy of the 

disulf ide.  Since i - t ,  absorbs i n  the v i s ib l e ,  or on the edge of the v is ib le ,  

and since we believe tha t  %he absorption of l i g h t ,  in e f f e c t ,  opens the di- 

sllf ide bond, or at l e a s t  loosens it up markedly we examined, hsome of the 

photochemical reac t ions of the k r h e  thylene d i  sulfide.  Figure L$ shows 

the r e s u l t  of photolysis of the d iml f ide  i n  petroleum e the r ,  in the pre- 

sence of diphenylpicrylhydra~yl~ Now d%phenylpfcrylhydsazyI is a stable 

f r e e  rad ica l  which presumably w i l l  catch any t ransient  f r e e  radicals  which 

would be formed i n  the photolysis of the disulfide . You w i l l  notice tha t  

i t  is  only while the l i g h t  i s  on i n  the presence of the disulfide tha t  we 

ge t  a fading of the p i  crylhyclraayl. This was done with a sui  table s e t  of 

filters so tha t  the l i g h t  tha t  was absorbed was  only the l i g h t  absorbed by 

the disulf ide and not by the picrylhyd-azyle T h i s  might be taken a s  evidence 

&at the photo-excited ' s t a b  s f  the disulf  ide i s  ' a f ree  radical,  However, 

there i s  a catch to  thf  s , a s  we found l a t e r .  The 0r-y ~ r m ~ w s  

bleach picrylhydrazyl, perhaps not as rapidly as t h i s ,  but we @oazldnat e l i -  

minate t h a t  poss ib i l i t y ,  even though i n  general in petroleum ether  photolysf s 

of the disulf ide l ed  t o  polymeri~aation if  there was no pio&hgdrazyl present. 

This i s  an importarat observation which can be generalized -- t ha t  pkbstalpfs 

of the disuIYi.de i n  neutral  media, even hydroxylfc media but i n  neutral  

solut ion and f a i r l y  concentrated (0,Ql a or thereabouts) leads t o  p o l p r i -  

zation. This was jus t  another reason f o r  supposing that the p h o l ~ l y s i s  l e d  

to  a d i rad ica l  which then could p o l p r i z e  by reaction with more disulfide,  



The picrylhydrazyl was presumed to  reac t  with t h i s  diradical  t o  prevent b 

ploymericatfon and bleach out picrylhydrazyl. 

Now a similar set of reactions was the sensft imd photooxidation of 

disulf'ide. This i s  rea l ly  not anything specially limited to  the dieulfide, 

but I thought we would have a look a t  it i n  any case. It has interpretations 

possible other than the one it was designed t o  t e a t ,  i , e ,  tha t  l i gh t  ab- 

sorbed by the porphyrin could be transferred to  ths disulf'ide and bring it 

t o  a biradical form, However, the net  reaction is  the one i n  which the 

dieulfide reacts  with molecular oxygen, under the influence of l i g h t  

absorbed by a p o r p m i n r  

Light from the p a r p w i n  w i l l  seneitine ths photooxidation of the dieulfide 

t o  tb monoxide. This i s  cbmonetratsd i n  Figurers 15 and 16 whioh aimply 

ehow tka t  only w b n  you b v e  the prophyxin and diaulfi.de i n  l igh t  do you 

ge t  oxygen absorption, Figure 15 ehowe a l l  the oonkol  e x p e r b n t a  and 

there i e  o n l y  one U a t  h e  ails three reagentxi -- parphyrin, diaulflde and 

l i g h t  -- and that i s  the only one that shows oxygen abeorption leading t o  

photooxidation, Figure 16 shows the quantitative oharao-tier of the reaction 

indioatillg that om atom of oxygen i e  abaax'bed per mole of disulfide. The 

The sol id b r i s o n t a b  l ine  i s  the quantitative estimate whioh ctorreaponda 

t o  the amount 02 oxygen whirrh would be required t o  oxidise the d i s d f i d e  to  the 

monoxide. You see i t q e  very nearly that ,  especially i n  curves 3 and 4 ,  
0 

