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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f o u n d e d i n 1949 b y the 
A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d c o l 
lections of data i n spec ia l areas of top ica l interest that c o u l d 
not be a c c o m m o d a t e d i n the Society's journals . It provides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented, 
their papers d i s t r i b u t e d a m o n g several journals or not p u b 
l i s h e d at a l l . Papers are refereed cr i t i ca l ly a c c o r d i n g to A C S 
edi tor ia l standards a n d receive the care fu l attention a n d proc
essing characterist ic of A C S publ ica t ions . Papers p u b l i s h e d 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are o r i g i n a l contr ibut ions 
not p u b l i s h e d elsewhere i n w h o l e or major par t a n d i n c l u d e 
reports of research as w e l l as reviews since symposia m a y e m 
brace b o t h types of presentation. 
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58 

Ozone Chemistry of Organic Compounds 

R O B E R T W . M U R R A Y 

Bel l Telephone Laboratories, Inc., Murray Hill, N. J. 

To the best of my knowledge this is only the third time in just over 
10 years that a complete session at a symposium has been devoted 

to the ozone chemistry of organic compounds. The last occasions were 
at the Southwest Regional ACS meeting in December 1963, the Septem
ber 1959 ACS meeting in Atlantic City, N. J., and the International Ozone 
Conference in Chicago in November 1956. We are concerned here with 
the ozone chemistry of organic materials only. The larger subject of 
ozone chemistry and technology is far beyond the capacity of a single 
session, even straining the bounds of a whole symposium, as was seen 
at the Chicago meeting. In fact, we shall not even be able to cover all 
areas of current interest in the limited area of organic ozone chemistry, 
although we have a fairly representative sample of those interests. 

Interest in ozone chemistry has been stimulated by two sources 
where the practical consequences of this field are of some importance— 
namely, the space program and the air pollution problem. It seems safe 
to predict that both areas will continue to be interested in the results of 
research on the reactions of ozone with both organic and inorganic 
materials. More recently it has become apparent that ozone will play 
an increasingly important role in industrial chemistry, owing to the lower 
cost a n d greater efficiency of i n d u s t r i a l ozone generators. I n 1956, at the 
t ime of the Internat ional O z o n e C h e m i s t r y Conference , less t h a n a m i l l i o n 
pounds of ozone were used i n i n d u s t r i a l chemistry. I n 1967 it is expected 
that 24 m i l l i o n pounds w i l l be used b y U . S . c h e m i c a l a n d d r u g 
manufacturers . 

T h e areas of current interest i n organic ozone chemistry f a l l r o u g h l y 
into five b r o a d categories. T h e first m i g h t be ca l led the classical use of 
ozone—i .e. , either as a synthetic tool to convert unsaturat ion into c a r b o n y l 
functions or as a va luable reagent for locat ing d o u b l e bonds i n structure 
determinations. B o t h techniques are s t i l l used w i d e l y b y chemists, a n d 
reports of such w o r k p r o b a b l y account for more than one-half of a l l the 
papers i n this field. T h i s use of ozone has by-products for the chemist 
w h o is more interested i n mechanism— i . e . , products are obta ined occa-
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2 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

s ional ly w h i c h are a t t r ibuted to anomalous ozonolysis a n d w i t h w h i c h 
the m e c h a n i s m chemist w i l l have to deal . 

T h e second general area of research is that concerned w i t h the 
m e c h a n i s m of ozonolysis— i .e . , that par t i cu lar ozone react ion w h i c h leads 
to cleavage of a double b o n d . These efforts have h a d the benefit of a 
u n i f y i n g m e c h a n i s m proposed i n the early 1950's b y Prof. Cr iegee i n 
G e r m a n y . Recent w o r k i n this area has been d i rec ted at d e t e r m i n i n g 
the influence of several react ion variables on the ozonolysis process, 
i n c l u d i n g olefin geometry steric factors, a n d solvent effects. Some of the 
results suggest that modif icat ions of the basic mechanism scheme m a y be 
requi red . T h i s area w i l l u n d o u b t e d l y cont inue to receive considerable 
attention. T h i s category also includes efforts d i rec ted at def ining the 
stabilities a n d structures of intermediates, rate studies, a n d substituent 
effects on the rate a n d mechanism. T w o papers i n this section f a l l into 
the category of the m e c h a n i s m of ozonolysis . 

T h e react ion of ozone w i t h saturated hydrocarbons has been a sub
ject of renewed interest i n recent years. T w o papers i n this section are 
concerned w i t h this subject, w h i l e a t h i r d deals w i t h the analogous reac
t i o n of organosi l icon compounds . These studies are of b o t h synthetic a n d 
mechanist ic importance a n d are perhaps most c losely associated w i t h the 
general theme of this s y m p o s i u m since they inev i tab ly involve the ques
t ion of their re lat ionship to autoxidat ion processes. T h e quest ion of the 
mechanism of these saturated hydrocarbon-ozone reactions is presently 
an act ive subject w i t h ionic , free radica l , a n d insert ion processes a l l b e i n g 
considered. 

T h e reactions of ozone w i t h non-hydrocarbons constitutes a f o u r t h 
category for discussion. I n c l u d e d are the reactions of ozone w i t h hetero-
cycles, amines, a ldehydes, alcohols, a n d others. T w o papers i n this section 
dea l w i t h this subject. Specif ical ly , the reactions of amines a n d alcohols 
are reported. Suggestions for the mechanisms of these reactions are also 
made, a n d again, these proposals should be of specia l interest to those 
i n v o l v e d w i t h s imi lar reactions of oxygen. 

T h e last general category—namely , the react ion of ozone w i t h aro
mat ic hydrocarbons , has rece ived an enormous amount of attention b y 
ozone chemists. M o s t of this attention has concerned rate a n d react iv i ty 
studies i n an attempt to correlate these experimental quantit ies w i t h 
some k n o w n parameters of the hydrocarbons . Several react iv i ty corre
lations have been proposed, i n c l u d i n g those w i t h b o n d loca l iza t ion energy, 
a tom loca l izat ion energies, a n d oxidat ion-reduct ion potentials. T h i s cate
gory is also represented b y a paper i n this section, i n w h i c h a possible 
corre lat ion between ozone react ivi ty a n d carc inogenic i ty of some p o l y -
c y c l i c aromatic compounds is explored. 
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5 8 . M U R R A Y Ozone Chemistry 3 

I n summary, organic ozone chemistry is an active research area a n d 
w i l l cont inue to see n e w developments b o t h f r o m theoret ical a n d indus
t r i a l v iewpoints . In part icular , w e shal l l i k e l y see the re lat ionship be tween 
ozone chemistry, autoxidat ion, photo-oxidat ion, a n d singlet oxygen chem
istry more c lear ly defined, w i t h a noteworthy cont r ibut ion b e i n g m a d e 
at this s y m p o s i u m . 

R E C E I V E D October 1 8 , 1 9 6 7 . 
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The Reaction Between Ozone and 
Saturated Compounds 

M . C . WHITING, A. J. N. BOLT, and J. H. PARISH 

University of Bristol, Bristol 8, England 

Ozone oxidizes saturated hydrocarbons (Decalin and ada-
mantane) and alcohols even at —78°C. Initial products 
from hydrocarbons are radical pairs, in which tertiary radi
cals are formed preferentially from hydrocarbons, and which 
collapse to alcohols and oxygen with high retention of con
figuration. Methanol and ethanol are attacked, initially 
giving radical pairs or ion pairs which yield first α-hydroxy-
hydrotrioxides, then formic or acetic acid and hydrogen 
peroxide. Propan-2-ol similarly gives α-hydroxyisopropyl 
hydrotrioxide, whose breakdown at higher temperatures is 
affected by trace substituents, and can give either acetone, 
oxygen, and water, or acetic acid and hydrogen peroxide. 
Side reactions lead via acetone enol and its ozonide to 
peracetic acid, formaldehyde, acetone, and hydrogen per
oxide, and by a less well understood route to acetic acid 
and methanol. 

" T V u r l a n d a n d A d k i n s (5 ) descr ibed the oxidations of cis- a n d trans-
D e c a l i n w i t h ozone as g i v i n g cis- a n d £rans-9-decalols, respectively. 

T h e specific a n d stereospecific insert ion of an atom into a C - H group 
appeared to be an interesting a n d unexpected react ion, a n d w e have 
reinvest igated it us ing gas chromatography. It proceeds at temperatures 
as l o w as — 7 8 ° C . , l ead ing m a i n l y to tert iary alcohols, a l though significant 
quantit ies of ketones are also formed, a n d it shows a stereospecificity of 
ca. 9 0 - 9 8 % , v a r y i n g w i t h solvent a n d temperature. A d a m a n t a n e is also 
attacked at — 7 8 ° C . , g i v i n g the 1-alcohol a n d the ketone i n ratios of ca. 
3 to 1. O z o n a t i o n of a mixture of trans-cis-/3-deca\o\ a n d trans-T)eca\m 
resulted i n preferent ia l attack on the former, w i t h the format ion of trans-
/?-decalone. Thus , secondary alcohols are p r o b a b l y intermediates i n the 
format ion of ketones f r o m hydrocarbons . W e considered the poss ib i l i ty 
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5 9 . W H I T I N G E T A L . Saturated Compounds 5 

that singlet oxygen rather than ozone might be the effective oxidant ; 
however , pre -prepared solutions of ozone i n tr ichlorof luoromethane at 
—78 ° C , i n w h i c h it is u n l i k e l y that significant concentrations of singlet 
oxygen c o u l d be obta ined , o x i d i z e d adamantane i n the same w a y as d i d 
a stream of o z o n i z e d oxygen. 

Experimental 

Materials. Propan-2-o l ( T y p e A ) was M a y & Baker 2 -propanol , either 
untreated or f ract ionated through a 30- inch V i g r e u x c o l u m n . Propan-2-o l 
( T y p e B ) was ref luxed for 1 hour w i t h s o d i u m b o r o h y d r i d e before frac
t ionat ion. B o t h types h a d b .p . , 8 2 ° C . E t h a n o l (b .p . , 7 8 ° C ) , methanol 
(b .p. , 6 5 ° C ) , tot-butyl a lcohol (m.p . , 2 5 ° C ) , cyc lohexanol (b .p . , 1 6 1 ° C ) , 
cyclohexane (b .p . , 8 1 ° C ) , a n d adamantane (m.p . , 2 6 8 ° - 2 7 0 ° C . ) were 
pur i f i ed b y s tandard methods, cis- a n d f rans -Deca l in were p r e p a r e d b y 
preparat ive gas - l iqu id chromatography ( G L C ) , f o l l o w i n g r e m o v a l of 
T e t r a l i n b y passing through s i l ica gel . 

Ozone Apparatus and Reaction Procedure. T h e ozone apparatus 
was a G a l l e n k a m p G E - 1 5 0 y i e l d i n g ca. 6 % ozone i n oxygen at a rate of 
ca. 10 l i ters/hour. T h e ozonized oxygen stream was passed b y means of 
a tube terminated i n a h i g h porosi ty sintered glass disc through the sub
strate i n a c y l i n d r i c a l reactor cooled to — 7 8 ° C . w i t h so l id C 0 2 . Pre
l i m i n a r y cool ing of the gas stream b y passage through a cooled glass c o i l 
h a d no apprec iable effect on the result. 

Product Analysis. Perox id ic products were est imated b y the m e t h o d 
of L e d a l l a n d Bernatek ( 7 ) ; 2 -ml . al iquots were taken w i t h a pipette pre
v ious ly cooled b y w r a p p i n g i n polyethylene sheet a n d cover ing w i t h so l id 
C O o (this procedure is par t i cu lar ly important w h e n T y p e A propan-2-o l 
is i n v o l v e d since temperature increases result i n changed p r o d u c t 
concentrat ions) . 

A c i d s other than peracids were estimated b y t i t rat ion against centi -
n o r m a l s o d i u m h y d r o x i d e us ing b r o m o t h y m o l b lue as indicator . ( S p e e d 
is essential since decomposi t ion of p e r a c i d otherwise results i n an indef i 
nite e n d p o i n t ) . 

C a r b o n y l compounds were est imated b y thin- layer chromatography 
( T L C ) us ing d i e t h y l ketone as an internal s tandard. T h e y were converted 
to the corresponding 2 ,4-dini trophenylhydrazones ( D N P ) b y react ion 
for 15 hours w i t h an excess of aqueous 2 ,4 -d in i t rophenylhydraz ine per-
chlorate. T h e D N P ' s were extracted w i t h benzene, the benzene extract 
was concentrated, a n d a por t ion of the concentrate was chromatographed 
o n s i l ica . T h e D N P ' s were complete ly separated b y development w i t h a 
mixture of d i e t h y l ether ( 2 0 % ) a n d petro leum (b .p . , 6 0 ° - 8 0 ° C . ; 8 0 % ). 
T h e resul t ing bands were r e m o v e d separately a n d e luted w i t h ethanol , 
the v o l u m e of each eluate b e i n g adjusted to 5 m l . T h e ul traviolet spec
t r u m of each solution ( d i l u t e d w h e n necessary) was recorded, a n d the 
absolute concentrations of the c a r b o n y l compounds i n the o r i g i n a l reac
t ion solut ion were ca lculated. 

G L C analysis of volat i le products (e.g., acetone, m e t h a n o l ) , i n v o l v e d 
G P O - 5 0 ( U n i l e v e r L t d . ; 1 5 % ; 3 meters ) , temperatures between 0 ° a n d 
20 °C . a n d a heated flame-ionization detector. n -Hexane served as an 
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6 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

in ternal s tandard for quant i tat ive est imation. C a r b o x y l i c acids were 
ana lyzed w i t h a P y e 104 flame ionizat ion gas - l iqu id chromatography 
apparatus a n d a m i x e d stationary phase ( 5 % ; 5 0 ° C . ) of g lutar ic a c i d 
( 2 3 % ) a n d G P O - 5 0 ( 7 7 % ). T h e support ( E m b a c e l ) a n d the 11.5-meter 
glass columns were s i lanized, a n d cyclohexanone was used as an in terna l 
s tandard. Peak areas were obta ined p lanimetr i ca l ly . Sample col lec t ion 
i n v o l v e d the above m i x e d phase ( 2 5 % ; 4 0 ° C . ) a n d a P y e 104 catha-
rometer apparatus. 

Gas Evolution. T h e c o l d reaction solut ion was transferred to a ca l i 
bra ted flask at — 78 ° C , connected to a gas buret, a n d immersed i n an 
ice b a t h at 0 ° C . T h e solut ion was st irred magnet ica l ly at as near a 
constant rate as possible, a n d the apparent gas evolut ion was recorded 
at convenient t ime intervals. T h e gas was ident i f ied as oxygen b y its 
absorpt ion i n a lkal ine p y r o g a l l o l (no absorpt ion was noted i n strong 
aqueous s o d i u m h y d r o x i d e ) . T h e real gas evolut ion was obta ined b y 
subtract ing f r o m the apparent vo lume the value obta ined i n a b l a n k 
control experiment i n v o l v i n g u n o z o n i z e d oxygen. 

Low Temperature Infrared Studies. These studies i n v o l v e d a l o w 
temperature ce l l (Research a n d Indust r ia l L t d . , s l ight ly modi f i ed) a n d a 
P e r k i n - E l m e r 225 in f rared spectrophotometer augmented w i t h a slave 
recorder to record opt i ca l density. T h e ce l l temperature was m a i n t a i n e d 
as close to — 7 8 ° C . as possible w i t h so l id C 0 2 . 

Oxidation by Solutions of Ozone. Solutions of ozone i n t r ichloro-
fluoromethane (b .p . , 2 4 ° C . ) were prepared at — 7 8 ° C , us ing the above 
apparatus a n d condit ions. Passage of o z o n i z e d oxygen through the solvent 
(50 m l . ) for 45 m i n . y i e l d e d a solut ion conta in ing approximate ly 65 
/xmole/cc. ozone. C a l c u l a t e d quantit ies of substrate (general ly i n smal l 
excess) were added , a n d the mixture was set aside at — 7 8 ° C . u n t i l , for 
alcohols, loss of color ind ica ted the react ion to be complete . T i t r i m e t r i c 
estimations were made as before, a n d the solvent was removed through 
a 30- inch V i g r e u x c o l u m n before G L C invest igat ion. 

Solids prec ip i ta ted i n the react ion of propan-2-ol i n C C l ^ F w i t h ozone 
were separated f r o m the supernatant w i t h a filter stick, w a s h e d w i t h c o l d 
C C 1 3 F , a n d dissolved in propan-2-o l before analysis. 

Par t i t ion of the react ion products of the above react ion be tween 
C C l . s F a n d 8 0 % methanol i n v o l v e d shaking a por t ion of the supernatant 
at — 7 8 ° C . w i t h an equa l v o l u m e of 8 0 % methanol precooled to — 7 8 ° C . 
T h e aqueous layer, on separation, was r a p i d l y transferred to a n d m i x e d 
w i t h an equa l v o l u m e of C C 1 S F at — 78 °C . O n separation of the t w o 
layers, 2 -ml . al iquots were removed f r o m each a n d a n a l y z e d for p e r a c i d , 
acetic ac id , h y d r o g e n peroxide, acetone, a n d f o r m a l d e h y d e i n the u s u a l 
w a y . T h e temperature was m a i n t a i n e d as close to — 78 °C. as possible 
u n t i l the analysis stage was reached. T h e procedure was repeated w i t h 
C C l ; i F solutions of the authentic compounds under ident i ca l condit ions , 
a n d par t i t ion coefficients were compared. 

T h e reactions of hydrocarbons w i t h C C l ^ F solutions of ozone at 
—78 ° C , be ing considerably slower than for alcohols, were a l l o w e d to 
proceed for u p to 8 days. A n y res idual ozone was r e m o v e d b y flushing 
w i t h ni trogen. Exper iments were conducted on either a G L C or a 
preparat ive scale. 
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5 9 . W H I T I N G E T A L . Saturated Compounds 7 

I n a t y p i c a l G L C scale experiment, adamantane (100 m g . ) was a d d e d 
i n excess to a C C 1 8 F solut ion of ozone, a n d the mixture was set aside 
at — 7 8 ° C . for 6 days. A f t e r r e m o v i n g res idual ozone, the solvent was 
evaporated us ing a 30- inch V i g r e u x c o l u m n . G L C of an ethereal solut ion 
of the residue o n d i g l y c e r o l ( 1 5 % ; 2 meters; 1 0 0 ° C . ) demonstrated t w o 
m a i n products , adamantanone (relat ive retention t ime T = 22) a n d 
1-adamantanol ( T = 48 ) . I n a s imilar experiment i n w h i c h the solvent 
was a mixture of bromotr ichloromethane (13 m l . ) a n d C C 1 3 F (21 m l . ) 
(this mixture prec ip i ta ted some so l id C C l 3 B r at — 7 8 ° C ) , G L C analysis 
demonstrated the presence i n the p r o d u c t of 1-chloroadamantane ( T = 
2.5) , 1-bromoadamantane ( r = 4 ) , adamantanone ( l o w y i e l d ) , a n d 
1-adamantanol . F i v e other components ( T = 6, 12, 17, 23, 62) were not 
invest igated. 