which are done a t  4 , so  that  follow reactions do not take place, 



The next observation i s  perhaps the mos% important of them a l l ,  This 

i s  the one which involves the photolysis of the disulfide i n  alcoholic solu- 

t i ons ,  or aqueous alcohol, i n  acid,  basic and neutral  media. The reason 

this experiment was done i s  a s  follows: Me found, f o r  example , that 3 you 

illuminate the disulf  f de in alcohoP wf t h  near u l t r av i  ole t l i g h t ,  %% would 

polymerize; it would turn milky and the p o l p e r  pmcipi ta 'ks  out, This 

was one of the big problems in the i so la t ion ,  1 might say, s f  the trbnet?qBene 

d isu l f ide ,  A s  soon a s  you began t o  eoncen%rate the sslutfcms getting it 

beyond 0.01 _M, it acted l i k e  a photographic plate;  it seemed as If one 

quantum was almost enough t o  make the reaction mixture ps lpe r fze .  With 

the addition of water t o  the alcohol solution s f  %he t r h e  thylene , you ge t  

an emulsion of the trimethylene d i  s u l f i  de in the aqueous alcohol, and each 

one of those l i t t l e  droplets i s  a concentrated solution, If one ( a )  

quantum gets  in to  that droplet ,  it polymerizes; this i s  very much l ike  the 

s i lve r  grain of a photographic emLLs%on i n  t h a t  one respect. However, the 

next thing was t o  see if we could f ind  out how the d i s u u i d e  reacted with 

pyruvic acid -- e i t h e r  thermal or photoche~ealrear; . , t ions,  So we added 

pyruvic acid to  the alcoholic solution and then LUumianated it, There 

were no polymers formed, We thought that was fine -- premmbly the free 

rad ica ls  reacted with the p p v i e  acid,  An e x ~ m % f o n  sf the phenomnon 

showed tha t  t h i s  was r e a l l y  not the oaee a t  a l l ,  that my acid would 

prevent the polymerization, All t ha t  was required. was t h a t  the solution 

be acidif ied t o  a pH around h or 2 with hy&och3_~~~%~ ac id ,  then the pdy-  

meriaation was prevented, and. sonnethhg else happmd,  But w h a t  e lse  

happened was unknown t o  us  andl r ea l ly  occupied us %or about a year -- to 



t r y  to  determine what the reaction was %n the pheutolysis of an acid sobutioaa. 

of trimethylene disulf ide . Sfnee f$ was not polymrf aation , what was 

f ormd: 

Figures l " a d  18 show tdhe na%ure of the apectzal changes during tb 

photolysis. It i s  a rather  complex ser ies  of arguments that  is  involved. 

Curve 1, Figure 17,  sliows the spectrum of the or iginal  t r b t h y l e n e  d i  sul- 

f ide  i n  acid alcohol, and curve 2 i s  after f i f t e e n  minutes of photolysis -- 
the diaulfi.de i s  disappearing but  no p o l p e r  is formed -- and a f f ~ r  s ix ty  

minutes of photolysis the t rhe thylene  disulfide i s  a l l  gone. Figure 18 

shows the absorption spectra carried out, fur ther  in to  the ul-Eaviolet, 

Curve 1, Figure 18 , is tbe phoklys is  nix%ure f tee l f  r igh t  af %er photolysia , 
and curves 2 ,  3, 4 represent changes with t h e  in the phcttolysis mixture, 

This s e t  of absorption spectra i s  preserabd simply t o  demonstrate %hat 

whatever i s  primarily formed (curve 3) is  mstable  and i s  changing eon- 

s tan t ly  with t h e  (curve 41, GhemicaUy we exambed t h i s  photolysfs &- 

ture within a few hours after it was made and we. were able t o  e e h b l i s h  

f ive  important f a c t s  about the photolysis mixture. ( 2 )  331 the photolysis, 

a single th fo l  group was f o m d  per disulfide rta~lesule tlisappasing. And 

t ha t  this was not the result of an average of d i th ioh  w i t h  some non-thfd 

containing substance. (2) There was no cli%Usb i n  the photolysis solu- 

t ion  -- no molecules with two SHQs i n  t b m .  (3) There was no acid, con- 

swnsd and no acid formed. In  other words, there was no change i n  the 

hydrogen ion concentration, pH 2, The mereaptan concentration was f i n a l l y  

determined by s i lve r  t i t r a t i o n ,  When it was also attempted with iodine 

it was found tha t  more iodine was absorbed thm eomesponded t o  the number 

of mercaptdan groups. 4 So t h a t  there was something fsarmd that was 



susceptible t o  iodine oxidation other than rnercapbs,  This demonstrated 

the presence of some ather reducing power i n  addition t o  the mercap$n it- 

self  which c o d d  reduce iodine. In addition t o  that, we were abbe t o  

demonstrate the s%rmribtaneoa;ls presence of oxidizing power i n  th i s  solution, 

The way we did  that was t o  add to the phdalysfs  s o h t f o n  some genuine 

trimethylene d i t h i o l  (HS-CE~-GH~==GH-SA). !RE photolysis solution converts 

it t o  the cyclic disulf ide,  (5) There was oxidizing power p ~ e s e n t ,  Uhat 

tha t  oxidizing power f s , then, i s r e a l l y  the problem we had from the s t a r t .  

These are some of the experfmental f a c t s  -- not a l l  - which were available 

t o  us in order t o  decide w h a t  w a s  happening i n  the photolysis of the tri- 

me thylene d i  sulfide . 
To U e  a long story short,  the f i n a l  conclusion t o  which we came 

was tha t  the photolysis of the trimethylene disulfide in the presence of 

acid led  to  a very simple reaction, as a pr:'unary process, 

to  form a t h i d  and a sulfenie acfd (or ester). An examination of the 

l i terattare on 9plUeni.c acids i s  not very rewarding. A s  a matter of f a c t ,  

there i s  only one elaim fo r  the preparation of a pure sulfenic acid and it 

i s  a very special case, I tBs  an anthraquinone sPrhfenic acid and even tha t  

one is subject t o  some argument, 1 might say that here f s a field of 

chemistry which is worthy of the bes t  of us,  The sulfenic acid might be 

viewed i n  another way, and a s  soon as you do t h a t  you begin t o  recognize 

some of the prcmpertias that are Ei st& above, It can be viewed as; .tab 



sulfur analog of an alkyl  hydroperoxide. When you do t h a t ,  you see the 

possible reason f o r  additional reducing power, besides the mercaptan, as  

well as the oxidizing power t h a t  i s  present, 

Now, we may go a l i t t l e  fur ther  and t r y  to  estimate what the energy 

requirements of the primary reaction might be, We are  bseaking a sulfur- 

sulfur link, - one which we have studied a good deal now; we are breaking 

an 0-H bond and forming an S-H bond also and an S-O bond. The net  change 

i n  bond energies f o r  the reaction would thus be 

AB = -E (cyclic S-5) - E (H-0) + E(H-S) + E (SO) 

There are available f a i r l y  r e l i ab le  k ine t ic  values f o r  E(H-0) (118 Kcals.) 

and E (S-H) (95 Kcals. ) , but such i s  not the case f o r  E(SS) and E ( S O )  , 

Ue are thus l e f t  with 

AE = -23 + @(S-0) - E (cyclic S S ~  

and we need only estimate the difference between the sul%enie acid S-0, 

and the cycl ic  disulfide bond energies, Since i n  whak-cres estimates are 

avai lable ,  the peroxide 0-0 i s  always reported a s  10-25 Kcals. l e s s  than 

the disulfide S-S, it is  not unreasonable to  suppose the d i f fe rems in the 

bracket above w i l l  be negative or  approach zero. 