I n a t y p i c a l preparat ive scale experiment adamantane (1 gram) 
was o x i d i z e d w i t h a C C 1 . { F solut ion of ozone at — 7 8 ° C . for 8 days. 
A f t e r w o r k i n g u p b y the usual method , the residue was dissolved i n ether 
a n d w a s h e d w i t h aqueous s o d i u m hydrox ide . T h e ether layer on evapo
rat ion y i e l d e d a w h i t e crystal l ine so l id (870 m g . ) . E l u t i o n w i t h l ight 
petro leum (b.p. , 30-40 ° C . ) f r o m neutra l a l u m i n a (175 grams) gave 
unchanged adamantane (505 m g . ) , a n d 3 0 % d i e t h y l ether i n pet ro leum 
eluted a ketonic f rac t ion (63 m g . ) . F i n a l l y , pure ether e luted 1-ada
mantano l (227 m g . ) . T L C of the ketonic f rac t ion separated the major 
c o m p o n e n t — a d a m a n t a n o n e — f r o m a m i n o r unident i f i ed component . 

H y d r o c a r b o n s were also o x i d i z e d b y passing o z o n i z e d oxygen t h r o u g h 
C C 1 8 F , C C l : i B r , a n d C C 1 4 solutions at temperatures be tween —20° a n d 
0 ° C . 

cis- A N D £ r a n s - 9 - H Y D R O X Y D E C A L i N S . O z o n i z e d oxygen was b u b b l e d 
through a st irred solut ion of D e c a l i n ( H a r r i n g t o n , 30 grams; 43 .5% trans) 
i n carbon tetrachloride (250 m l . ) at 0 ° C . for 40 hours. A r o m a t i c ozonides 
( w h i c h w o u l d be f o r m e d f r o m T e t r a l i n contaminat ing the D e c a l i n ) were 
r e m o v e d as fo l lows. C a r b o n tetrachloride (ca. 120 m l . ) was evaporated 
at 2 1 ° - 2 5 ° C . / 1 0 0 m m . T h e residue was st irred w i t h aqueous h y d r o g e n 
peroxide ( 2 % w / v , 300 m l . ) for 15 m i n . at 2 5 ° C . a n d for 30 m i n . at 
60 °C . N o n - a c i d i c products were obta ined via ether, a n d dis t i l la t ion 
afforded u n c h a n g e d D e c a l i n a n d an o i l (9.28 g r a m s ) , b .p . , 7 2 ° - 7 6 ° C . / 
0.07 m m . , f r o m w h i c h crystals separated after 20 hours at 1 8 ° C . T h e o i l 
was d r a i n e d off; recrysta l l izat ion f r o m l ight pe t ro leum ( b o i l i n g range 
3 0 ° - 4 0 ° C . ) y i e l d e d d s - 9 - h y d r o x y d e c a l i n (501 m g . ) , m.p . , 6 5 ° - 6 6 ° C . 
E l u t i o n w i t h l ight pe t ro leum (b .p. , 3 0 ° - 4 0 ° C . ) of the residue f r o m 
a l u m i n u m oxide (Peter Spence G r a d e H , deact ivated w i t h 5 % w / v of 
an aqueous solution, 1 0 % w / v of acetic a c i d ; 100 grams) gave ketones. 
F u r t h e r e lut ion gave solids (420 mg. ) w h i c h , after recrysta l l izat ion f r o m 
l ight petro leum (benzene free, b .p . , 2 0 ° - 2 7 ° C . ) at - 7 0 ° C . y i e l d e d 
£rans-9-hydroxydecalin (370 m g . ) , m.p . , 5 2 . 5 ° - 5 3 ° C . , then more of the cis 
isomer (1.93 gra ms) , m.p . , 6 3 ° C . 

T h e assignment of these isomers was conf i rmed b y nuclear magnet ic 
resonance spectroscopy on a P e r k i n - E l m e r 60 Mc./sec . N M R spectrometer, 
after r e m o v a l of - O H b y exchange w i t h d e u t e r i u m oxide. T h e spectrum 
of the c is-alcohol showed a single b r o a d peak, w h i l e that of the trans-
alcohol showed t w o peaks; they thus resembled the spectra of the corre
sponding hydrocarbons (8). 
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8 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

O X I D A T I O N O F cis- A N D J r a n s - D E C A L i N . f r a n s - D e c a l i n (1.02 g r a m s ) , 
c i s - D e c a l i n (1.14 grams) a n d f r a n s - D e c a l i n (1.38 grams) + trans-cis-p-
deca lo l (1.54 grams) were dissolved i n 25, 25, a n d 50 m l . of carbon tetra
chlor ide , respectively. O z o n e was passed t h r o u g h each of the solutions 
for 20 hours, a n d the resultant solutions were treated w i t h aqueous h y d r o 
gen peroxide (6%, 25 m l . ) a n d w i t h concentrated potassium h y d r o g e n 
carbonate (25 m l . ) , d r i e d (MgS0 4) a n d evaporated ( D u f t o n c o l u m n ) . 

Table I. Oxidation of Decalin 

Relative Product Concentrations 

trans- cis- trans- cis- trans- cis-
T, °C. Solvent 9-o/ 9-ol 1-one 1-one 2-one 2-one 

frans-Decalin 0 C C 1 4 100 2 27 — 35 — 
-78 C H o C l 2 100 10 45 — 50 — 

cis-Decalin 0 C C 1 4 4 100 — 5 — 35 

Gas-chromatographic analysis i n v o l v e d d i g l y c e r o l (15%, 2 meters, 50°C.) 
as stationary phase. F r o m Jrans-Decal in , peaks were £rans-9-hydroxy-
deca l in (T = 41), trans-a-decalone ( T = 53), a n d trans-fi-decsdone ( T 
= 74); f r o m c i s - D e c a l i n they were ds-a-decalone (T = 30), cis-fi-deca-
lone (T = 55) a n d cis -9 -hydroxydecal in (r = 100). Retent ion times are 
relat ive; products were ident i f ied b y compar ison w i t h authentic speci
mens, except for cis-a-decalone, where structure was assumed f r o m re
tent ion t ime a n d analogy w i t h the trans-series. Peak areas were obta ined 
p lan imetr i ca l ly . Re la t ive p r o d u c t concentrations are g iven i n T a b l e I. 

Discussion 

Schubert a n d Pease ( I I ) proposed a mechanism for isobutane oxida
t ion i n the gaseous state, i n w h i c h the first stage 

R H + 0 3 -> RO- + O o H 

can h a r d l y be elementary, It can be re formulated w i t h a r a d i c a l pa i r ( I ) 
or an i o n pa i r ( I I ) as an a d d i t i o n a l intermediate . 

R H + O , -> R' O H H - » R O ' + 0 . , H (gas phase) 

(I) j \ 

R H + 0 3 -> R + ~ 0 3 H - » R O H + O. ( l iquid phase) 

(II) 

I n solut ion, r a p i d collapse w i t h consequent h i g h preservation of con
figuration replaces the complex sequence of changes observed b y Schu
bert a n d Pease, a n d this l e d to an i n i t i a l preference for intermediate ( I I ) . 
U s e of bromotr ichloromethane as a component of the solvent i n the 
ozonat ion of adamantane, however , gave a p r o d u c t mixture w h i c h con
ta ined several n e w components—two h a v i n g retention times correspond-
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59. W H I T I N G E T A L . Saturated Compounds 9 

i n g to 1-chloro- a n d 1-bromo-adamantane; thus, it seems probable that 
i n o x i d i z i n g hydrocarbons i n nonpolar m e d i a , short - l ived r a d i c a l pairs , 
capable of b e i n g intercepted b y sufficiently reactive r a d i c a l traps, are 
i n v o l v e d . Co l lapse of the r a d i c a l pairs evident ly gives m a i n l y the a lcohol 
plus oxygen, rather than a hydrotr iox ide ( R e a c t i o n P ) . 

I n seeking i n f o r m a t i o n about the second stage of the oxidat ion at 
secondary positions attention was t u r n e d to the ozonat ion of s imple alco
hols ( T a b l e I I ) . M e t h a n o l gave a b lue solut ion w i t h o z o n i z e d oxygen; 
this f a d e d r a p i d l y , a n d on w a r m i n g it was f o u n d to conta in an e q u i -
molecular mixture of formic a c i d a n d h y d r o g e n perox ide : 

B 
H O C H : i + O., -> H O C H . / 0 8 H - » H O C H 2 0 — O — O H -> 

H O C H = 0 + O o H + B H + (P) 
(III) 

P e r f o r m i c a c i d was stable under the react ion condit ions a n d hence was 
not an intermediate ; f o r m a l d e h y d e a n d oxygen were f o r m e d i n l o w yie lds 
( T a b l e I I ) . A hydrotr iox ide intermediate ( I I I ) is almost a necessary 
postulate; the ^ - e l i m i n a t i o n w h i c h gives formic a c i d ( R e a c t i o n P ) a n d 
H 0 2 ~ can of course be intramolecular . [ F o r m a t i o n of such an inter
mediate (see a d d i t i o n a l evidence b e l o w ) m i g h t indicate a different pre
cursor f r o m the r a d i c a l pa ir (I)—i.e., the i o n pa i r ( I I ) , w h i c h is of course 
m u c h more plaus ib le i n a polar solvent.] In f rared spectra de termined at 
— 7 8 ° C . gave no evidence that such a species as ( I I I ) c o u l d accumulate , 
however . 

T h e ox idat ion of ethanol was d e c i d e d l y faster than that of methanol , 
a n d the m a i n products were acetic a c i d a n d h y d r o g e n peroxide [molar 
ratio ca. 1:1.0 ( R e a c t i o n P ) ] . S m a l l y ie lds of acetaldehyde, formaldehyde , 
a n d p e r a c i d a n d the evolut ion of smal l quantit ies of oxygen on 
w a r m i n g the o z o n i z e d solut ion to 0 ° C , suggested the incurs ion of side 
reactions Q a n d R (see below) ( 2 0 % a n d 1 - 2 % of the w h o l e process) , 
analogous to the oxidat ion reactions of propan-2-ol ( T y p e B ) , w h i c h 
were m u c h more f u l l y investigated. 

O z o n a t i o n of propan-2-o l gave results w h i c h v a r i e d w i t h the history 
of the a l cohol specimen used. A l l propan-2-o l specimens absorbed ozone 
readi ly at — 78 ° C , the solut ion never b e c o m i n g b lue , a n d gave solutions 
w h i c h showed a weak in f rared b a n d at 1705 c m . " 1 ( F i g u r e 1 ) , at tr ibutable 
( s h o w n b y compar ison w i t h authentic solutions) to either acetic a c i d or 
acetone or both . A d d i t i o n of excess t r ie thylamine r e d u c e d the intensity 
of this b a n d b y 6 0 % , so most of it was ev ident ly at tr ibutable to acetic 
a c i d ; authentic specimens behaved s imi lar ly , the acetate i o n absorbing at 
1550-1600 c m . " 1 . T i t r a t i o n at this stage showed the presence of substan
t i a l amounts of perac id , ac id , a n d h y d r o g e n peroxide, w h i l e gas chroma
tography (after w a r m i n g to 2 0 ° C . ) i n d i c a t e d the presence of acetic a c i d 
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10 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

Propan-2-ol(B) 

before warming 
after warming 

Propan-2-ol(A) 
before warming 
after warming 

Ethanol 
Methanol 

Number 
of 

Runs 

Table II. Oxidation 

Relative 

CH3COCH^c CH3CHO 

100 b — 

100 b 

27 

" Average values, taken from several similar experiments. 
c Quoted concentrations were obtained by T L C ; in one experiment the 
corresponding G L C . estimate was 94 /xmole/cc. 

a n d methanol , the former i n about the same amount as i n d i c a t e d b y 
in f rared spectroscopy. 

T h e behavior of the solut ion thus obta ined at — 78 ° C . o n w a r m i n g to 
0 ° C . d e p e n d e d on its history— i .e . , o n its T y p e A / B character. If the 
character were T y p e B , oxygen was evo lved i n large quant i ty , a n d a d d i 
t i o n a l acetone was f o r m e d , as est imated b y cool ing to — 7 8 ° C . a n d 
repeat ing the in f rared examinat ion, b y gas chromatography, or b y pre
p a r i n g a n d separating the 2 ,4-dini trophenylhydrazones . N o increase i n 
the a c i d titer or h y d r o g e n peroxide titer was observed, a n d the p e r a c i d 
titer f e l l s l ight ly . T y p e A propan-2-o l evo lved less oxygen on w a r m i n g 
to 0 ° C . ( v a r y i n g f r o m one specimen to another ) , but correspondingly 
the organic products were o x i d i z e d to acetic a c i d , a n d approximate ly 
1 molecule of h y d r o g e n peroxide was f o r m e d for each 2 molecules of 
oxygen not evolved. T y p e A propan-2-o l was s i m p l y the c o m m e r c i a l 
p r o d u c t before or after f rac t ional d is t i l la t ion ; T y p e B was obta ined b y 
d is t i l l a t ion f r o m s o d i u m b o r o h y d r i d e ; their re lat ionship, a n d the possible 
nature of contaminants present, were not ascertained u n t i l after the 
s y m p o s i u m . C o n t r a r y to our preferred hypothesis then, type A p r o v e d to 
be pure , a n d T y p e B conta ined a contaminant ; the s impler T y p e B be
havior c o u l d be s imulated b y a d d i n g to T y p e A 2 -propanol 2 p . p . m . or 
more (even 0.5 p . p . m . h a d a m a r k e d effect) of s o d i u m b o r o h y d r i d e as a 
solut ion i n 2-propanol , w h i c h was not inact ivated b y heat ing w i t h excess 
acetone, hence, it was p r o b a b l y present as s o d i u m tetra isopropoxyboron. 
A s imi lar quant i ty of s o d i u m acetate was equa l ly effective, but s o d i u m 
perchlorate h a d no effect. W e are current ly invest igat ing these 
phenomena. I n the i n i t i a l phase of the oxidat ion , the m a i n process evi 
dent ly i n v o l v e d is the format ion of a c o m p o u n d , itself transparent at 
1705 c m . " 1 b u t capable of y i e l d i n g acetone, oxygen, a n d water on w a r m i n g 
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59. W H I T I N G E T A L . Saturated Compounds 11 

of A l c o h o l s 

Product Concentrations'1 

CH20 RC03H RC02H H202 Of 

17 11 11 18 71 
9 16 18 

16 14 8 18 27 
13 42 44 

2 2 100 b 100 18 
15 — 100* 93 10 

6 Values based on a concentration of 100 /xmole/cc. of major product. Major products 
are formed at a rate of ca. 50 /miole/cc./hr. 

( R e a c t i o n Q ) . F o r m a t i o n of water was apparent w h e n f i l tered homogene
ous tr ichlorof luoromethane solutions were w a r m e d . Solids i n i t i a l l y pre
c ip i ta ted f r o m these solutions appeared to be either h y d r o g e n peroxide 
or a mixture of a l l other products aggregated w i t h h y d r o g e n peroxide. 
T h e acetone precursor was i n fact s h o w n to be more polar than acetone, 
as measured b y d i s t r ibut ion coefficient be tween tr ichlorof luoromethane 
a n d 8 0 % methanol . Its decomposi t ion rate, 2.3 X 10" 3 sec." 1 at 0 ° C , 
is comparable w i t h that of di-ter£-butyltrioxide ( 1 ) ; s low decompos i t ion 
even at — 7 8 ° C . is ca ta lyzed b y t r ie thylamine . There is every reason for 
accept ing the obvious f o r m u l a ( I V ) : 

M e , , C H ( O H ) —> M e 2 C ( O H ) 0 3 H - > M e 2 C ( O H ) 0 3 H - > M e 2 C O + 0 2 + H 2 0 

i ( IV) (Q) 

M e • C ( O H ) O s : C H 2 + H 2 0 3 \ 

i > (R) 
M e • C 0 3 H + C H 2 0 ) 

for this major intermediate, const i tut ing some 8 0 % of the i n i t i a l react ion 
product . Its alternative mode of decomposi t ion i n T y p e A propan-2-o l 
is considered be low. 

Peracet ic a c i d a n d f o r m a l d e h y d e are the expected ozonolysis p r o d 
ucts for acetone enol (6 ) , a n d they are obta ined i n r o u g h l y equimolecular 
ratio. In frared spectra cannot be used to ident i fy them since peracetic 
a c i d i n propan-2-o l absorbs at 1755 c m . " 1 , c o i n c i d i n g w i t h a m i n o r solvent 
peak, w h i l e f o r m a l d e h y d e monomer w o u l d presumably exist as h e m i -
acetal. Peracetic a c i d does not survive gas chromatography at 40 ° C . o n 
a p o l y p r o p y l e n e ox ide/glycero l condensate ( G P O - 5 0 ) - g l u t a r i c a c i d 
phase. H o w e v e r , the p e r a c i d titer par t i t ioned be tween tr ichlorof luoro-

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
05

9

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



12 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

methane a n d 8 0 % methanol i n the same rat io (1 :30) at — 7 8 ° C . as 
authentic peracet ic ac id . Thus , i t seems that acetone enol m o l o z o n i d e 
( V ) , i f an intermediate , must break d o w n even at — 7 8 ° C . Ace tone itself 
is not at tacked at a significant rate b y ozone at — 7 8 ° C , b u t a d d i n g 
h y d r o g e n ch lor ide results i n r a p i d react ion, p r e s u m a b l y via the enol , a n d 
p e r a c i d is i n fact f o u n d b y t i t rat ion. It seems plaus ib le that an i o n pa i r 
[ I I ; R = M e 2 C ( O H ) ] m i g h t give acetone enol a n d h y d r o g e n tr ioxide, 
a n d the corresponding r a d i c a l pa i r ( I ) might also, or might undergo a 
redox react ion to give the i o n pair . O n c e f o r m e d , acetone enol w o u l d be 
more l i k e l y to react w i t h ozone than to ketonize. W e therefore charac-

—I i I . I . L_ 
1900 1800 1700 1600 

FREQUENCY CM." 1 

Figure 1. Infrared spectra of propan-2-ol solutions 

Curve 1: Ozonized at —78°C, warmed to °C. and recooled to 
—7S°C; triethylamine added 

Curve 2: Ozonized at —78°C. 
Curve 3: Ozonized at —78°C, triethylamine added 
Curve 4: At —78°C. before ozonation 
Peak at 1900 cm.'1 caused by propan-2-ol; that at 1760 cm.'1 

caused by propan-2-ol and peracetic acid; that at 1710 cm.'1 

caused by acetone and acetic acid. Triethylamine removes the 
1710 cm.'1 peak of acetic acid. Successive curves are displaced 

by one unit of optical density 
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59. W H I T I N G E T A L . Saturated Compounds 13 

terize Reac t ion R as one m a i n side react ion i n the case of propan-2-o l , 
( a n d i n the cases of cyc lohexanol a n d cyclohexane w h i c h b o t h y i e l d per
a c i d to an extent of ca. 1 0 % of the over-a l l react ion) a n d attr ibute to i t 
the smal l y ie lds of p e r a c i d ( p e r f o r m i c ) a n d f o r m a l d e h y d e observed i n 
the case of ethanol . 

I n the ox idat ion of propan-2-o l substantial yields of h y d r o g e n per
oxide are obta ined. I n v i e w of the reported ins tabi l i ty of an intermediate 
be l i eved to be h y d r o g e n tr ioxide (2, 3 ) , i t seems u n l i k e l y that the t i t ra t ion 
for H 2 0 2 at 20 ° C . ac tual ly represents H 2 0 3 ; fur thermore Reac t ion R 
produces H 2 0 3 , whose fate must n o w be considered. F i s s i o n to H O " a n d 
0 2 H seems probable even at l o w temperatures, a n d i n 2 -propanol some 

such sequence as 

H O - 0 2 H -> H O ' + 0 2 H 

H O ' + H • C M e 2 O H -> H 2 0 + C M e 2 O H 

C M e 2 O H + 0 2 H - » H 0 2 • C M e 2 • O H - » M e 2 C O + H 2 0 2 

seems plaus ib le i n v i e w of the di f ferent ia l react ivi ty of H O * a n d H 0 2 " (4, 
9, J O ) . A t any rate, Reac t ion S does rat ional ize the apprec iable y i e l d of 
h y d r o g e n peroxide f o u n d b y t i t rat ion. N o p i n a c o l ( < 2 /xmole/cc.) was 
f o u n d i n the react ion products ; hence, d i m e r i z a t i o n of a - h y d r o x y l i s o p r o p y l 
is i m p r o b a b l e . 

T h e products least easily accounted for i n the ozonat ion of T y p e B 
propan-2-ol are acetic a c i d a n d methanol . M e t h y l acetate c o u l d be f o r m e d 
easi ly: 

M e 2 C — O H -> M e 2 C — O H -> M e C = O H 

O — 0 2 H 0 + M e O 

+ 6 2 H 
but, as expected, m e t h y l acetate p r o v e d to be stable to the react ion 
condit ions . 

There remains the enigma of T y p e A behavior , as measured b y the 
increase i n H 2 0 2 t i ter a n d ac id i ty titer o n w a r m i n g a n d the d i m i n u t i o n i n 
oxygen evolut ion . E v e r y spec imen of propan-2-o l gave some oxygen o n 
ozonat ion a n d w a r m i n g , whereas T y p e B mater ia l consistently f a i l e d to 
f o r m any a d d i t i o n a l a c i d a n d H 2 0 2 . W e must therefore leave Reac t ion T 
i n an incomplete state. 

2 H O M e 2 C • 0 3 H -> 2 M e • C 0 2 H + H 2 0 2 + 2Y (T) 
X 

I n tr ichlorof luoromethane, ox idat ion of tert-butyl a lcohol p r o v e d to be 
m u c h slower ( factor <f 20) than of 2 -propanol . T h i s el iminates f r o m 
considerat ion mechanisms of ox idat ion i n w h i c h a n a lkoxy r a d i c a l is a 
necessary intermediate f o r m e d i n the rate-determining stage (4). 
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Discussion 
M . C . W h i t i n g : T w o comments d u r i n g the discussion require an 

answer. O u r mechanism requires that the ozone molecule abstract a 
h y d r o g e n atom f r o m (e.g.) 2 -propanol , break ing a b o n d w i t h a strength 
of some 90 k c a l . S. W . Benson quoted a b o n d strength of 10 k c a l . for 
O a - H a n d therefore categorical ly rejected our mechanism. H e n o w agrees 
that the 10 kca l . estimate in fact a p p l i e d to the energy of the process 
0 3 + 2-H2 —> O 3 H — i . e . , is l o w b y some 55 kca l . , a n d he gives a current, 
preferred estimate of 61 ± 2 k c a l . (gas phase ) . E v e n a l l o w i n g for 
solvation, this s i tuation s t i l l presents a p r o b l e m on w h i c h w e are t r y i n g 
to shed more l ight . It is possible that a considerable u p w a r d revis ion of 
the rather indi rec t ly ca lculated b o n d energy estimate m a y be justified. 

Cheves W a l l i n g commented on the h i g h c h l o r i d e / b r o m i d e ratio 
obta ined f r o m adamantane + O3 + C B r C l s , unusual i n a radical-abstrac
t ion process. A n even higher ratio has, however , been reported (J . I. G . 
C a d o g a n , D . H . H e y , a n d P. G . H i b b e r t , /. Chem. Soc. 1965, 3939) for 
attack b y a wel l -authent icated free r a d i c a l i n the presence of oxygen; 
hence, our interpretat ion of this react ion as proceeding via 1 -adamantyl 
radicals stands. 
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The Mechanism of Alkane Oxidation by 
Ozone 

G O R D O N A . HAMILTON, BRUCE S. RIBNER, and 
THOMAS M. HELLMAN 

Pennsylvania State University, University Park, Pa. , 16802 and Princeton 
University, Princeton, N. J. 08540 

The characteristics of the initial step in the reaction of 
ozone with saturated hydrocarbons have been investigated. 
Ozonation of cyclohexane gives initially cyclohexanol and 
cyclohexanone in a 3:1 ratio. Cyclohexane is oxidized 4.5 
times more rapidly than cyclohexane-d12. The relative re
activity of primary, secondary, and tertiary hydrogens is 
approximately 1:13:110. The ozonation of tertiary hydrogens 
to tertiary alcohols occurs with 60 to 70% retention of con
figuration. The presence of good hydrogen atom donors, 
antioxidants, and a number of other reagents has only a 
small effect on the percent retention of configuration. These 
results and others are compared with those obtained for 
other hydrocarbon reactions, and a mechanism for the ozona
tion is suggested. 

A s a result of our interest i n the mechanism of b i o l o g i c a l oxidations of 
saturated hydrocarbons ( I I ) , w e have invest igated the mechanisms 

of several alkane oxidations (12, 13). T h i s paper reports our studies on 
the ox idat ion of saturated hydrocarbons b y ozone. A l t h o u g h there are 
frequent references i n the l i terature to the oxidat ion of alkanes b y ozone 
(2), the m e c h a n i s m of the react ion has rece ived re lat ively l i t t le s tudy. 
D u r l a n d a n d A d k i n s (7) reported that cis- a n d J rans-Decal in are o x i d i z e d 
i n reasonable y i e l d to tert iary alcohols w i t h retention of configurat ion. 
Schubert a n d Pease (24) s tudied the gas-phase ozonat ion of alkanes at 
r o o m temperature a n d suggested that the products arose f r o m the f o r m a 
t ion a n d further reactions of R O ' a n d H O O * . A c o m p l i c a t i n g feature i n 
these investigations was the necessity to carry out the oxidat ion to rela
t ive ly h i g h conversions so that the products c o u l d be ana lyzed . Since 

15 
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16 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

the i n i t i a l alkane ox idat ion products are more reactive t o w a r d ozone t h a n 
the alkane, the observed products f requent ly arise as the result of several 
steps. W i t h the ava i lab i l i ty of sensitive gas chromatographic methods 
i t is n o w possible to analyze for products after very l o w conversions, a n d 
thus the i n i t i a l step i n alkane ozonat ion can be s tudied separately. I n our 
invest igat ion, some of the characteristics of this i n i t i a l step were 
determined. 

Experimental 

Materials. Unless descr ibed otherwise, c o m m e r c i a l materials , w h i c h 
were usual ly red is t i l l ed a n d w h i c h were s h o w n b y gas chromatography 
to be either free of impuri t ies or free of inter fer ing impuri t ies , were used 
throughout . C y c l o h e x a n e a n d 2-methylbutane were ref luxed w i t h l i t h i u m 
a l u m i n u m h y d r i d e before b e i n g d is t i l l ed . c i s - D e c a l i n was obta ined f r o m 
A l d r i c h C h e m i c a l C o m p a n y a n d f r a n s - D e c a l i n was obta ined b y isomeriz-
i n g c o m m e r c i a l D e c a l i n w i t h a l u m i n u m t r i ch lor ide f o l l o w e d b y f rac t ional 
d is t i l la t ion (14). Gas chromatographic analysis i n d i c a t e d that there was 
less than 1 % trans i n the cis solvent a n d less than 2 % cis i n the trans 
solvent. Cyclohexane-di2 was obta ined f r o m N u c l e a r E q u i p m e n t C h e m i 
c a l C o r p . a n d h a d 99 .3% deuter ium. 

Cis- a n d £rans-l ,2-dimethylcyclohexanol- l were p r e p a r e d b y J . R . 
G i a c i n b y the m e t h o d of C h i u r d o g l u (6) a n d isolated b y the procedure 
of N e v i t t a n d H a m m o n d (20). T h e d s - a l c o h o l was not obta ined pure 
b u t as a mixture of cis a n d trans. T h e composi t ion of the m i x t u r e was 
d e t e r m i n e d b y a c o m b i n a t i o n of gas chromatography a n d nuclear m a g 
netic resonance. T h e cis- a n d £rans-9-decalols were p r e p a r e d b y J . R . 
G i a c i n b y o x i d i z i n g the corresponding hydrocarbons w i t h c h r o m i c an
h y d r i d e i n acetic a c i d - a c e t i c a n h y d r i d e b y the m e t h o d of L e h r (16). 
T h e crude products were pur i f i ed b y a l u m i n a chromatography f o l l o w e d 
b y subl imat ion . Samples of the isomeric norboranols a n d norbornanones 
were obta ined f r o m P a u l v o n R. Schleyer. 

Reaction Conditions. T h e o z o n e - o x y g e n mixture used i n these reac
tions was obta ined f r o m either a W e l s b a c h T-23 or T-408 L a b o r a t o r y 
Ozonator . W h e n pure oxygen was f e d into the ozonator at the rate of 
0.6 l i t e r/min . , the effluent was ca. 5% ozone as de termined b y iodometr i c 
t i t rat ion. A smal l f rac t ion of this stream g i v i n g 0.5-1 m g . of ozone per 
m i n u t e was b u b b l e d through 2 -10 m l . of h y d r o c a r b o n solvent conta ined 
i n a smal l flask fitted w i t h a c o l d finger condenser ( to m i n i m i z e solvent 
evapora t ion) . M o s t of our results were obta ined f r o m c o m p e t i t i o n experi 
ments either w i t h k n o w n mixtures of solvents or w i t h compounds w h i c h 
c a n react to give several products . I n a f e w experiments the tota l y i e l d of 
cyc lohexanol a n d cyclohexanone obta ined f r o m the ox idat ion of cyc lo
hexane at r o o m temperature was est imated to be 0.2 to 0.3 m g . / m i n . 

I n cases w h e r e the react ion solutions were r e d u c e d f o l l o w i n g ox ida
t ion , the solut ion was d i l u t e d w i t h ca. 50 m l . ether, a n excess (0.15 g r a m ) 
of l i t h i u m a l u m i n u m h y d r i d e was a d d e d , the mixture ref luxed for 2 hours 
a n d then cooled, 0.4 m l . saturated solut ion of s o d i u m sulfate was a d d e d , 
the resul t ing suspension was filtered, the ether was d i s t i l l e d off u n t i l 5 -10 
m l . remained , a n d this solut ion was injected into the gas chromatograph 
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60. H A M I L T O N E T A L . Alkane Oxidation 17 

for analysis. I n controls where k n o w n amounts of products were present, 
essentially a l l the c a r b o n y l compounds were r e d u c e d to alcohols, a n d 
over 9 5 % of the alcohols were recovered b y this procedure . 

Ana lyses . T h e oxidat ion products were d e t e r m i n e d us ing a P e r k i n -
E l m e r m o d e l 800 gas chromatograph e q u i p p e d w i t h flame i o n i z a t i o n 
detectors. I n the compet i t ion experiments the relat ive amounts of mate
r i a l were ca lculated b y m u l t i p l y i n g either the peak heights or peak areas 
b y convers ion factors de termined us ing k n o w n amounts of the products . 
P r e l i m i n a r y experiments i n d i c a t e d that peak heights or peak areas gave 
the same amounts of materials w h e n m u l t i p l i e d b y the appropr ia te con
vers ion factors. P e r k i n - E l m e r 12-foot columns p a c k e d w i t h C h r o m o s o r b 
W a n d conta in ing the l i q u i d phases p o l y p r o p y l e n e g l y c o l ( P e r k i n - E l m e r 
designat ion R ) a n d fluorinated si l icone o i l ( P e r k i n - E l m e r des ignat ion 
FS-1265) gave convenient separations. T h e last l i q u i d phase was used 
for the deca lo l determinations, a n d the first was used for a l l others. 
U s u a l l y a smal l sample ( 1 - 2 /Jiters) of the react ion solut ion was injected 
d i rec t ly into the gas chromatograph for analysis. H o w e v e r , to ensure 
that other products were not affecting the stereospecificity experiments, 
representative samples of the various systems s tudied were r e d u c e d w i t h 
l i t h i u m a l u m i n u m h y d r i d e before analysis. T h e ratios of ter t iary alcohols 
obta ined f o l l o w i n g reduct ion were al tered only s l ight ly i n a f e w cases, 
apparent ly because some ketonic products were e luted f r o m the c o l u m n 
at the same t ime as the tert iary alcohols. I n such cases the results q u o t e d 
are those obta ined after reduct ion . 

Results 

F o l l o w i n g ozonat ion of cyclohexane for short periods at r o o m tem
perature, only two oxidat ion p r o d u c t s — c y c l o h e x a n o l a n d cyclohexanone 
— w e r e observed i n significant amounts on gas chromatographic analysis. 
Poss ib ly some m u c h less volat i le products (e.g., r i n g f ragmentat ion p r o d 
ucts, vide infra) were also f o r m e d but not detected b y the gas chromato
graphic procedure . A f t e r 5 minutes of ozonat ion the rat io of cyclohexa
none to cyc lohexanol was 0.3 to 0.35, but the rat io r a p i d l y increased to 
1.5 to 2 after 1 hour . T h e result indicates that even after very l o w con
version the i n i t i a l l y f o r m e d cyc lohexanol is o x i d i z e d further b y ozone 
( 2 ) . C o n f i r m a t i o n of this was obta ined w h e n a smal l amount (20 m g . ) 
of cyc lohexanol was a d d e d to 10 m l . of cyclopentane a n d the solut ion was 
ozonized under the usual condit ions . Some cyc lopentanol a n d cyc lo-
pentanone were f o r m e d , but i n a d d i t i o n , over 8 0 % of the cyc lohexanol 
was o x i d i z e d to cyclohexanone after 1 hour . H o w e v e r , not a l l the cyc lo
hexanone obta ined i n the cyclohexane ozonat ion arises f r o m further 
oxidat ion of cyc lohexanol . If the observed rat io of cyclohexanone to 
cyc lohexanol is p lo t ted vs. t ime, a n d the curve is extrapolated to zero t ime, 
one obtains a ratio at t ime zero of 0.25 to 0.3. T h i s indicates that some 
of the cyclohexanone is f o r m e d direc t ly f r o m a n intermediate i n the 
ozonat ion. 
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Cyclohexanone is o x i d i z e d further only s lowly under our ozonat ion 
condit ions. O z o n a t i o n of 30 m g . of cyclohexanone i n 7 m l . of cyc lopen-
tane for 1 hour l e d to the oxidat ion of only 1 0 % of the cyclohexanone. 
T h e ox idat ion of cyclohexane requires the presence of ozone; control 
experiments, where u n o z o n i z e d oxygen was passed t h r o u g h the cyc lo
hexane w i t h a l l other condit ions the same, gave no detectable amounts 
of ox idat ion products . 

T h e k inet ic d e u t e r i u m isotope effect for the react ion of cyclohexane 
w i t h ozone was obta ined f r o m the compet i t ion experiments s u m m a r i z e d 
i n T a b l e I. Since the solvent is i n large excess, the rat io fcn/fcp was ca l cu-

Table I. 

Ozonation Time, 
min. 

Deuterium Isotope Effect for the Ozonation of 
Cyclohexane at 2 2 ° C . 

Molar Ratio of 
Cyclohexane to 

Cyclopentane Products 

20 

20 

50 

50 

Solvent Composition, 
mole % 

Cyclohexane (50 % ) 
Cyclopentane (50%) 

Cyclohexane-d 1 2 (50%) 
Cyclopentane (50%) 

Cyclohexane (50%) 
Cyclopentane (50%) 

Cyclohexane-d1 L> (50%) 
Cyclopentane (50 % ) 

0.94 

0.21 

1.10 

0.27 

4.5 

4.1 

la ted b y s i m p l y d i v i d i n g the molar ratio of cyclohexane to cyclopentane 
oxidat ion products obta ined w i t h cyclohexane present b y that obta ined 
w i t h cyclohexane-di L» after the same ozonat ion t ime. It is not k n o w n 
w h y the ratio of products increases s l ight ly or w h y the apparent isotope 
effect decreases s l ight ly w i t h t ime. Perhaps it is caused b y different rates 
for the further oxidat ion of the i n i t i a l ox idat ion products . Nevertheless, 
i t is clear that there is a sizeable isotope effect for the ozonat ion react ion, 
a n d kH/k}) is p r o b a b l y between 4.5 a n d 5 for very l o w conversions w h e n 
further oxidat ion of the products w o u l d have a m i n i m a l effect. 

T h e react iv i ty of ozone t o w a r d p r i m a r y , secondary, a n d tert iary 
hydrogens was determined f r o m experiments where 2-methylbutane was 
ozonized . These experiments were p e r f o r m e d at 0 ° C . to decrease solvent 
loss b y evaporat ion d u r i n g ozonat ion. T o s i m p l i f y the analysis of the 
products , the react ion mixture f o l l o w i n g ozonat ion was r e d u c e d w i t h 
l i t h i u m a l u m i n u m h y d r i d e . T h e relat ive react iv i ty per hydrogen , ca lcu
lated f r o m the observed quantit ies of the four isomeric C r , alcohols, is : 
p r i m a r y , 1; secondary, 13; tertiary, 110. These values are t ime inde
pendent for u p to 1 hour ozonat ion. H o w e v e r , they m a y not be a c o m -
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60. H A M I L T O N E T A L . Alkane Oxidation 19 

plete ly accurate measure of the react ivi ty of the various hydrogens be
cause some fragmentat ion products , i n c l u d i n g ethanol , 2 -propanol , a n d 
other m i n o r products , were also observed. These fragmentat ion products 
were f o r m e d i n smaller quantit ies than the C r , alcohols, a n d they c o u l d 
not alter the relat ive reactivities quoted b y more than 2 5 % . T h u s , the 
relat ive yie lds of the C r , alcohols ( f o l l o w i n g reduct ion w i t h l i t h i u m 
a l u m i n u m h y d r i d e ) should be a f a i r l y good measure of the relat ive 
reactivities of the various hydrogens. 

T h e stereospecificity of the h y d r o c a r b o n ozonat ion was invest igated 
b y measur ing the isomer d i s t r ibut ion of tertiary alcohols f o r m e d on 
ozonat ing cis- a n d £rans-l ,2-dimethylcyclohexane a n d cis- a n d trans-Deca-
l i n . O t h e r ox idat ion products are f o r m e d i n these ozonations, b u t the 
tert iary alcohols are easily separated f r o m these b y gas chromatography. 
Some results are s h o w n i n T a b l e II . T h e observed isomer distr ibut ions 
of tert iary alcohols are independent of t ime for u p to 3 hours ozonat ion 

Table II. Isomer Distribution of Tertiary Alcohols from the 
Ozonation of cis- and trans-Hydrocarbons 

Isomer Distribution of 
Hydrocarbon Hydrocarbon Solvent, % 

Solvent cis trans T,°C. 

D M C 100 
100 

0 
0 

68 
26 

Decalin 100 
100 

0 
0 

62 
36 

a 1,2-Dimethylcyclohexane. 