Although this involves much i n  the way of flguesstimationw Pis cows 

out tha t  the energy requimment f o r  the primary reaction might be expected 

t o  be of the order of + 30 or  + 35 Kcals. This, may I remind you, corses- 

ponds to  somewhat l e s s  than t h e  energy of the quanta tha t  are mai lab le  a t  
0 a 

7000 A from chlorophyll, and even a t  9000 A from bacbrfoch.IssophgM. So, 

we took the next step i n  our df seussion, and suggested that the quantum 



absorbed by chlorophyll (ox also by bacteriochlorcspkrdfll i n  the cases where 

that i s  functioning) i s  handed on d i r ec t ly  to  the disulfide which then 

reacts  with water, or som very close re la t ive  of it, t o  form a thiol- 

s d f e n i  c a c i  d, I n  doing t h i  s , it has u t i l i zed  almost the entire energy 

available in the quantum. I n  doing it, it has also achieved w h a t  fcjr years 

has been writ ten in a f~rmalih;t;ic way by most workers i n  phctoepthesis  

a s  the p r i m a ~ ~  action of the l i g h t ,  namely, the photolysis of water 

sensitized by chlorophyll t o  give active hydrogen ( in  a bracket) and active 

oxygen ( in a bracket). W h a t  we are suggesting now i s  t h a t  the 
-- 

chlorophyll 
H 0 * h u  ---> H + OH 
2 

active hydrogen i s  the thfo l  and the active oxygen i s  specifically the 

sulfenic. acid corresponding t o  the photolyzed thioct ic  acid. 

The follow reactions from t h i s ,  leading to substances which can re- 

duce carbon dioxide, are  straightfurward. Thiol-sulfenic acid (I) being 

both oxidizing and reducing agent, can undergo a d i m t a t i o n  reaction v ia  

ca ta ly t ic  e lectron or hydrogen ca r r i e r s  leading to  a d i th io l  plus an oxi- 

dized compound. Here , one can write a variety of compounds I should l i k e  



2 .dco2H s s - O H  

H 

t o  write it as a sulfenic anhydride (N) which could then do a number of 

things -- e i the r  rearrange t o  the monoxide (V) or  reac t  d i rec t ly  with water 

to  form the disulfide and hydrogen peroxide.   he hydrogen peroxide, then, 

i f  it  i s  decomposed i r reversibly (catalase (? ) )  would lead to  molecular 

oxggen i n  a process requiring somewhat more than four quanta. If it is  

used as a reducing agent, which it could be, if the proper catalyst  were 

found (perhaps excess catalase of cppper enzyme with peroxide concentra- 

-9 t ions below lo-* - 10 _M) molecular oxygen might be produced i n  a pro- 

cess requiring somewhat more than three quanta, It has a pre t ty  good 

reduction potential;  a s  a matter of f a c t ,  it may have a good enough re- 

duc t ion  potent ial  t o  be used with an oxidizing agent of t h i s  s o r t  (sul- 
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f e d c  acid). So much, then, for the model work on the dhulfides, 

kPI us have one l a s t  f l ing a t  biology this afternoon and see 5f 

these fdeas can be supported Ln any way by some direct b io~og%ca~ experi- 

ments, You K E L  remember that  this whole notion arose from a b5oHog5cal 

experiment, There resulfi ed, then, a series of physical and chemical 

studies on the dfsuLfides, an examination of t h e k  pecaapi t&es,  Nm 

we turn back again t o  see if we can" dedse  an experhentwh5ch would 

lend some support t o  the actual f'mctf on of f;hLss& of reaction 5x1 the  

primary quantum eonversion act* 

One e g h t  expect that if m could se t  up a system i n  which l ight  

absorbed by chlorophyll photolyzes water, evolves oqgen, and redzsces 

something besides carbon dioxide, smh as  qtlfnone, and i f  we eodd arrange 

they system rr, %Slat the quantum convers%csn act is  ra te  deteminbg -- f ,e, 
the fraction of absorbed quantum wh%ht:h is chemically effective i s  t h e  

bottleneck -- then by adding m e  quantum convertkg agent (acceptor) 