0 22 
0 - 4 8 

100 22 
100 - 4 8 

32 22 
74 22 

0 22 
0 0 

100 22 
100 0 

38 22 
64 22 

Isomer Distribution of 
Tertiary Alcohols, % 

cis trans 

85 15 
91 9 
21 79 
20 80 
78 22 
59 41 

85 15 
85 15 
20 80 
29 71 
79 21 
68 32 

a n d are r e p r o d u c i b l e to ± 2 % . C l e a r l y the format ion of tert iary alcohols 
occurs w i t h considerable but not complete retention of configurat ion 
(earl ier results b y others (7, 17) w i t h less sensitive analyt ica l procedures 
i n d i c a t e d almost complete retention of conf igurat ion) . T h e observat ion 
that temperature has such l i t t le effect on the isomer d i s t r ibut ion suggests 
that it is u n l i k e l y that the lack of complete stereospecificity is caused b y 
two dis t inc t ly different mechanisms operat ing s imultaneously. Because the 
cis- a n d frans-hydrocarbons give different ratios of tert iary alcohols i t is 
possible to determine the relat ive react ivi ty of the tert iary positions of 
these hydrocarbons b y us ing k n o w n mixtures of the hydrocarbons . F r o m 
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the results i n T a b l e II one calculates that the tert iary positions on cis-1,2-
dimethylcyc lohexane are four times more reactive than those of trans-1,2-
dimethylcyc lohexane . A s s u m i n g that the axial tert iary h y d r o g e n of the 
cis c o m p o u n d has the same react ivi ty as each of the ax ia l tert iary h y d r o 
gens of the trans c o m p o u n d ( 8 ) , one calculates that the equator ia l tert iary 
h y d r o g e n is seven times more reactive than axia l ones. S i m i l a r l y , the 
tert iary hydrogens of ci-s-Decalin are 5.6 times more reactive than those 
of f rans -Deca l in . 

T h e effect of various addit ives o n the isomer d i s t r i b u t i o n of tert iary 
alcohols, obta ined f r o m d$- l , 2 -d imethylcyc lohexane , was invest igated 
to determine the reason for the lack of complete stereospecificity i n the 
ozonat ion. T h e results are s u m m a r i z e d i n T a b l e III . N o n e of the a d d i -

Table III. Isomer Distribution of Tertiary Alcohols from the Ozonation 
of cK-l ,2-Dimethylcyclohexane at 2 2 ° C . in the Presence 

of Various Additives 

Isomer Distribution of 
Tertiary Alcohols 

Solvent Composition, mole % from c i s - D M C , % 
Additive Additive c i s - D M C cis trans 

None 0 100 85 15 
Cumene 12 88 85 15 
Chloroform 62 38 85 15 
Nitrobenzene 56 44 85 15 
Benzophenone 9 91 82 18 
E t h y l acetate 57 43 79 21 
2,4-Di-tert-butylphenol 9 91 73 27 
Diphenylamine 8 92 70 30 
Iodine 7 93 70 30 
Bromotrichloromethane 16 84 80 20 

tives has a dramat ic effect. Some of the results m a y arise f r o m a general 
solvent effect w h i c h requires further invest igat ion. H o w e v e r , since none 
of the addit ives increases the stereospecificity of the ozonat ion, several 
mechanisms w h i c h m i g h t have expla ined the par t ia l loss of stereospeci
ficity can be e l iminated (see D i s c u s s i o n ) . 

L o n g (17) observed that ozonat ion of norbornane (b icyc lo -2 ,2 , l -hep-
tane) i n C C 1 4 at 0 ° C . gives only exo-2-norbornanol a n d 2-norbornanone. 
W e have conf i rmed this result us ing cyclohexane as solvent a n d gas chro
m a t o g r a p h y for analysis; less than 2 % of any other a lcohol or ketone is 
f o r m e d . E n d o - 2 - n o r b o r n a n o l c o u l d not have been f o r m e d i n i t i a l l y a n d 
then r a p i d l y o x i d i z e d to 2-norbornanone. I n a contro l experiment 6 m g . 
of endo-2-norbornanol were a d d e d to 1.7 grams norbornane i n 8 m l . of 
cyclohexane a n d o z o n i z e d for 95 minutes . T h e n , 7 5 % of the endo-2-
norbornanol was o x i d i z e d . Thus , it is o x i d i z e d u n d e r the react ion c o n d i -
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60. H A M I L T O N E T A L . Alkane Oxidation 21 

tions, but this react ion is s low enough that i f 2 % of the ox idat ion products 
were this c o m p o u n d , it c o u l d have been detected. B y c o m p a r i n g the 
yie lds of norbornane ox idat ion products w i t h those obta ined f r o m cyc lo
hexane, a n d k n o w i n g the i n i t i a l solvent composi t ion , one can calculate 
that per h y d r o g e n the exo hydrogens of norbornane are o n l y 1.3 t imes 
more reactive than the hydrogens of cyclohexane. 

Some peroxides are f o r m e d w h e n saturated hydrocarbons are ozon
i z e d at r o o m temperature. F o r example, w h e n 1.07 mmoles of ozone are 
b u b b l e d ( d u r i n g 2 hours) into 8 m l . of d s - l , 2 - d i m e t h y l c y c l o h e x a n e , 0.26 
mmoles of ozone passes through the solut ion, a n d 0.31 mmoles peroxide 
[determined b y iodometr ic t i t ra t ion ( 2 5 ) ] is f o r m e d i n the h y d r o c a r b o n 
solvent. T h e ident i ty of these peroxides has not yet been determined. 

Discussion 

T a b l e I V compares some of the characteristics of the ozonat ion re
act ion w i t h those of some other h y d r o c a r b o n reactions whose mecha
nisms have been s tudied extensively. T h e ozonat ion react ion resembles 
free r a d i c a l reactions, such as the abstract ion of h y d r o g e n atoms b y 
O — C ( C H 3 ) 3 a n d the carbene-oxygen ox idat ion (12), i n its select ivity 

T a b l e I V . C o m p a r i s o n of Some H y d r o c a r b o n React ions 

Relative Reactivity 

Ozonation 
Chromate 

oxidation 
Carbene 

per H % Retention Deuterium 
of Isotope 

Reaction prim sec tert Configuration Effect(kH/kD) Reference 

1 13 110 

1 110 7,000 

70 

70-100 

4.5 

2.5 

This work 

16,19, 28 

insertions 1 1.0 1.2 100 1.3 to 2 15 
(1) (8) (21) 

Nitrene 
insertions 1 10 30 100 1.5 1, 5,18 

H abstraction by 
• O — C ( C H 3 ) , 1 12 44 0 3.7 23, 26 

Carbene-oxygen 
oxidation 1 15 140 0 4.6 12 

t o w a r d various hydrogens a n d i n its d e u t e r i u m isotope effect. It is clear 
that the transi t ion state for the ozonat ion react ion i n alkane solvents 
cannot have m u c h c a r b o n i u m i o n character; otherwise its select ivity 
w o u l d be m u c h greater. T h e observat ion that the exo hydrogens of 
norbornane do not have any special react iv i ty agrees w i t h this conclus ion. 
A l s o , the transi t ion state for the chromate ox idat ion of alkanes is be l i eved 
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22 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

to have only p a r t i a l c a r b o n i u m i o n character (22), a n d yet its select ivity 
is m u c h greater. 

T h e h i g h degree of retention of conf igurat ion is different f r o m that 
usua l ly observed for free r a d i c a l reactions. I n the ozonat ion experiments, 
oxygen was present at approximate ly 1 atm. , a n d a l k y l radicals react w i t h 
oxygen to give alcohols a n d ketones (21). H o w e v e r , only racemized 
a lcohol is f o r m e d w h e n such radicals are generated b y other methods i n 
the presence of an atmosphere of oxygen (3, 12). Thus , it is evident 
that most of the ozonat ion react ion cannot proceed through "free" free 
r a d i c a l intermediates, a n d the a lcohol w i t h retent ion of conf igurat ion 
must be f o r m e d b y some direct react ion of ozone w i t h the h y d r o c a r b o n . 
T h e observed retention of configurat ion is s imi lar to that obta ined i n car-
bene a n d nitrene insert ion reactions. Therefore , an insert ion react ion 
whose transit ion state has considerable r a d i c a l character is the mechanism 
for the initial step of the ozonat ion w h i c h is i n best agreement w i t h the 
data. T h e details of the steps leading to the format ion of r a c e m i z e d alco
h o l , ketone, peroxide, a n d fragmentat ion products are not complete ly clear 
at this t ime. H o w e v e r , some possibil i t ies for the over-a l l m e c h a n i s m are 
o u t l i n e d i n the react ion scheme be low. It is suggested that the alkane a n d 

ROH' ( r a c e m i z e d ) + k e t o n e + p e r 

oxides + f r a g m e n t a t i o n p r o d u c t s 

ozone react to give a transi t ion state (or solvent caged in termedia te ) , 
I or II , w h i c h has considerable r a d i c a l character. If there is no p a r t i a l 
b o n d i n g a m o n g the various radicals of I a n d II , then t h e r m o d y n a m i c 
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60. H A M I L T O N E T A L . Alkane Oxidation 23 

considerations (4) indicate that I is more l i k e l y than II . H o w e v e r , i f 
the R- r a d i c a l is p a r t i a l l y b o n d e d to an oxygen species either I or I I 
seem possible. Retent ion of conf igurat ion i n the a lcohol p r o d u c t w o u l d 
be expected if I or I I co l lapsed d i rec t ly to a l c o h o l a n d oxygen ( I I poss ib ly 
react ing w i t h R O O O H as an intermediate (27)). T o account for the 
format ion of some r a c e m i z e d a lcohol , ketone, peroxides, a n d fragmenta
t ion products , i t is suggested that I a n d II can also separate into the 
radicals R • a n d H O •. A l k y l radicals are k n o w n to react w i t h oxygen i n 
a series of steps to give these other p r o d u c t (21). 

M e c h a n i s m s for the f o r m a t i o n of r a c e m i z e d a lcohol , w h i c h i n v o l v e 
the R O - radical 's abstract ing a h y d r o g e n atom f r o m the alkane as, for 
example, i n the f o l l o w i n g sequence: 

R O O O H —» RO* + H O O -
R O - + R H -> R- + R O H (retention) 
R- + 0 2 —> R O H (racemized) + ketone + peroxides + fragmentation products 

are not consistent w i t h the stereospecificity experiments w i t h various a d d i 
tives ( T a b l e I I I ) . M a n y of the addit ives w o u l d have t r a p p e d the R O -
radicals , a n d thus no R- radicals w o u l d be f o r m e d a n d the percent re
tent ion of conf igurat ion w o u l d have increased. T h i s is the opposite of 
that observed. If some of the addit ives c o u l d trap the R - radicals , t h e n 
b y either of the above mechanisms the percent retent ion of conf igurat ion 
s h o u l d increase. H o w e v e r , oxygen w o u l d p r o b a b l y react too r a p i d l y 
w i t h R - for it to be t r a p p e d b y other species. 

T h e results reported here c o u l d also be expla ined if ozone or a n 
intermediate such as I or II c o u l d exist i n a singlet a n d a t r iplet f o r m . 
T h e products w i t h retention of conf igurat ion w o u l d then arise f r o m the 
singlet species a n d the r a c e m i z e d products f r o m the tr iplet . Some of the 
results w i t h addit ives are consistent w i t h this hypothesis : the decreased 
percent retention of conf igurat ion w i t h some addit ives c o u l d be caused 
b y catalysis of singlet to t r iplet interconversions. C l e a r l y more experi 
m e n t a l results are necessary to c la r i fy this point . 

Regardless of the nature of the subsequent steps i n the react ion, it 
seems clear f r o m the results here that the i n i t i a l step i n the ox idat ion is 
a n insert ion type react ion i n w h i c h the transi t ion state has r a d i c a l char
acter. Because the select ivity of ozone is greater t h a n that of other 
insert ion species (carbenes a n d ni t renes) , i t is possible to speci fy the 
characteristics of intermediates or transit ion states ( such as I or I I ) to 
a greater extent. H o w e v e r , i t s h o u l d not be c o n c l u d e d that a l l ozone 
reactions necessarily proceed b y such a mechanism. I n other cases w h e r e 
ionic intermediates are more favored (e.g., i n more polar solvents or i n 
cases where c a r b o n i u m ions are more stable) it is possible that the t ran
si t ion state for the react ion has more polar character (9, 10, 27). 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
06

0

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



24 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

E n z y m i c hydroxylat ions of saturated hydrocarbons , w h i c h apparent ly 
invo lve the insert ion of an oxygen to give alcohols w i t h retent ion of con
figuration, c o u l d p r e s u m a b l y occur b y a m e c h a n i s m s imi lar to that pro
posed for the ozonat ion react ion. I n the e n z y m i c reactions oxygen is the 
oxidant , a n d the over-a l l m e c h a n i s m is c lear ly more c o m p l i c a t e d than 
that for ozonat ion ( I I ) . H o w e v e r , i n these reactions possibly some com-
plexed f o r m of oxygen is capable of abstract ing h y d r o g e n atoms a n d then 
donat ing a h y d r o x y l r a d i c a l before the a l k y l r a d i c a l has an o p p o r t u n i t y to 
invert . T h e over -a l l react ion w o u l d be an insert ion react ion (11), b u t the 
transi t ion state c o u l d have r a d i c a l character, as observed for the ozona
t ion react ion. 

A cknowledgments 

Several h e l p f u l discussions at the O x i d a t i o n S y m p o s i u m , especial ly 
w i t h P . S. B a i l e y , C . W a l l i n g , M . C . W h i t i n g , a n d S. W . Benson are 
grateful ly a c k n o w l e d g e d . T h i s research was supported b y research 
grants G M - 0 9 5 8 5 a n d G M - 1 4 9 8 5 f r o m the Institute of G e n e r a l M e d i c a l 
Sciences, P u b l i c H e a l t h Service, a n d i n part b y a grant to B . S. R. f r o m 
the N a t i o n a l Science F o u n d a t i o n U n d e r g r a d u a t e Research P r o g r a m , 
P r i n c e t o n U n i v e r s i t y . G . A . H . is an A l f r e d P . S loan Research F e l l o w 
(1967-69). 

Literature Cited 

(1) Anastassiou, A. G., Simmons, H. E., J. Am. Chem. Soc. 89, 3177 (1967). 
(2) Bailey, P. S., Chem. Rev. 58, 925 (1958). 
(3) Bartlett, P. D., Pincock, R. E., Rolston, J. H., Schindel, W. G., Singer, 

L. A., J. Am. Chem. Soc. 87, 2590 (1965). 
(4) Benson, S. W., J. Am. Chem. Soc. 86, 3922 (1964). 
(5) Breslow, D. S., Prosser, T. J., Marcantonio, A. F., Genge, C. A., J. Am. 

Chem. Soc. 89, 2384 (1967). 
(6) Chiurdoglu, G., Bull. Soc. Chim. Beiges. 47, 241 (1938). 
(7) Durland, J. R., Adkins, H., J. Am. Chem. Soc. 61, 429 (1939). 
(8) Eliel, E. L., "Stereochemistry of Carbon Compounds," p. 211, McGraw-

Hill, New York, 1962. 
(9) Erickson, R. E., Bakalik, D., Richards, C., Scanlon, M., Huddleston, G., 

J. Org. Chem. 31, 461 (1966). 
(10) Erickson, R. E., Myszkiewicz, T. M., J. Org. Chem. 30, 4326 (1965). 
(11) Hamilton, G. A., J. Am. Chem. Soc. 86, 3391 (1964). 
(12) Hamilton, G. A., Giacin, J. R., J. Am. Chem. Soc. 88, 1584 (1966). 
(13) Hamilton, G. A., Workman, R. J., Woo, L., J. Am. Chem. Soc. 86, 3390 

(1964). 
(14) Jones, R., Linstead, R., J. Chem. Soc. 1936, 616. 
(15) Kirmse, W., "Carbene Chemistry," Academic Press, New York, 1964. 
(16) Lehr, R., Senior Thesis, Princeton University, Princeton, May, 1965. 
(17) Long, Jr., W. P., Ph.D. Thesis, Harvard University, 1955. 
(18) Lwowski, W., Maricich, T. J., J. Am. Chem. Soc. 87, 3630 (1965). 
(19) Mareš, F., Roček, J., Collection Czech. Chem. Commun. 26, 2370 (1961). 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
06

0

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



60. HAMILTON ET AL. Alkane Oxidation 25 

(20) Nevitt, T., Hammond, G., J. Am. Chem. Soc. 76, 4124 (1954). 
(21) Pryor, W. A., "Free Radicals," McGraw-Hill, New York, 1966. 
(22) Rocek, J., Tetrahedron Letters 1962, 135. 
(23) Russell, G. A., J. Am. Chem. Soc. 79, 3871 (1957). 
(24) Schubert, C. C., Pease, R. N., J. Am. Chem. Soc. 78, 2044 (1956). 
(25) Wagner, C. D., Smith, R. H., Peters, E. D., J. Anal. Chem. 19, 976 

(1947). 
(26) Walling, C., Thaler, W., J. Am. Chem. Soc. 83, 3877 (1961). 
(27) White, H. M., Bailey, P. S., J. Org. Chem. 30, 3037 (1965). 
(28) Wiberg, K. B., Foster, G., J. Am. Chem. Soc. 83, 423 (1961). 

RECEIVED October 9, 1967. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
06

0

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



61 

Substituent Effects in the Oxidative Cleavage 
of Organosilanes by Ozone 

J. D . AUSTIN1 and L. SPIALTER 

Aerospace Research Laboratories, Wright-Patterson AFB, Ohio 

Ozone reacts readily at room temperature with compounds 
of general formula R3SiH to give the corresponding silanol 
R3SiOH. No evidence of a peroxidic product—e.g., 
R3SiOOH, was obtained. The effect of varying R on the 
rate of reaction was studied, and a plot of krcl against Taft 
σ☼ constants gave a reasonably straight line with a ρ☼ of 
—0.40. The evidence is consistent with electrophilic attack 
by ozone involving the insertion of one oxygen only into the 
Si—H bond via a three-centered transition state. 

A l t h o u g h the react ion of ozone w i t h carbon compounds has been inves-
t igated extensively, l i t t le is k n o w n about the react ion of ozone w i t h 

s i l i con compounds . B a r r y a n d Beck (3) reported that compounds con
t a i n i n g a n S i — H b o n d react w i t h ozone, b u t they gave no further details . 

O z o n e has been f o u n d to cleave S i - X bonds, where X = s i l i con, 
a l k y l , a ry l , h y d r o x y l a n d a l k o x y l , to give siloxanes as major products 
{10.11). 

W e have n o w s tudied the cleavage of an S i H b o n d i n R3S1H, 

w h e r e R = a l k y l or a lkoxy l . 

Experimental 

O z o n e was p r o d u c e d b y a W e l s b a c h T-23 O z o n i z e r , a n d the reagent 
referred to as ozone here was a 4 % solut ion of ozone i n oxygen. 

Organosi lanes were obta ined f r o m Pierce C h e m i c a l C o . or were 
p r e p a r e d b y convent iona l routes—e.g., b y c o u p l i n g a G r i g n a r d or l i t h i u m 
reagent w i t h a chlorosi lane. T r i s ( 1 - p e r h y d r o n a p h t h y l ) silane was pre
p a r e d as descr ibed b e l o w . A l l compounds were at least 9 8 % pure as 
d e t e r m i n e d b y vapor-phase chromatography ( V P C ) . 

Tris (1 -perhydronaphthyl) silane. T r i s ( 1 - n a p h t h y l ) fluorosilane (5 
grams) was hydrogenated b y a procedure descr ibed earl ier (4) u s i n g a 
5 % r h o d i u m / c h a r c o a l catalyst. M e t h y l c y c l o h e x a n e (150 m l . ) was used 

1 Present address: Research Department, Dow Corning Corp., Midland, Mich. 48640. 
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as a solvent, a n d the react ion was carr ied out at 125 ° C . for 48 hours 
under 2000 p.s . i .g . h y d r o g e n to give t r i s ( l - p e r h y d r o n a p h t h y l ) f l u o r o s i l a n e 
(4.8 grams) m.p . , 1 9 0 ° - 1 9 2 ° C . A n a l y s i s : ca lcula ted for C 3 0 H 5 1 S i F : C , 
78.61; H , 11.13; F , 4.15. F o u n d : C , 78.37; H , 11.04; F , 3.94. 

R e d u c t i o n of the fluorosilane b y l i t h i u m a l u m i n u m h y d r i d e i n re-
f lux ing b u t y l ether gave t r i s ( 1 - p e r h y d r o n a p h t h y l ) s i l a n e (3.5 grams) 
m.p . , 1 9 4 ° - 1 9 6 ° C . A n a l y s i s : ca lcula ted for C 3 o H 5 2 S i : C , 81.83; H , 11.81; 
S i , 6.36. F o u n d : C , 81.59; H , 11.65; S i , 6.03. 

Reaction between R 3 S i H and Ozone. I n a t y p i c a l experiment ozone 
was b u b b l e d into tr iethyls i lane (5 grams) at r o o m temperature. A n 
exothermic react ion occurred, a n d after about 30 minutes , V P C i n d i c a t e d 
that no tr iethyls i lane remained. T h e react ion p r o d u c t was d i s t i l l ed to 
give t r ie thyls i lanol (b .p . , 1 5 3 ° - 1 5 4 ° C . ) i n 9 5 % y i e l d . 

Competition between Two Silanes Containing S i — H for Ozone. T h e 
silanes s tudied i n c l u d e d tr iethylsi lane, t r i -n-butyls i lane , tr i -n-hexyls i lane, 
t r icyclohexyls i lane , ter£-butyldicyclohexylsilane, t r i s ( l - p e r h y d r o n a p h t h y l ) -
silane, dimethyl(3 ,3 ,3- tr i f luoropropyl)s i lane a n d tris(3,3,3-trif luoropropyl)-
silane. 

T h e general procedure i n v o l v e d m a k i n g a solut ion of t w o silanes 
(e.g., t r iethyls i lane a n d t r i -n-butyls i lane) i n hexane, the hexane b e i n g 
unsaturate free. T h e quant i ty of each silane was ca. 1 m m o l e i n 25 m l . 
of hexane. A saturated h y d r o c a r b o n w h i c h h a d a retent ion t ime o n a 
gas chromatography c o l u m n between the retent ion times of the t w o 
silanes i n v o l v e d i n the compet i t ion react ion was used as a standard—e.g. , 
between tr iethyls i lane a n d t r i -n-butyls i lane decane was used. A l l the 
h y d r o c a r b o n standards used were inert to ozone under the exper imental 
condit ions . 

It was f o u n d that —10 ° C . was a suitable temperature for f o l l o w i n g 
the cleavage react ion k inet i ca l ly . T h i s re la t ive ly l o w temperature also 
m i n i m i z e d loss of silane b y evaporat ion d u r i n g the passage of the ozone 
stream t h r o u g h the react ion solut ion. T h e ozone stream was passed 
t h r o u g h hexane at — 1 0 ° C . before passing into the react ion solut ion so 
as to e l iminate any change i n concentrat ion of the silane i n the react ion 
solut ion b y loss of solvent. 

Samples were taken f r o m the react ion mix ture at appropr ia te t ime 
intervals a n d a n a l y z e d b y V P C . T h e amount of silane present was deter
m i n e d b y t a k i n g the rat io of peak height (or area) of silane to that of 
the s tandard. F o r every sample, three measurements for the amount of 
silane i n solut ion were taken a n d were general ly accurate to w i t h i n 
± 5 % . T h e results obta ined are discussed b e l o w . 

Reaction of Tricyclohexylsilane with Ozone. A solut ion of t r i cyc lo
hexyls i lane i n pentane reacted w i t h ozone at r o o m temperature to pre
c ipi tate t r i cyc lohexyls i lanol i n good y i e l d ( > 9 5 % ) . T h e react ion was 
carr ied out at various temperatures rang ing f r o m 2 0 ° to — 6 0 ° C . I n each 
case the solvent was r e m o v e d under r e d u c e d pressure at the react ion 
temperature, a n d the residue was treated w i t h fa in t ly ac id ic , aqueous 
a lcohol ic potass ium iodide . N o iodine was l iberated, i n d i c a t i n g the 
absence of peroxide. 

Reaction with Oxygen. U n d e r the exper imenta l condit ions, pure 
oxygen alone d i d not cause any of the above reactions to occur even 
after three- to fivefold react ion t imes. 
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Results and Discussion 

T h e S i - H b o n d is read i ly c leaved at r o o m temperature to give the 
corresponding s i lanol . If ozoniza t ion is cont inued, the d e h y d r a t i o n p r o d 
uct, a disi loxane, is obta ined (10). 

Tr icyc lohexyls i lane reacted w i t h ozone at temperatures ranging f r o m 
2 0 ° to — 6 0 ° C , b u t i n no case c o u l d any peroxide be detected after 
r e m o v i n g the solvent at the react ion temperature. 

It has recent ly been reported (5) that t r i a r y l s i l y l hydroperoxides a n d 
t r i a l k y l hydroperoxides , such as tr i -n-hexylsi lane, are qui te stable a n d 
m a y be stored indef ini te ly at r o o m temperature. H o w e v e r , such h y d r o 
peroxides do tend to disproport ionate to h y d r o g e n peroxide a n d b i s ( t r i -
a lky ls i ly l )perox ide— e .g . , (7). 

2 M e 3 S i O O H ( M e 3 S i O ) 2 + H 2 0 2 

Since w e c o u l d detect no peroxide as p r o d u c t i n the ozoniza t ion of 
t r icyclohexyls i lane , i t is reasonable to conc lude that no t r i cyc lohexy ls i ly l 
peroxide is f o r m e d either as a stable intermediate or as an intermediate 
w h i c h decomposes i n a w a y analogous to the decomposi t ion of t r i m e t h y l -
s i l y l h y d r o p e r o x i d e descr ibed above. T h e react ion is therefore more 
l i k e l y to proceed through a t ransi t ion state of T y p e I rather t h a n I I since 
the former s h o u l d lead to the observed product , t r i cyc lohexyls i lanol , 

=Si H =Si H 
\ / I I 

\ / I I 
\/ o o—o 
I 

O — O II 

I 

whereas I I should produce t r i c y c l o h e x y l s i ly lperoxide . A s imi lar three-
centered transi t ion state was proposed for the cleavage of a s i l i con-s i l i con 
b o n d b y ozone (11). I n this case o n l y hexaalkyldis i loxane ( R 8 S i ) 2 0 a n d 
no bis ( t r i a l k y l s i l y l ) peroxide ( R 3 S i O ) 2 was observed as the react ion 
product . 

A series of compet i t ion reactions was r u n to determine h o w the 
react iv i ty of the S i - H b o n d i n R 3 S i H t o w a r d ozone v a r i e d w i t h R. T h e 
V P C of the crude react ion p r o d u c t i n d i c a t e d the presence of on ly the 
corresponding s i lanol a n d disi loxane. T h e latter c o u l d have been pro
d u c e d b y d e h y d r a t i o n of the s i lanol b y ozone (11). I n no case was any 
c o m p o u n d observed w h i c h c o u l d have been p r o d u c e d b y the cleavage 
of a s i l i c o n - a l k y l b o n d . T h u s , the disappearance of silane is caused 
ent ire ly b y react ion of the S i - H b o n d . It is possible that various alcohols 
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61. A U S T I N A N D S P I A L T E R Organosilanes 29 

a n d ac id ic products c o u l d be f o r m e d b y the react ion of ozone w i t h the 
h y d r o c a r b o n solvent, l ead ing to ac id-ca ta lyzed solvolysis of the S i - H b o n d . 
T h i s poss ib i l i ty w o u l d seem to be r u l e d out since the observed relat ive 
rates of react iv i ty of S i H w i t h ozone are i n the inverse order of the 
ac id-ca ta lyzed solvolysis (2). 

If i t is assumed that the react ion rate of a l l the silanes w i t h ozone is 
first order i n silane a n d that the order w i t h respect to ozone is the same 
for a l l silanes, then the relat ive rates of react ion m a y be ca lculated f r o m 
( « ) 

, k In a/a — x 

a! — x' 

w h e r e a a n d a ' are the i n i t i a l concentrations of the t w o silanes i n c o m 
pet i t ion a n d (a — x) a n d ( a ' — x') are the concentrations at the appro
pr iate t ime interva l . T h e value for fc1)lltyl v a r i e d be tween 134 a n d 142 u p 
to 7 6 % react ion, i n d i c a t i n g that the react ion is i n d e e d first order i n silane. 

C o m p e t i t i o n reactions at —10 ° C . were r u n for various silanes, a n d 
the relat ive rates are g iven i n T a b l e I. 

Table I. Relative Rate Constants for Reactions of Silanes 

R3SiH krei 

( C 2 H 5 ) 3 S i H 100 
n - ( C 4 H 9 ) 3 S i H 119 
n - ( C 6 H 1 3 ) 3 S i H 127 
( C G H n ) 3 S i H 270 
teif-C4H9 ( C 0 H n ) oSiH 261 
( C 1 0 H 1 7 ) 3 S i H 428 
( C F 3 C H 2 C H 2 ) 3 S i H 44 
( C F 3 C H 2 C H 2 ) ( C H 3 ) 2 S i H 63 
( C 2 H , 0 ) 3 S i H 24 

F o r tr iethoxysi lane the p r o d u c t was not ident i f ied, a n d i t is l i k e l y 
that some si l icon-ethoxy cleavage occurred (10, 11). Therefore , the va lue 
of 24 for tr iethoxysi lane is a m a x i m u m , a n d the relat ive rate of cleavage 
of the s i l i con-hydrogen b o n d is p r o b a b l y even lower . 

T h e accuracy of krei w i t h i n a g iven r u n was about ± 5 % . T h e re
p r o d u c i b i l i t y of i m p r o v e d cons iderably w h e n f o l l o w i n g reactions of 
higher b o i l i n g silanes a n d is p r o b a b l y caused b y less silane b e i n g v o l a 
t i l i z e d d u r i n g the passage of ozone. 

T a b l e I shows that the react ion rate of R»SiH decreases w i t h the 
i n t r o d u c t i o n of e l e c t r o n - w i t h d r a w i n g groups—e.g., 3 ,3 ,3- tr i f luoropropyl 
a n d ethoxy, a l though the tota l var ia t ion i n rate is smal l . There is a 
m a r k e d increase i n going f r o m the p r i m a r y tr i -n-hexyls i lane to the sec
ondary tr icyclohexyls i lane . T h i s increase m a y be associated w i t h the 
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30 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

greater e lectron-donat ing p o w e r of c y c l o h e x y l (13) than n-hexyl . Steric 
factors are p r o b a b l y important also i n v i e w of the enhanced rate of the 
ster ical ly c r o w d e d tris ( 1 - p e r h y d r o n a p h t h y l ) silane. T h i s requires, of 
course, some f o r m of steric acceleration. 

A l t h o u g h it is dif f icult to separate the steric a n d electronic effects of 
R i n R 3 S i H , it is noteworthy that the rate of cleavage of s i l i con-ethyl b y 
ozone is faster i n tetraethylsi lane than i n t r ie thylmethyls i lane (11). T h u s , 
i n R 3 S i - a l k y l , an increase i n the rate of S i - a l k y l cleavage is observed b y 
increas ing the e lectron-donat ing p o w e r of R a n d b y increasing the size 
of R . 

T h e var ia t ion i n react iv i ty of the S i - H b o n d t o w a r d ozone is smal l , 
a l though this w o u l d seem to be characterist ic of S i - H compounds—e .g . , 
i n the ac id-ca ta lyzed hydrolys is fcrei for E t 3 S i H : n - B u 3 S i H is 100:59 ( 6 ) . 

T h e relat ive react ion rates of R 3 S i H are also consistent w i t h electro-
p h i l i c attack b y ozone. O z o n e has been regarded as a n e lectrophi le or a 
nuc leophi le ( I ) , b u t the fact that e l e c t r o n - w i t h d r a w i n g groups decrease 
the rate of react ion w o u l d indicate that e lec trophi l ic attack is i n v o l v e d . 

F i g u r e 1 shows a p lo t of fcrei against Taft 's <r* constants (13); the 
slope (/o*) is —0.40. S u c h a l o w va lue m i g h t indicate that the reactions 
were r u n near the isokinet ic temperature. H o w e v e r , krei for E t 3 S i H : -
( C F 3 C H 2 C H 2 ) 3 S i H at - 6 0 ° C . was 100:55 c o m p a r e d w i t h 100:63 at 
— 1 0 ° C , w h i c h w o u l d indicate that genuine substituent effects are b e i n g 
observed a n d that the react ion involves e lec trophi l ic attack b y ozone. 

A possible react ion scheme is : 

R 8 S i H + O s ^ R«Si H R 3 S i O H + 0 2 

1 
0 2 

T h i s is essentially an insert ion react ion w i t h the e lec trophi l ic attack 
b y ozone o n the h y d r i d i c h y d r o g e n b e i n g assisted b y coordinat ion to the 
s i l i con, poss ib ly u s i n g the s i l i con 3d orbitals . 

A n o t h e r scheme w h i c h w o u l d l ead to the observed p r o d u c t R 3 S i O H 
( a n d not R 3 S i O O H ) was suggested b y a referee: 

R 3 S i H + 0 „ - R»Si H R 3 S i - ^ 0 — O - ^ O — H -

8 - 6 O 8+ 

+ -
R«Si O a O H o r R g S i 0 2 O H — — - R 3 S i O H + 0 2 
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61. A U S T I N A N D S P I A L T E R Organosilanes 31 

Figure 1. krel vs. 2a* (Taft) 

Recent w o r k (12) indicates that the react ion occurs stereospecifically 
w i t h retention of configurat ion, i n d i c a t i n g that a free r a d i c a l process is 
not i n v o l v e d . 

T h e react ion w i t h ozone points out a difference be tween carbon a n d 
s i l i con chemistry. I n the ozoniza t ion of hydrocarbons (9 ) peroxides are 
formed, a n d the react ion proceeds via a free r a d i c a l process, whereas the 
cleavage of S i - H w o u l d appear to i n v o l v e e lec trophi l ic attack, a n d the 
products do not i n c l u d e any peroxides. 
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Cross Ozonides from Pairs of Symmetrical 
Olefins 

R O B E R T W . MURRAY and GREGORY J. WILLIAMS 

Bell Telephone Laboratories, Inc., Murray Hill, N. J. 

3-Heptene ozonide has been produced by ozonizing mix
tures of 3-hexene and 4-octene. The 3-heptene ozonide 
cis-trans ratio has been determined for a number of sources 
of this ozonide and found to depend on the stereochemistry 
of the olefin or pairs of olefins used to generate it. The effect 
of varying concentrations of added butyraldehyde on the 
ozonolysis of 3-hexene has been determined. The yields and 
cis-trans ratios of 3-hexene and 3-heptene ozonides depend 
on the butyraldehyde concentration. 

' T i h e Criegee (2) m e c h a n i s m of ozonolysis a l lows for the poss ib i l i ty of 
A t w o zwit ter ions a n d t w o c a r b o n y l moieties u p o n ozonolysis of a n 

u n s y m m e t r i c a l olefin. T h i s poss ib i l i ty leads to the p r e d i c t i o n that such 
ozonolyses c o u l d l e a d to the p r o d u c t i o n of three ozonide cis-trans pairs . 

^ ° s ^ R H C + O O + R ' C H O 

R C H = C H R ' + O a ĵ RCH C H R ' J — 
R ' H C + > — O O " 4- R C H O * 

O — O O — O O — O / \ / \ y \ 
R H C C H R + R H C . C H R ' + R'HC C H R ' 

x o ^cr 
F a i l u r e to find the t w o symmetr ica l or cross ozonides for 3-heptene l e d 
Cr iegee to postulate a solvent cage (2 ) w h i c h prevented the cleavage 
fragments f r o m p a r t i c i p a t i n g i n exchange or cross reactions. M o r e re
cently a n u m b e r of reports (5, 8, 9,10, 11,12,13,14) have i n d i c a t e d that 
cross ozonides can be p r o d u c e d for several u n s y m m e t r i c a l olefins. T h e fact 
that the percentage cross ozonide p r o d u c e d decreases w i t h olefin con
centrat ion (8) poss ibly indicates that the earlier fai lures to find cross 
ozonides m a y s i m p l y have been caused b y the olefin concentrat ion used. 

32 
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62. M U R R A Y A N D W I L L I A M S Cross Ozonides 33 

T h e observations of symmetr ica l cross ozonides f r o m u n s y m m e t r i c a l 
olefins suggest that u n s y m m e t r i c a l cross ozonides ought to be p r o d u c e d 
f r o m pairs of symmetr ica l olefins. Cr iegee h a d examined this point earlier 
(2) a n d f o u n d that no detectable amounts of 3-heptene ozonide were 
p r o d u c e d w h e n a mixture of 3-hexene a n d 4-octene was ozonized . A g a i n , 
this m a y have been a result of the par t i cu lar olefin concentrations used. 
T h e recent observations that ozonide cis-trans ratios i n b o t h cross ozonides 
(5, 10, 11) a n d n o r m a l ozonides (4-14) can d e p e n d o n olefin stereo
chemistry as w e l l as steric factors i n the olefin (11) p r o m p t e d us to re
investigate the poss ib i l i ty of obta in ing u n s y m m e t r i c a l ozonides f r o m 
pairs of symmetr i ca l olefins. S u c h an invest igat ion presents an o ppo r tun i ty 
to examine ozonide cis-trans ratios a n d yie lds w h e r e several n e w react ion 
variables are possible. 

Experimental 

M a t e r i a l s . T h e olefins were obta ined f r o m the C h e m i c a l Samples 
C o . a n d were f r o m freshly-opened bottles. T h e aldehydes were d i s t i l l e d 
i m m e d i a t e l y before use. 

Ozonolyses . T h e general procedure descr ibed earl ier (11) was used. 
A l l ozonolyses were carr ied out at — 7 0 ° C . a n d were c o n t i n u e d to 7 5 % 
of the theoret ical amount of ozone r e q u i r e d . T h e G L P C analyses were 
carr ied out on an A e r o g r a p h m o d e l A-700 gas chromatograph, u s i n g a 
20-foot cyanosi l icone c o l u m n a n d e q u i p p e d w i t h an A e r o g r a p h m o d e l 471 
d i g i t a l integrator. T h e ozonide cis-trans ratios reported are the result of 
several integrations of the G L P C peak areas a n d have a m a x i m u m var ia 
t i o n of ± 0 . 5 % . 

T h e pure 3-heptene experiments were done o n 1 . 0 M solutions i n 
pentane. T h e pure 3-hexene experiments were done o n 0 . 5 M solutions i n 
pentane. T h e m i x e d hexene a n d octene experiments were done o n p e n 
tane solutions w h i c h were 0 . 5 M i n each olefin. T h e a d d e d a ldehyde 
experiments were done on pentane solutions w h i c h were 0 . 5 M i n olefin 
a n d of v a r y i n g concentrations of the aldehydes. T h e ozonides were i d e n 
t i f ied as prev ious ly descr ibed (11). O z o n i d e yie lds were obta ined b y 
c a l i b r a t i n g the G L P C peak areas w i t h k n o w n weights of the ozonides. 
T h e e lemental analysis of hexene-3 ozonide was prev ious ly reported (11). 
Analyses for heptene-3 a n d octene-4 ozonide w e r e obta ined. 