&can outsf de yon should be able t o Lmprove the quantum f ie ld  and the 

pate of oxygen evolutf on, Onay under these l M t f n g  eond5tions can one 

expect such an effect, On9JT mdey t h e  conditions i n  which tlhe system is 

such that  the r a t e - U t i n g  step i s  the quanta emversion act, due t o  a 

shortage of qrantum acceptors -- at  ppesent snpposed t o  be %he thLoctic 

acid -- we hope %o observe an hprovement i n  the qaantum yfeld of 

oxygen productPon upon the addition of exogeneous tMsc t ic  acid, We b e  

f&ly good evidence that the ehlorophy2.l e d s t s  5xI a heterogeneozns sys- 

tem 5x1 the plant i n  the fm of a concentrated ordered m a g a n e n t  i n  the 

plastids ( g r a m ) ,  We me supposing t h a t  the thiocti  c acf d&&clh functions 

as the quantum converter i s  sLtuated fn or a r o d  th is  ordered array of 



chlorophyll molecule s . Direct analysis indica5e s t h a t  the cKLorophyQ/ 

3 th ioc t ic  acid r a t i o  i n  the chloroplasts i s  of the order of 1 - 5 x 10 . 
Some interaction presumably e x i s t s  be tween cer tain chlorophyll molecules 

and the thioct io  acid and it may be quite small ( ( I  Kcal.). Now a quan- 

tum may be absorbed by almost any one of the chlorophyll molecules i n  the 

granum, a t  which time i t  becomes available to  most of the others i n  tha t  

array by a process l ike  resonance transfer.  The precise electronic s t a t e  

of the chlorophyll molecules a t  which t h i s  energy migration takes place 

i s  not crucial  t o  the present discussion. A t  some time, prosumably 

short  with respect t o  the l i fe t ime of the excited s t a t e  within the granum, 

the quantum w i l l  f ind i t s e l f  i n  a chlorophyll molecule adjacent to a 

th ioc t ic  acid molecule. It then makes the t rans i t ion  and since there 

i s  no r-bond system i n  the th ioc t ic  acid t o  hold it, reaction takes place 

with an OH group a s  proposed. a 

The transformation of electromagne t i e  energy from the exicted 

s t a t e  of chlorophyll i n to  chemical energy i n  the excited s ta te  of the 

disulf ide i s  the primary quantum conversion a c t  , and i f we can s e t  it up 

so t h a t  t h i s  i s  the l imit ing thing, then by adding more quantum converter 

from outside and allowing it t o  be properly incorporated, we should im- 

prove the quantum yield of oxygen production, This we have succeeded in 

doing with gcenedesmus , reducing quinone and evolving oxygen, (12) , By 

first t reat ing the algae with 6-thioctic acid i n  air i t  was possible t o  

increase the quantum yie ld  for oxygen produe t ion wf t h  qui none redue t i o c  

by about 50$, a l l  other things being equal (Figure 191, The effeet i s  

specific for  6-thioctic acid. Unfortunately, t h i s  r e s u l t  does not con- 

s t i t u t e  an unequivocal confirmation of the suggestion, s f m e  it i s  no t  



impossible t o  in te rpre t  the r e s u l t s  in terms of a specif ic  aoceleration of 

dark hydrogen t ransfer  react ions to  the quinone, Nevertheless, it i s  s t i l l  

one more b i t  of supporting evidence. We hope that these sugge stibns may 

stimulate a search for moss o r  l e s s  m e q u i v o ~ a l  e x p r i n e n t s  which w i l l  

e i t he r  confirm OF deny the notion. For example , an attempt mst be made 

t o  distinguish the oqygenahd (sulfoxide (2)) from the non-oxggenabd 

(disulfide and d i th io l )  forms of thioct ie  acid i n  the p las t ids ,  and the 

e f f e c t  of l i g h t  and other  eon.&rollabbe oonditions on the relative.amomts 

of these. Also, a search should be made f o r  possible catalysts  which mfght 
* 

function i n  the d i m t a t i o n  reaction ~f the thiol-sulfenic acid, The 

apparent concentration of both Gu and Fe i n  the chloroplastsg together with 

t h e i r  known predisposition t o  function i n  hydrogen and oxygen activation 

reactions respectively makes -enzymes involving these elements very l i k e l y  

candidates f o r  the job. 

Irrespective of what the f i n a l  outcome of such a search may be con- 

cerning t h i s  par t icular  suggestion, it cannot f a i l  t o  contribute to  our 

basic  understanding of this most important process. 

- - 

(*) Reactions on page 25 s f  t h i s  manuscript, 
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