A n a l y s i s : C a l c u l a t e d for C 7 H 1 4 0 : < : C , 57.51; H , 9.65; O , 32.84. F o u n d : 
C , 57.67; H , 9.63; O , 32.91. C a l c u l a t e d for C 8 H 1 6 0 * : C , 59.98; H , 10.07; 
O , 29.96. F o u n d : C , 60.24; H , 10.15; O , 30.20. 

Results and "Discussion 

W e have o z o n i z e d mixtures of 4-octene a n d 3-hexene as w e l l as 
3-heptene, a n d examined ozonide cis-trans ratios a n d yie lds . F o r m i x 
tures a l l possible combinat ions of the cis a n d trans isomers of 3-hexene 
a n d 4-octene were used, a n d b o t h the cis a n d trans isomers of 3-heptene 
were o z o n i z e d . 3 -Heptene ozonide was p r e p a r e d also b y o z o n i z i n g the 
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cis a n d trans isomers of 3-hexene a n d 4-octene i n the presence of the 
r e q u i r e d aldehyde— i . e . , b u t y r a l d e h y d e or propiona ldehyde . 

T h e ozonolysis of mixtures of 3-hexene a n d 4-octene does i n d e e d 
give 3-heptene ozonide, i n a d d i t i o n to the ozonides of 3-hexene a n d 
4-octene. Exper iments were then des igned to determine the effect of 
olefin geometry i n the 3-hexene a n d 4-octene o n the 3-heptene ozonide 
cis-trans rat io. T h e yie lds a n d cis-trans ratios of 3-heptene ozonide f r o m 
10 different sources are g iven i n T a b l e I. I n these experiments the pure 
3-heptene reactions were carr ied out at 1 . 0 M , w h i l e the pure 3-hexene 
runs were made at 0 . 5 M . W h e r e mixtures of olefins were used, the 
solut ion was 0 . 5 M i n each olefin. I n the olef in-aldehyde experiments the 
concentrations were 0.5 a n d 0 . 2 5 M for olef in a n d a ldehyde , respect ively. 

C H 3 C H 2 C H = C H C H 2 C H a + C H H C H 2 C H 2 C H = C H C H 2 C H 2 C H ; , + 0 3 

O — O O — O 
/ \ / \ 

— C H 3 C H 2 C H ^ C H C H 2 C H : , + C H : , C H 2 C H C H C H 2 C H 2 C H H 

o—o 
/ \ 

+ C H 3 C H 2 C H 2 C H ^ C H C H 2 C H 2 C H H 

C l e a r l y the 3-heptene ozonide cis-trans ratio depends on the o r i g i n 
of the ozonide . W h e n b o t h the 3-hexene a n d the 4-octene have the cis 
configurat ion, then the 3-heptene ozonide p r o d u c e d has a h igher per
centage cis ozonide than w h e n b o t h olefins are trans. W h e n the 3-hexene 
a n d 4-octene are of different configurations, the 3-heptene ozonide cis-
trans rat io falls be tween those for the a l l cis a n d a l l trans cases. T h e 
3-heptene ozonide f r o m the parent olefins shows the same t rend seen 
earlier i n a series of olefins—i.e., the cis olefin gives a h igher percentage 
cis ozonide than the trans isomer. It is significant that the c o m b i n a t i o n 
of cis-3-hexene a n d cis-4-octene gives a h igher percentage cis-3-heptene 
ozonide ( 5 8 % ) t h a n does cis-3-heptene itself ( 5 2 % ) . 

O-^O 
/ \ 

C H 3 C H 2 C H = C H C H 2 C H 2 C H 3 ~h O3 • CH 3CHoCH ^ .^CHCH 2 CH 3 

O—C> O — O 
/ X / \ 

+ C H 3 C H 2 C H V ^ C H C H 2 C H 2 C H 3 + C H 3 C H 2 C H 2 C H C H C H 2 C H 2 C H 3 
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T o determine w h a t mechanist ic pathways m i g h t be operat ing to 
account for the different cis-trans ratios, w e have o z o n i z e d the olefin 
stereoisomers i n the presence of the respective, necessary aldehydes. 

O—o 

C H 3 C H 2 C H = C H C H 2 C H 3 + C H 3 C H 2 C H 2 C H O + 0 3 — - C H 3 C H 2 C H ^ J^CHCH 2 CH 3 

o — 

o 

C H 3 C H 2 C H 2 C H = C H C H 2 C H 2 C H 3 + C H 3 C H 2 C H O + O a 

— C H 3 C H X H 2 C H C H C H 2 C H 2 C H 3 + C H 3 C H 2 C H 2 C H ' J, C H C H 2 C H 3 

T a b l e I shows that the olefin stereoisomers also give different 3-heptene 
ozonide cis-trans ratios w h e n they react w i t h the a ldehyde only . T h e 
greatest difference is i n the hexenes w h e r e the cis isomer gives 5 2 % 
m - 3 - h e p t e n e ozonide i n this react ion, whereas the trans isomer gives 
o n l y 4 0 % cis-3-heptene ozonide . 

W h e n the 3-heptene ozonide cis-trans ratios f r o m the a l l cis olefin 
p a i r a n d the cis olefins plus a ldehyde experiments are compared , the a l l 
cis olefin pa i r gives a h igher percentage cis-3-heptene ozonide . Thus , 
cis-3-hexene plus cis-4-octene gives 3-heptene ozonide w i t h a 58:42 cis-
trans rat io whereas cw-3-hexene plus b u t y r a l d e h y d e gives 3-heptene 
ozonide w i t h a rat io of 52:48 (c is - trans) , a n d cis-4-octene plus p r o p i o n -
a ldehyde gives a rat io of 49:51 (c is - t rans) . W h e n a s imi lar compar ison 
is m a d e for the same experiment us ing the trans olefin isomers, the sym
metr i ca l olefin pa i r gives a 3-heptene ozonide cis-trans ratio w h i c h is 
be tween that ob ta ined i n the t w o olef in-aldehyde experiments. 

W e have also examined the yie lds , a n d for 3-hexene the ozonide 
cis-trans ratio, i n the symmetr i ca l ozonides w h i c h result f r o m the various 
react ion condit ions used ( T a b l e I I ) . U n f o r t u n a t e l y , w e were not able 
to get re l iable cis-trans rat io determinations for the 4-octene ozonide 
because of the poor resolut ion of this pa ir on the G L P C c o l u m n . 

H e r e again, the 3-hexene ozonide cis-trans ratio depends o n the 
o r i g i n of the ozonide . T h e same general observations that were f o u n d for 
3-heptene ozonide also a p p l y here. T h u s , the all-cis olefin pa i r gives a 
h igher percentage cis-3-hexene ozonide than the all-trans pair , w h i l e the 
t w o m i x e d isomer pairs give ratios w h i c h f a l l be tween those for the all-cis 
a n d all-trans cases. 
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Table I. 3-Heptene Ozonide cis-trans 

Source 

y/\ / \ + C H 3 C H 2 C H 2 C H O 

y / \ — + C H 3 C H 2 C H 2 C H O 

\ / \ — / \ / 
+ C H 3 C H 2 C H O 

+ C H 0 C H 0 C H O 

Some significant observations regarding the yie lds can be made. 
Tables I a n d II show that the cis isomers consistently give a h igher total 
ozonide y i e l d than the trans isomers. T h i s is true for the i n d i v i d u a l olefins 
as w e l l as for the pairs of l ike stereochemistry. It is even true w h e n the 
i n d i v i d u a l olefins are o z o n i z e d i n the presence of a fore ign a ldehyde. 
T h i s observation is consistent w i t h those made earlier (5, 9, 11, 14), a l l 
of w h i c h indicate that cis isomers i n v a r i a b l y give a h igher ozonide y i e l d . 
T h i s is on ly one of several factors w h i c h suggest that there is a f u n d a 
menta l difference i n the m e c h a n i s m of ozonolysis between many , if not 
a l l , cis a n d trans olefin isomers. 

W h i l e the experiments w i t h a d d e d fore ign a ldehyde i n T a b l e I were 
designed to test mechanist ic possibi l i t ies , such an interpretat ion is com
p l i c a t e d b y the fact that these aldehydes cannot on ly enter into the 
chemistry of the ozonolysis process but m a y also exert a m e d i u m effect 
since they are cons iderably more polar than the pentane solvent. It is 
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Ratios and Yields from Various Sources 

3-Heptene Ozonide „ T o t a \ 
Ozonide, 

% cis % trans % Total Ozonide % Yield 

58 42 23 97 

44 56 20 43 

51 49 16 97 

51 49 20 66 

52 48 81 82 

42 58 80 39 

52 48 32 89 

40 60 30 65 

49 51 40 90 

46 54 42 60 

possible, therefore, that the ozonolysis mechanism i n the presence of 
added a ldehyde is different f r o m that where olefins alone are used. T h a t 
this m e d i u m effect does i n fact occur can be seen b y examining the 
a ldehyde experiments i n T a b l e II . H e r e , for 3-hexene plus b u t y r a l d e -
h y d e , for example, the 3-hexene ozonide cis-trans rat io obta ined f r o m 
cis-3-hexene is different f r o m that obta ined f r o m this same olefin i n 
pentane solut ion alone. A m u c h lower percentage cis ozonide is obta ined 
i n the experiment w i t h the a d d e d a ldehyde . Since b u t y r a l d e h y d e cannot 
part ic ipate chemica l ly i n the 3-hexene ozonide format ion , the change i n 
the ozonide cis-trans ratio must be a m e d i u m effect of the a ldehyde . 
T h e term m e d i u m effect is used here to describe a l l possible effects of 
the fore ign a ldehyde on the p r o d u c t i o n of the n o r m a l ozonide of the 
olef in b e i n g o z o n i z e d . T h i s w o u l d i n c l u d e po lar i ty effects, solvat ion 
effects, perhaps assisted decomposi t ion of ozone-olefin adducts , a n d selec
t ive d ivers ion of the n o r m a l ozonide precursors i n such a w a y that the 
ozonide cis-trans rat io is a l tered. 
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Table II. 3-Hexene Ozonide cis-trans Ratios and 

Source 

+ C H o C H 9 C H o C H O 

/ \ y ^ / + C H 3 C H 2 C H 2 C H O 

+ C H 3 C H 2 C H O 

+ C H 3 C H 2 C H O 

\ / \ — / \ / 

n Reliable ozonide cis-trans ratios for 4-octene ozonide not yet available. 

Medium Effect of Added Aldehyde. T o examine further the m e d i u m 
effect of a d d e d a ldehyde w e o z o n i z e d 0 . 5 M solutions of cis- a n d trans-3-
hexene conta in ing v a r y i n g concentrations of b u t y r a l d e h y d e a n d deter
m i n e d the ozonide cis-trans ratios a n d yie lds for b o t h the 3-hexene a n d 
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3-Hexene and 4-Octene Ozonide Yields from Various Sources 

3-Hexene Ozonide , 
1 otal 

% of Total 4-Octene Ozonide," Ozonide, 

% cis % trans Ozonide % of Total Ozonide % Yield 

53 47 49 28 97 

43 57 50 30 43 

51 49 67 17 97 

44 56 36 44 66 

56 44 12 7 82 

43 57 15 5 39 

49 51 68 — 89 

43 57 70 — 65 

— — — 60 90 

— — — 58 60 

57 43 100 — 90 

44 56 100 — 49 

3-heptene ozonides p r o d u c e d . T h e effect of b u t y r a l d e h y d e concentrat ion 
o n the 3-hexene ozonide cis-trans rat io is s h o w n i n F i g u r e 1. T h e a d d e d 
a ldehyde has h a d a p r o n o u n c e d effect on the ozonide cis-trans rat io 
obta ined f r o m the cis olefin isomer and only a sl ight effect i n the case of 
the trans isomer. F o r the cis isomer, increas ing the concentrat ion of 
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b u t y r a l d e h y d e causes an increase i n the percentage £rans-3-hexene 
ozonide u n t i l ca. 1 . 0 M a ldehyde concentrat ion is reached, where the 
rat io stays f a i r l y constant w i t h increasing a ldehyde concentrat ion. I n 
the trans case the 3-hexene ozonide cis-trans rat io stays f a i r l y constant 
throughout the range of a ldehyde concentrations a l though there is a 
sl ight increase i n the percentage trans ozonide at a ldehyde concentrations 
above 1 . 0 M . T h e final ozonide cis-trans ratios reached at h i g h a ldehyde 
concentrations are approximate ly the same for the cis a n d trans olefin 
isomers. 

65 | 1 

Figure 1. 3-Hexene ozonide cis-trans ratios as a func
tion of added butyraldehyde concentration in the ozonoly

sis of cis- and trans-3-hexene 

A somewhat s imi lar effect occurs i n the 3-heptene ozonide as s h o w n 
i n F i g u r e 2. H e r e again the £rans-3-hexene, o z o n i z e d i n the presence of 
b u t y r a l d e h y d e , gives about the same 3-heptene ozonide cis-trans rat io 
at a l l b u t y r a l d e h y d e concentrations. A sl ight increase i n the percentage 
trans ozonide does occur at a ldehyde concentrations above 1 . 0 M . T h e 
cis-3-hexene case shows an increas ing percentage £rans-3-heptene ozonide 
w i t h increas ing b u t y r a l d e h y d e concentrat ion u n t i l the a ldehyde concen
trat ion reaches about 2 . 0 M , after w h i c h the ratio remains fa i r ly constant. 
T h e final ozonide cis-trans ratios reached for the 3-heptene case, however , 
are different for the t w o 3-hexene stereoisomers w i t h the cis isomer g i v i n g 
a higher percentage cis ozonide . 

S i m i l a r differences for the olefin stereoisomers are seen i n the y i e l d 
data s h o w n i n F igures 3 a n d 4. F o r cis-3-hexene the total ozonide y i e l d 
remains f a i r l y constant a n d h i g h throughout ( F i g u r e 3 ) . I n fact, the 
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Figure 2. 3-Heptene ozonide cis-trans ratios as a function 
of added butyraldehyde concentration in the ozonolysis of 

cis- and tmns-3-hexene 

d r o p i n y i e l d of 3-hexene ozonide as b u t y r a l d e h y d e is a d d e d is almost 
perfect ly m a t c h e d b y a concomitant increase i n the y i e l d of 3-heptene 
ozonide . A t the h igher a ldehyde concentrations it becomes more a n d 
more diff icult to diver t 3-hexene ozonide precursors to 3-heptene ozonide , 
a n d the i n d i v i d u a l ozonide y i e l d curves b e g i n to leve l off. T h e s i tuat ion 
for the trans isomer ( F i g u r e 4) is complete ly different. H e r e the a d d e d 
a ldehyde actual ly increases the total y i e l d of ozonide . T h i s effect is par
t i c u l a r l y noticeable i n the range 0 -0 .5M b u t y r a l d e h y d e . O v e r the same 
range the d r o p i n 3-hexene ozonide y i e l d is far less than the simultaneous 
increase i n 3-heptene ozonide y i e l d . A c t u a l l y the increase i n 3-heptene 
ozonide is about five times the corresponding loss i n 3-hexene ozonide 
over this concentrat ion range. A s w i t h the cis case a cont inued increase 
i n b u t y r a l d e h y d e concentrat ion leads to a l eve l ing off i n b o t h the i n d i 
v i d u a l ozonide y i e l d curves. 

T h e mechanism of ozonolysis appears to be a very complex process. 
W h i l e the Criegee (2) mechanism has served as a u n i f y i n g concept i n 
this area, i t seems clear that modif icat ions to this basic scheme are re
q u i r e d to account for the g r o w i n g a c c u m u l a t i o n of data w h i c h seem to 
require a more complex mechanism. W e have made some suggestions 
(11, 15) as to w h a t a d d i t i o n a l pathways to ozonide ought to be con
sidered. These suggestions are a d m i t t e d l y speculat ive a n d were made 
p r i m a r i l y to p r o v i d e a w o r k i n g hypothesis for further experimentat ion. 
T h e results reported here are at least par t ly accounted for b y the general 
features of these mechanist ic proposals. 
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CONCENTRATION OF BUTYRALDEHYDE-MOLES/LITER 

Figure 3. Variation of 3-hexene ozonide, 3-heptene 
ozonide, and total ozonide yields as a function of added 
butyraldehyde concentration in the ozonolysis of cis-

3-hexene 

W e have suggested that trans olefins are i n general more susceptible 
to a n ozonolysis p a t h i n v o l v i n g fragmentat ion, after the i n i t i a l olefin-
ozone adduct is formed, than are cis olefins (11, 15). T h i s presumably 
is one reason w h y cis olefins i n v a r i a b l y give a h igher y i e l d of ozonide 
than do trans olefins. T h e extent of this difference is apparent ly also 
re la ted to the steric requirements of the olefin substituents (11). T h e 
observed ozonide cis-trans ratios m a y be the resultants of several pa th
ways w i t h the percentage involvement of these pathways d e p e n d i n g on 
several factors, i n c l u d i n g olefin stereochemistry, substituent size, solvent, 
etc. T h e data i n F i g u r e 1 suggest that for £rans-3-hexene there is either 
a single d o m i n a n t p a t h to ozonide or a constant c o m b i n a t i o n of more 
than one path , thus g i v i n g a constant ozonide cis-trans rat io. These paths 
c o u l d be the Cr iegee a ldehyde-zwi t te r ion recombinat ion p a t h (2) and/or 
the a l d e h y d e - p r i m a r y ozonide react ion p a t h (11,15), for example. 

F o r cis-3-hexene a p a t h g i v i n g a higher percentage cis ozonide seems 
to b e present at l o w a ldehyde concentrations, w h i c h p a t h is overcome 
at h igher a ldehyde concentrations b y one w h i c h gives a h igher percentage 
trans ozonide . T h e higher solvent polar i ty a c c o m p a n y i n g higher butyr 
a ldehyde concentrations w o u l d be expected to enhance a f ragmentat ion 
p a t h w a y thus m a k i n g the cis case more l ike the trans. T h e p a t h g i v i n g 
the h igher percentage cis ozonide c o u l d be the intramolecular p a t h f r o m 
o-complex descr ibed earlier (11, 15). Preferent ia l d ivers ion of this inter
mediate b y the b u t y r a l d e h y d e w o u l d be expected to alter the 3-hexene 
ozonide cis-trans rat io i n the observed manner . 
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T h e 3-heptene ozonide results s h o w n i n F i g u r e 2 are more dif f icult 
to expla in because here no intramolecular p a t h to ozonide w h i c h favors 
cis ozonide f o r m a t i o n can be i n v o k e d for the cis olefin. Perhaps increas
i n g the a ldehyde concentrat ion a n d hence the polar i ty has al tered a 
c o m b i n a t i o n of pathways , each of w h i c h gives different ozonide cis-trans 
ratios, so that one w h i c h was dominant at l o w a ldehyde concentrations 
is overcome b y another at h igher a ldehyde concentrations. A g a i n the 
difference between the pathways c o u l d be that the one at l o w e r a ldehyde 
concentrat ion involves more intact 3-hexene-ozone adducts react ing w i t h 
the butyra ldeh yde , w h i l e the higher a ldehyde concentrations are more 
l i k e l y to invo lve f ragmentat ion of the adduct , f o l l o w e d b y react ion w i t h 
the fore ign a ldehyde to give 3-heptene ozonide . A l s o the preferent ia l 
d ivers ion of ozone-3-hexene adducts b y b u t y r a l d e h y d e w h i c h was i n 
v o k e d to expla in the different 3-hexene ozonide cis-trans ratios at l o w 
a ldehyde concentrations f r o m cis-3-hexene m i g h t be expected to have a 
s imi lar effect i n the 3-heptene ozonide p r o d u c e d b y this act ion. A t any 
rate the final pa thways or c o m b i n a t i o n of pathways reached at the h igher 
a ldehyde concentrations give a different 3-heptene cis-trans ratio for the 
cis a n d trans 3-hexene olefin isomers. 

T h e y i e l d data i n F igures 3 a n d 4 can be ra t iona l ized o n s imilar 
grounds. I n the cis case the i n i t i a l olefin-ozone adduct can be d iver ted 
to 3-heptene ozonide b y b u t y r a l d e h y d e , a n d b y d o i n g so can el iminate 
a precursor to 3-hexene ozonide . T h i s process continues to operate 
throughout a w i d e range of a ldehyde concentrations w i t h the total ozonide 

2 

o 

- / " • _ • 
• • 

" TRANS-3-HEXENE 

- ^\ TOTAL YIELD OF OZONIDE 
V A YIELD OF 3-HEPTENE OZONIDE 

' 1 1 

>v O 
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*—O O 
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Figure 4. Variation of 3-hexene ozonide yield, 3-hep
tene ozonide yield, and total ozonide yield as a function 
of added butyraldehyde concentration in the ozonolysis 

of trans-3-hexene 
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y i e l d r e m a i n i n g f a i r l y constant. A t h igher a ldehyde concentrations it 
becomes more diff icult to d iver t any more precursors perhaps because 
of t ight cage reactions, a n d the 3-hexene ozonide y i e l d curve has a r e d u c e d 
slope. T h e s l ight ly r e d u c e d total ozonide y i e l d at h igher a ldehyde con
centrations c o u l d reflect the greater tendency to f ragmentat ion reactions 
of the ozone-olefm adduct a n d the expected a c c o m p a n y i n g increase i n 
side reactions. 

I n the trans case, however , i t is clear f r o m F i g u r e 4 that something 
entirely different is h a p p e n i n g . H e r e a d d i t i o n of the b u t y r a l d e h y d e has 
ac tua l ly increased the total ozonide y i e l d . T h e explanat ion for this p r o b 
ab ly lies i n the suggestion made earlier that cis a n d trans olefins can 
have different ozonolysis mechanisms. It is interesting to reca l l that w h i l e 
there have been several reports (1, 3, 6) of the format ion of a p r i m a r y 
ozonide , w h i c h is stable at l o w temperatures, for trans olefins, cis olefins 
apparent ly give no such p r i m a r y ozonide or one of complete ly different 
nature a n d stabi l i ty . 

A s stated earlier, i t is proposed that the trans case is more l i k e l y to 
i n v o l v e f ragmentat ion after format ion of the i n i t i a l olefin-ozone adduct . 
I n the absence of a d d e d a ldehyde, a certa in percentage of these fragments 
c o m b i n e i n a cage, others w a n d e r out of the cage a n d then recombine , 
w h i l e s t i l l others w a n d e r to the extent that they stand a poorer chance 
of g i v i n g ozonide a n d m a y e n d u p as non-ozonide products . I n the 
presence of a d d e d a ldehyde more of the fragments w h i c h have left the 
cage can be converted to ozonide , albeit a n e w ozonide , a n d the over-a l l 
ozonide- forming process is made more efficient. T h e fact that the y i e l d 
of 3-hexene ozonide is r e d u c e d far less than the ga in i n y i e l d of 3-heptene 
ozonide also suggests that m a n y potent ia l ozonide precursors w o u l d not 
have g iven ozonide i n the absence of a d d e d a ldehyde . A s the butyra lde 
h y d e concentrat ion increases, the y i e l d of 3-hexene ozonide reaches a 
constant, non-zero value . T h i s va lue m a y represent 3-hexene ozonide 
f o r m a t i o n w h i c h occurs i n a t ight cage w h i c h the a d d e d a ldehyde cannot 
penetrate even at fa i r ly h i g h concentrations. 

W e are s t i l l not able to discuss an over-a l l ozonolysis m e c h a n i s m i n 
any specific, de ta i led w a y . Instead w e s t i l l must settle for broader gen
eralizations a n d postulated intermediates w h i c h are g iven properties to 
rat ional ize the exper imenta l results. S t i l l as a result of cont inued experi 
mentat ion there are clear differences appear ing , such as the over -a l l 
differences between cis a n d trans olefins. F u r t h e r w o r k a n d n e w ap
proaches m a y shed further l ight on this apparent ly complex process. 
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63 

Evidence for a New Mechanism 
of Ozonolysis 

PAUL R. STORY, CLYDE E. BISHOP, JOHN R. BURGESS, and 
JOHN B. OLSON 

The University of Georgia, Athens, Ga . 30601 

R. W . MURRAY and R. D. YOUSSEFYEH 

Bel l Telephone Laboratories, Inc., Murray Hill, N. J. 

Generation of oxygen-18 labeled ozonides followed by loca
tion of the isotopic label using reductive techniques has 
served to substantiate a new mechanism of ozonolysis 
which was proposed to account for the dependence of 
ozonide cis/trans ratios on olefin geometry. The new 
mechanism requires fragmentation of the molozonide to 
produce some aldehyde and zwitterion but further requires 
that ozonide may also be formed by the reaction of molo
zonide and aldehyde. 

T a r g e l y based o n our finding that the cis/trans ratios of cross ozonides 
^ (10) f o r m e d f r o m u n s y m m e t r i c a l olefins d e p e n d e d o n olefin geometry 
( I I , 12) , w e have proposed a n e w m e c h a n i s m of ozonolysis w h i c h takes 
account of this effect (14). T h e n e w mechanism, w h i c h considers on ly 
a l i m i t e d type of olefin, n a m e l y trans-disubst i tuted a n d re la t ive ly u n 
h i n d e r e d cis olefins, differs s ignif icantly f r o m the general ly accepted 
Cr iegee m e c h a n i s m (1,5). 

I n our v i e w , cross ozonides m a y be f o r m e d b y the t y p i c a l sequence 
b e l o w i n w h i c h a ldehyde ( 4 ) , p r o d u c e d i n the react ion, reacts w i t h 
molozonide ( 2 ) i n a n a ldehyde interchange react ion to y i e l d ozonide ( 5 ) . 
A s demonstrated previous ly , the m o l o z o n i d e - a l d e h y d e interchange m e c h 
anism (12, 14), f r o m considerat ion of steric interactions, correct ly pre
dicts that cis-olefin w i l l generate re la t ive ly more c is -ozonide t h a n w i l l the 
corresponding trans-olefin. T h i s interpretat ion does not refer to the 
absolute values of the cis/trans ratios. 

46 
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63. S T O R Y E T A L . New Mechanism of Ozonolysis 47 

5a 5ab 

Figure 1. Proposed mechanism of ozonolysis 

A c c o r d i n g to the Cr iegee mechanism, ozonide is f o r m e d b y c o m b i 
nat ion of a z w i t t e r i o n ( 3 ) a n d an a ldehyde ( 4 ) . O u r m e c h a n i s m does 
not d i scard the concept of the Cr iegee z w i t t e r i o n . 

3b 5a 

American Chemical Society 
Library 
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48 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

Essent ia l ly , w e have proposed that ozonide ( 5 ) is f o r m e d not o n l y b y 
the Cr iegee mechanism but also b y react ion of the m o l o z o n i d e w i t h 
a ldehyde . Thus , a compet i t ion exists between m o l o z o n i d e fragmentat ion 
a n d m o l o z o n i d e react ion w i t h a ldehyde . I n a d d i t i o n , ozonide m a y also 
be f o r m e d b y the react ion of m o l o z o n i d e w i t h z w i t t e r i o n f o l l o w e d b y 
regeneration of a n e w z w i t t e r i o n ( R e a c t i o n 2 ) . A s yet w e have no e v i -

(2) 

+ 
o 

3a 5a 

dence bear ing on this poss ib i l i ty ; this react ion does not result i n incorpo
ra t ion of oxygen-18 label , a n d i n this s tudy it cannot be differentiated 
f r o m combinat ion of z w i t t e r i o n w i t h u n l a b e l e d a ldehyde. 

Experimental 

M a s s spectral analyses were p e r f o r m e d b y G o l l u b A n a l y t i c a l L a b s . , 
Berke ley H e i g h t s , N . J. , a n d b y Morgan-Schaf fer Laborator ies , M o n t r e a l , 
Quebec , C a n a d a . 

Acetaldehyde- l s O. U s i n g s tandard v a c u u m l ine techniques, 4.4 
grams (100 mmoles ) of aceta ldehyde ( E a s t m a n W h i t e L a b e l ) a n d 2.0 
grams (100 m m o l e s ) of 97 .2% oxygen-18 water ( Y E D A Research) were 
transferred to a react ion vessel, w h i c h h a d been sealed to the v a c u u m 
system, a n d a l l o w e d to stand at r o o m temperature for 36 hours. A s s u m i n g 
complete exchange after this t ime (4), the mixture was cooled to 0 ° C , 
a n d the acetaldehyde was d i s t i l l e d into a vessel conta in ing about 2 grams 
of anhydrous s o d i u m sulfate. A f t e r s tanding at r o o m temperature for 1 
hour , the acetaldehyde was redis t i l l ed t h r o u g h a 6 m m . X 8 i n c h c o l u m n 
of anhydrous s o d i u m sulfate into a removable container. Mass spectral 
analysis gave an oxygen-18 assay of 47 .8%. Y i e l d of labe led acetaldehyde 
was 4.1 grams ( 8 9 % ). 

Cis/traws-Methyl Isopropyl Ozonide— l sO ( 5 a b ) . A solut ion contain
i n g 4.04 grams (88 mmoles ) of a c e t a l d e h y d e - l s O , 14.5 grams (130 
mmoles ) of frans-diisopropylethylene ( 6 ) ( B a k e r ) , a n d 75 m l . pentane 
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63. S T O R Y E T A L . New Mechanism of Ozonolysis 49 

( F i s h e r Spectrograde) was o z o n i z e d i n a d r y ice-acetone b a t h to 9 0 % 
comple t ion . F o l l o w i n g ozonolysis , the react ion vessel was stoppered a n d 
brought to r o o m temperature. Par t of the solvent was r e m o v e d at l o w 
temperature on a rotary evaporator. T h e r e m a i n i n g l i q u i d s were sepa
rated a n d pur i f i ed b y G P C us ing an 8 ft. X 3/4 i n c h cyanosi l icone ( 2 0 % ) 
c o l u m n . Products isolated were 2.0 grams (15.2 mmoles , 1 7 % based on 
a c e t a l d e h y d e - 1 8 0 ) of cis-trans-methyl i s o p r o p y l o z o n i d e - l s O (5ab) a n d 
6.4 grams (40 m m o l e s ) of c i s/trans-di i sopropyl ozonide ( 5a ) . T h e G P C 
retention times a n d N M R spectra of b o t h ozonides were ident i ca l to 
those of authentic samples (12). O z o n i d e (5ab) was also checked for 
p u r i t y us ing a 12 ft. X 1/4 i n c h fluorosilicone ( 1 0 % ) c o l u m n . C a r e was 
taken not to fractionate the i sotopica l ly labe led p r o d u c t d u r i n g G P C 
isolat ion. 

L i t h i u m A l u m i n u m H y d r i d e R e d u c t i o n of cis/trans—Methyl Iso
p r o p y l O z o n i d e - 1 8 0 (5ab) . A solut ion of 1.67 grams (12.7 mmoles ) of 
5ab i n 25 m l . of anhydrous ether was a d d e d d r o p w i s e w i t h s t i r r ing to a 
s lurry consist ing of 0.75 grams (19.7 m m o l e s ) of l i t h i u m a l u m i n u m 
h y d r i d e a n d ether. F o l l o w i n g a d d i t i o n , the react ion mix ture was st irred 
for 30 minutes at r o o m temperature a n d then heated under reflux for 15 
minutes . M o i s t s o d i u m sulfate was a d d e d after the excess h y d r i d e was 
destroyed b y a d d i n g water cautiously. T h e clear ether layer was de
canted, a n d the res idua l solids were w a s h e d several times w i t h ether. 
T h e c o m b i n e d extracts were d r i e d over s o d i u m sulfate. E t h e r was re
m o v e d care fu l ly b y dis t i l la t ion , a n d the r e m a i n i n g l i q u i d was separated 
a n d p u r i f i e d b y G P C us ing a 10 ft. X 3/8 i n c h U C O N nonpolar ( 2 0 % ) 
c o l u m n . Part of the e t h y l a l cohol (225 m g . , 3 8 % ) a n d the i sobuty l alco
h o l (450 mg. , 4 8 % ) col lected was transferred b y v a c u u m l ine technique 
into breakseal ampules a n d sealed for mass spectral analysis. E t h y l 
a l c o h o l - 1 8 0 assay: 25 .4% oxygen-18; i s o b u t y l a lcohol assay: 7 .6% 
oxygen-18. 

R e a c t i o n of 5ab w i t h M e t h y l l i t h i u m . O Z O N I D E (5ab) F O R M E T H Y L -

L I T H I U M R E D U C T I O N . T h i s substance was prepared u s i n g 40 .61% 1 8 0 -
water ( Y E D A ) to generate acetaldehyde conta in ing 21 .05% l s O accord
i n g to the procedure descr ibed above. 

A solut ion of 110 m g . (0.83 mmoles ) of 5ab i n ether was a d d e d 
s l o w l y to a solut ion of m e t h y l l i t h i u m ( 1 0 % excess, Foote C h e m i c a l ) i n 
ether. T h e h i g h l y exothermic react ion was cooled i n a r o o m temperature 
water bath . M e t h a n e (39 m l . ) , ether vapor , a n d poss ib ly carbon d iox ide 
were col lected [ theoret ical for p r o t o n abstract ion r e d u c t i o n : 19 m l . of 
m e t h a n e ] . A f t e r a d d i t i o n of ozonide was complete , the react ion was 
w o r k e d u p i n the same manner as the l i t h i u m a l u m i n u m h y d r i d e reduc
t ion . G P C analysis of the c rude mixture revealed i s o p r o p y l a l cohol (9) 
( ~ 6 0 % b y G P C standard) a n d 3-methyl-2-butanol ( 10 ) ( ~ 6 0 % ) . 
M e t h a n o l is n o r m a l l y p r o d u c e d i n approx imate ly the same y i e l d (,—60% ) 
as 9 a n d 10. W e were unable to collect a sufficient quant i ty f r o m the 
l a b e l i n g experiment for mass spectral analysis. P r o d u c t ident i f icat ion was 
based o n G P C retent ion times a n d b y compar i son of i n f r a r e d spectra 
w i t h those of authentic compounds . M a s s spectral results were as f o l 
l o w s : i s o p r o p y l a l c o h o l - 1 8 0 assay: 11.88% oxygen-18; 3 -methyl -2-butanol 
(10 ) assay: 2 .45%. 
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50 OXIDATION OF ORGANIC COMPOUNDS Til 

Results and Discussion 

C o m p a r i s o n of the t w o mechanisms u n d e r considerat ion reveals that 
the a ldehyde oxygen is incorporated into ozonide i n different w a y s ; the 
Cr iegee mechanism yie lds ozonide w h i c h finds the a ldehyde oxygen at 
the ether b r i d g e ( O - l ) , w h i l e our m e c h a n i s m places the a ldehyde oxygen 
i n the peroxide b r i d g e ( 0 - 3 ) . T h i s suggested, of course, that a c r i t i ca l 
test of the proposed m e c h a n i s m w o u l d be p r o v i d e d b y generat ing ozonide 
f r o m oxygen-18 labe led a ldehyde a n d de termin ing the fate of the isotope. 
( T h e conc lus ion that the ozonide f r o m the Cr iegee m e c h a n i s m finds the 
a ldehyde oxygen at the ether b r i d g e is m a d e assuming that the z w i t t e r i o n 
cannot a d d to the a ldehyde c a r b o n y l 1,3 t h r o u g h the oxygens as t h o u g h 
i t possessed the s tructure : 

There is no evidence i n d i c a t i n g that the z w i t t e r i o n reacts i n this fashion, 
a n d i t w o u l d not account for the dependence of cross ozonide stereo-
isomeric ratios o n olefin geometry. W e have experiments u n d e r w a y to 
check this poss ibi l i ty , h o w e v e r . ) 

T h e labe l ing experiment has been a c c o m p l i s h e d u s i n g the trans-diiso-
propyle thy lene ( 6 ) — a c e t a l d e h y d e - 1 8 0 (7) system o u t l i n e d i n F i g u r e 2. 
L a b e l e d ozonide (5ab) was p r e p a r e d b y o z o n i z i n g to 9 0 % c o m p l e t i o n 
a pentane solut ion conta in ing Jrans-di isopropylethylene ( 6 ) a n d acetalde-
h y d e - 1 8 0 (7 ) . T h e m e t h y l i s o p r o p y l ozonide ( 5ab ) was isolated as 
before (11, 12) as a cis/trans mixture i n 1 7 % y i e l d based o n acetalde-
h y d e . 

L o c a t i o n of the isotopic l a b e l i n the p r o d u c t ozonide ( 5ab ) was 
de termined b y t w o independent methods : (1 ) l i t h i u m a l u m i n u m h y d r i d e 
r e d u c t i o n of 5ab to e t h y l a l c o h o l a n d i s o b u t y l a lcohol , (2 ) r e d u c t i o n w i t h 
m e t h y l l i t h i u m . O z o n i d e (5ab) for l i t h i u m a l u m i n u m h y d r i d e r e d u c t i o n 
was p r e p a r e d us ing acetaldehyde conta in ing 47 .8% oxygen-18 b y mass 
spectral analysis. M e t h y l i s o p r o p y l ozonide (5ab) was r e d u c e d c leanly 
a n d quant i ta t ive ly to e thy l a lcohol a n d i s o b u t y l a l cohol . M a s s spectral 
analysis revealed that the e t h y l a l cohol conta ined 25 .4% oxygen-18, a n d 
i s o b u t y l a l cohol conta ined 7 .6%. 

U n f o r t u n a t e l y , the m e c h a n i s m of h y d r i d e r e d u c t i o n of ozonides is 
not k n o w n . H o w e v e r , w e can consider the most reasonable possibi l i t ies , 
a l l of w h i c h place the greatest por t ion of the l a b e l i n the peroxide b r i d g e 
at oxygen-3. 
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63. S T O R Y E T A L . New Mechanism of Ozonolysis 51 

CH3CHO l 

> 
_ \ 

1 . 0 

, 4 

1 

5ab 

0\ .V 
> 

oT 0 

0—0 

5ab 

Figure 2. Isotopic labeling scheme 

If w e assume the m e c h a n i s m usual ly w r i t t e n (7 ) , b y analogy to the 
r e d u c t i o n of peroxides, w h e r e the oxygen most l i k e l y to be lost is f r o m 
the peroxide b r i d g e [ M e c h a n i s m A ] , w e can conc lude that 15 .2% of the 
ozonide molecules conta ined oxygen-18 i n the ether b r i d g e ( O - l ) a n d 
that 32 .6% conta ined labe l at oxygen-3. U n d e r these circumstances a n d 

O — O 
L i A l t L 

(25.4%) 

C H , C H 2
1 8 O H + 

(7.6%) 

\ > CH 2 i«OH 

(47.8% 1 8 0 ) 

5ab 
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52 OXIDATION OF ORGANIC COMPOUNDS HI 

A l -

/IX 
Mechanism A 

p r e s u m i n g that the h y d r i d e r e d u c t i o n is not seriously affected sterical ly 
b y the substituents, the e t h y l a l cohol s h o u l d conta in approximate ly 2 4 % 
oxygen-18 regardless of the isotopic d i s t r i b u t i o n be tween posit ions 1 a n d 
3 i n the ozonide ( 5 a b ) . O u r exper imenta l va lue of 25 .4% compares 
favorab ly a n d adds credence to this interpretat ion. [ W e have synthesized 
the ozonide of 1 ,2-dimethylcyclopentene (6) specif ical ly l abe led i n the 
ether br idge , but conta in ing o n l y 0 . 3 % oxygen-18. O n l i t h i u m a l u m i n u m 
h y d r i d e reduct ion , a l l the l a b e l was re ta ined i n the d i o l . H o w e v e r , 
because of the very l o w incorpora t ion of oxygen-18, considerable error 
c o u l d be i n v o l v e d (3) ]. 

T h e same conc lus ion regard ing isotopic d i s t r i b u t i o n is reached i f w e 
assume a r e d u c t i o n m e c h a n i s m s imi lar to the scheme proposed b y R i e c h e 
(13) for hydrolys is of ozonides [ M e c h a n i s m B J 

— A l O O 

Mechanism B H 

If, however , oxygen loss o n h y d r i d e r e d u c t i o n is p u r e l y statistical as 
i l lustrated b y M e c h a n i s m C , the isotopic d i s t r i b u t i o n w o u l d be a l tered 
but w o u l d s t i l l p lace more t h a n hal f the isotopic l a b e l at oxygen-3. U n d e r 
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63. S T O R Y E T A L . New Mechanism of Ozonolysis 53 

H - A l — - ^ \ , / , / 

5ab 

o+ 

+ O — A l ^ - — ( 
\A\ — 

Mechanism C 

these condit ions one- th i rd of the oxygen i n the i s o b u t y l a l cohol r e d u c t i o n 
p r o d u c t w o u l d arise f r o m the ether b r i d g e ( O - l ) i n d i c a t i n g that 3 X 
7 .6% or 22 .8% of the ozonide molecules must have conta ined l a b e l at 
this pos i t ion ; 2 5 % , then, conta ined l a b e l at oxygen-3. T h e estimate of 
isotopic d i s t r ibut ion p r o v i d e d b y M e c h a n i s m C is considered the lower 
l i m i t for isotopic l a b e l at oxygen-3. 

C e r t a i n l y , any conclusions d r a w n o n the basis of the h y d r i d e reduc
t ion alone are somewhat tenuous. T w o points are w o r t h consider ing, 
however . (1) I n the absence of large steric effects o n the h y d r i d e reduc
t ion , the poss ib i l i ty that a l l of the l a b e l or ig inated at oxygen-1 i n the 
ozonide ( 5 a b ) is e l iminated b y the value obta ined for the isotopic l a b e l 
i n e t h y l a lcohol , 25 .4%, a n d b y the large difference i n amount of isotope 
conta ined i n the t w o a lcohol products . (2 ) A n y steric effect o n the 
r e d u c t i o n should be smal l . I n a d d i t i o n , the effect s h o u l d be i n the direc
t i o n to remove an excess of oxygen-3; the cis ozonide s h o u l d exhibi t no 
measurable steric effect since attack w o u l d occur preferent ia l ly o n the 
s ide of the r i n g a w a y f r o m the substituents. T h e trans isomer, o n the 
other h a n d , s h o u l d suffer h y d r i d e attack cis to the m e t h y l substituent a n d 
as far a w a y f r o m the substituent as possible, thus l e a d i n g to a p r e d o m i 
nant loss of oxygen-3 whether r e d u c t i o n takes place b y a d d i t i o n of 
h y d r i d e to oxygen or to carbon. 

W e conclude, then, that the ozonide ( 5 a b ) is f o r m e d b y t w o c o m 
p e t i n g b u t c o m p l i m e n t a r y react ion paths, a n d under the par t i cu lar con
dit ions [ a d d e d a ldehyde] of this experiment, translat ion of the data to 
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54 O X I D A T I O N O F O R G A N I C C O M P O U N D S H I 

1 0 0 % oxygen-18 [consider ing r e d u c t i o n M e c h a n i s m s A or B o n l y ] re
veals that ,—' 3 0 % of 5ab is f o r m e d via the Cr iegee z w i t t e r i o n m e c h a n i s m 
a n d — 7 0 % of 5ab a ccord ing to the m o l o z o n i d e - a l d e h y d e interchange 
m e c h a n i s m (14). 

T h i s conc lus ion is conf i rmed b y r e d u c t i o n of the same ozonide ( 5ab) 

us ing m e t h y l l i t h i u m ( w e thank R. C r i e g e e for suggest ing this type of 
react ion to locate the isotopic l a b e l ) . It was expected that r e d u c t i o n 
w o u l d occur b y p r o t o n r e m o v a l as i l lustrated i n F i g u r e 3. H e n c e , the fate 
of the ozonide oxygens w o u l d be u n a m b i g u o u s ; analysis of the i s o p r o p y l 
a l c o h o l w o u l d p r o v i d e a measure of the oxygen-18 l a b e l at oxygen-3. 

Figure 3. Methyllithium reduction of ozonide by proton removal 

T h e react ion of m e t h y l l i t h i u m w i t h ozonide ( 5ab ) was extremely 
r a p i d a n d exothermic, a n d a l though methane was evolved, the react ion 
appears to proceed p r i n c i p a l l y b y displacement o n the oxygen-oxygen 
b o n d b y meth ide to y i e l d i s o p r o p y l a l cohol ( 9 ) , 3 -methyl -2-butanol ( 10) , 

a n d m e t h y l a lcohol . T h e source of the methane is u n k n o w n at present. 
H o w e v e r , the entire react ion is b e i n g invest igated. 

M e t h y l l i t h i u m r e d u c t i o n of ozonides appears to f o l l o w a course 
s imi lar to that of G r i g n a r d reduct ion . G r e e n w o o d treated d i e t h y l ozonide 
w i t h i s o p r o p y l G r i g n a r d a n d obta ined 2-methyl-3-pentanol , i s o p r o p y l 
a lcohol , a n d propane i n good y i e l d ( 9 ) . 

It is also conceivable that r e d u c t i o n occurs b y methide displace
ment o n carbon to y i e l d hydroperox ide , w h i c h is subsequently r e d u c e d 
to a l cohol (9 , 10) a n d methanol . W e cannot at present d is t inguish 
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these latter t w o possibi l i t ies either b y p r o d u c t analysis or b y isotope 
d i s t r ibut ion . 

If r e d u c t i o n of 5ab occurs w i t h d isplacement o n oxygen as s h o w n 
i n F i g u r e 4, one-half the oxygen conta ined i n 3-methyl -2-butanol ( 1 0 ) 
or ig inated at pos i t ion 1. Therefore , the amount of l a b e l i n the ether 
br idge is obta ined b y d o u b l i n g the percentage oxygen-18 f o u n d i n 10. 

O z o n i d e ( 5 a b ) p r e p a r e d f r o m acetaldehyde conta in ing 21 .05% 
oxygen-18 was treated w i t h excess m e t h y l l i t h i u m i n a n apparatus w h i c h 
a l l o w e d col lec t ion of e v o l v e d gases. I n every case, at least 1 mole of 
methane was col lected ( s m a l l traces of water accounted for some of the 
m e t h a n e ) . A n a l y s i s of the p r o d u c t mix ture b y G P C revealed i s o p r o p y l 
a l cohol ( 9 ) a n d 3-methyl -2-butanol ( 1 0 ) i n approximate ly equimolar 
amounts a n d i n h i g h y i e l d (ca. 6 0 % , b y G P C ) . 

M a s s spectral analysis of the G P C pure products revealed that iso
p r o p y l a l c o h o l ( 9 ) conta ined 11.88% oxygen-18; 3 -methyl -2-butanol 
( 1 0 ) conta ined 2 .45%. Interpreted i n terms of meth ide displacement at 
oxygen ( F i g u r e 4) or at carbon [proton r e m o v a l ( F i g u r e 3 ) is exc luded 
as a major react ion p a t h w a y b y p r o d u c t analysis a n d b y the presence of 
l a b e l i n 1 0 ] , the ether b r i d g e (oxygen-1) must have conta ined 4 . 9 0 % 
oxygen-18. T h e remainder , 16 .15%, must have been at oxygen-3. If 

+ 

9 10 

Figure 4. Apparent reaction path for the reaction of methyllithium with 
ozonide (5ab) 

this scheme is correct, i s o p r o p y l a l cohol s h o u l d have been f o u n d to 
conta in 8.07 + 2.45 or 10.52% oxygen-18. O u r exper imenta l va lue of 
11.88% gives a d iscrepancy of 1.36% or about a 1 0 % error w h i c h can 
p r o b a b l y be a t t r ibuted to a s l ight steric effect. A steric effect argument 
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is reasonable since displacement at oxygen-4, w h i c h w o u l d p r o d u c e iso
p r o p y l a l cohol r i c h i n oxygen-3, w o u l d be favored . It is also possible 
that some of the alcohols were p r o d u c e d b y p r o t o n abstract ion, a n d i n 
that w a y l e d to a h i g h isotope content i n 9. I n fact, w e obta ined a smal l 
amount of a mater ia l w i t h the same G P C retent ion t ime as authent ic 
m e t h y l i s o p r o p y l ketone w h i c h w o u l d be p r o d u c e d b y h y d r o g e n ab
straction ( F i g u r e 3 ) . W e w e r e unable to isolate sufficient m e t h y l a l cohol 
f r o m the labe l ing experiment for mass spectral analysis. 

F r o m this experiment w e w o u l d conc lude that about 2 5 % of the 
ozonide was f o r m e d a c c o r d i n g to the Cr iegee m e c h a n i s m a n d that the 
remainder , 7 5 % , was f o r m e d according to our m o l o z o n i d e - a l d e h y d e 
mechanism. T h i s result substant ial ly agrees w i t h that obta ined b y h y d r i d e 
reduct ion . 

T h e l a b e l i n g experiments, therefore, p r o v i d e strong support for the 
m e c h a n i s m w e proposed to account for the dependence of ozonide 
cis/trans ratios o n olefin geometry (14). I n this par t i cu lar case, u n d e r 
condit ions of a d d e d a ldehyde , approximate ly 7 0 - 7 5 % of the ozonide 
( 5 a b ) was, b y a l l indicat ions , f o r m e d t h r o u g h the m o l o z o n i d e - a l d e h y d e 
react ion. H o w e v e r , i n a n o r m a l ozonolysis a ldehyde is not present 
i n i t i a l l y , a n d before the m o l o z o n i d e - a l d e h y d e m e c h a n i s m can become 
important , a sufficient quant i ty of a ldehyde must be p r o d u c e d , pre
sumably b y fission of the m o l o z o n i d e to z w i t t e r i o n a n d a ldehyde . U n d e r 
these condit ions i t w o u l d not be surpr i s ing to find the n e w m e c h a n i s m 
somewhat less important t h a n i n the present s tudy. O n c e sufficient 
a ldehyde is obta ined i n the n o r m a l ozonolysis , p r o d u c t i o n of z w i t t e r i o n 
m a y w e l l near ly cease since the m o l o z o n i d e - a l d e h y d e react ion does not 
deplete a ldehyde concentrat ion, a n d at sufficiently h i g h a ldehyde con
centrations this react ion competes w e l l w i t h m o l o z o n i d e fission. R e a c t i o n 
temperature s h o u l d be important i n this compet i t ion . 

W h i l e the oxygen-18 l abe l ing results descr ibed here conf i rm the 
m o l o z o n i d e - a l d e h y d e m e c h a n i s m for the types of olefins considered, the 
ozonolysis react ion i n general is qui te complex a n d seems to v a r y w i d e l y 
d e p e n d i n g especial ly u p o n the stereochemistry of the olefin. T o s u m u p , 
the m o l o z o n i d e - a l d e h y d e m e c h a n i s m (14) considered here appears to 
be appl i cab le to any important degree only to trans-disubst i tuted olefins, 
re la t ively u n h i n d e r e d cis olefins, a n d perhaps to u n h i n d e r e d t e r m i n a l 
olefins. A s p o i n t e d out, more h i n d e r e d olefins seem to react b y one or 
more different pathways , w h i c h differ most notab ly f r o m the present 
system i n the apparent absence of a m o l o z o n i d e intermediate (2 , 8, 
12,14). 
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D . G . M . D i a p e r : Reac t ion of m o l o z o n i d e a n d z w i t t e r i o n gives a n 
e ight -membered r i n g w i t h four adjacent oxygens. N o stable r ings w i t h 
four adjacent oxygens are k n o w n , a n d catenat ion of four oxygens has 
not often been i n v o k e d . M i l a s h a d such a system i n peroxy r a d i c a l 
d imer , but it lost 0 2 at — 3 0 ° C . Analogous 0 2 loss w o u l d give a six-
m e m b e r e d r i n g peroxide w i t h that embarrassing C — C b o n d intact . 

P a u l R . S t o r y : I n the first place w e cannot rule out some h o m o l y t i c 
decomposi t ion of the proposed intermediate . H o w e v e r , i t is w o r t h c o m 
p a r i n g our proposed seven-membered r i n g t r iox ide w i t h the m o l o z o n i d e 
for w h i c h an ionic decompos i t ion to z w i t t e r i o n a n d c a r b o n y l is r e a d i l y 
envis ioned; our intermediate a n d the proposed ion ic decompos i t ion are 
qui te analogous to Criegee's m o l o z o n i d e or p r i m a r y ozonide a n d its 
decomposi t ion . 

Discussion 

o — o 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
06

3

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



64 

Ozonation of Amines 

PHILIP S. BAILEY, JOHN E. KELLER, DAVID A. MITCHARD, and 
HAROLD M. WHITE 

University of Texas at Austin, Austin, Tex. 78712 

A review of the literature concerning reactions of ozone with 
amines has given rise to the working hypothesis that these 
reactions all involve initially the electrophilic attack of 
ozone to give an adduct for which at least three different 
reaction routes are available: loss of molecular oxygen to 
give an amine oxide or further reaction products thereof, 
an intramolecular oxidation of a side chain, and dissociation 
to nitrogen cation radicals and the ozonate anion radical, 
followed by further reactions of these. Results from ozona
tions of tert-butylamine and tri-n-butylamine, which furnish 
additional evidence for the above competitions, are 
described. 

>Tphe l i terature suggests several ways i n w h i c h ozone reacts w i t h amines. 
T h e best k n o w n of these is the ozonat ion of tert iary amines to amine 

oxides ( I I ) ( I ) . Henbest a n d Stratford (11) a n d S h u l m a n (17) have 
s h o w n that c o m p e t i n g w i t h this is an ozone attack on the a l p h a pos i t ion 
of an a l k y l side cha in to produce various decomposi t ion products of I I I . 
Henbes t (11) showed that amine oxide format ion is favored i n chloro
f o r m a n d methanol , w h i l e side cha in ox idat ion is predominant i n h y d r o 
carbon solvents. A l s o of considerable interest are the reported conver
sions, d u r i n g ozonat ion, of phenylenediamines to Wurster 's salts ( V I I ) 
(8, 14), of l i q u i d a m m o n i a to a m m o n i u m ozonate ( V A ) at a l o w tem
perature (18), a n d of amines to amine hydrochlor ides ( V B ) i n c h l o r i 
nated h y d r o c a r b o n solvents (17, 19). F i n a l l y , an early report states that 
azobenzene a n d quinone are obta ined u p o n ozonat ion of ani l ine ( i 5 ) . 

T h e expected i n i t i a l react ion between ozone a n d amines w o u l d be 
an e lec t rophi l i c ozone attack to give adduct I ( R e a c t i o n 1) ( I ) . A s imi lar 
a d d u c t has ac tual ly been observed i n the react ion between the nucleo-
p h i l e t r iphenylphosphi te a n d ozone (20). It occurred to us that a l l of 
the reactions descr ibed above c o u l d be expla ined b y compet ing fates 

58 
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of a d d u c t I. Reac t ion 2 represents the general ly accepted decomposi t ion 
to an amine oxide a n d oxygen ( 1 ) , a n d Reac t ion 3 is a possible course of 
the compet ing side c h a i n ox idat ion (12). Reac t ion 4 involves the dis
sociat ion of the amine-ozone a d d u c t to n i t rogen cat ion radicals ( I V ) 
a n d the ozonate anion r a d i c a l ( A ) . T h e n i t rogen cat ion r a d i c a l f r o m a 
phenylenediamine w o u l d be resonance s tab i l i zed ( V I I ) ; that f r o m an 

+ -
R 3 N : + :'6=d—6: 

+ . . . . 77 
R o N — O — O — O : ° 

i 
( i ) 

+ ft f-
R 3 N — O — O — O 

l a 

R 2 N C H R ' 

lb 

4-
R o N — O — O — O 

+ -
R 3 N — O + 0 2 

II 

(2) 

O — O — O H 

R 2 N = C H R ' — 

+ 

O H 
I 

R 2 N — C H R + 0 2 (3) 

III 

Ic 

R 3 N ' O — O — O : 

I V A 

(4) 

+ 
N H R 3 , : N R * H R3t -6-6-6 : £ B U a 

or 
C H C 1 , 

I V 

(5) 

(6) 

O H + -
V I I 
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a l iphat i c amine or a m m o n i a ( I V ) , however , must s tabi l ize itself b y 
abstract ing a h y d r o g e n a tom f r o m another amine or a m m o n i a molecule , 
or f r o m the solvent ( R e a c t i o n 5 ) . A possible explanat ion for the repor ted 
ani l ine results involves c o m p e t i n g reactions of the t w o canonica l forms 
of the ani l ine cat ion r a d i c a l ( R e a c t i o n 6 ) . 

I n order to obta in evidence for or against these ideas w e have b e g u n 
an intensive s tudy of the reactions of ozone w i t h a var ie ty of amines. 
T h i s paper summarizes results f r o m the ozonat ion of tertf-butylamine a n d 
of t r i -n -buty lamine , w h i c h f u r n i s h evidence for the competi t ions i n d i 
cated b y Reactions 2, 3, a n d 4. A d d i t i o n a l details w i l l be p u b l i s h e d 
elsewhere. 

I n a t y p i c a l r u n , 5 mmoles of terf-butylamine i n c h l o r o f o r m reacted 
w i t h 4.1 mmoles of ozone i n an ozone-nitrogen stream at about — 6 0 ° C . 
to give 0.9 m m o l e ( 1 8 % ) of 2-methyl-2-ni tropropane ( X I ) , 0.9 m m o l e 
( 1 8 % ) of terf-butyl isocyanate ( X V I ) , a n d 3.0 mmoles ( 6 0 % ) of tert-
b u t y l a m m o n i u m chlor ide ( X I V ) . I n a separate b u t s imi lar r u n , 3.5 
mmoles of molecular oxygen were de termined as a product . U n d e r the 
condit ions of the react ion no significant react ion occurred be tween 
terf-butylamine a n d c h l o r o f o r m i n the absence of ozone or be tween 
ozone a n d c h l o r o f o r m i n the absence of the amine. 

T h e p r o b a b l e react ion course to the ni t roalkane ( X I ) , after the 
f o r m a t i o n of the amine-ozone adduct ( R e a c t i o n 1 ) , is s h o w n b y React ions 
7 to 9 a n d s u m m e d u p i n Reac t ion 10. A p r i m a r y amine oxide w o u l d 
not be expected to be stable a n d s h o u l d rearrange to the h y d r o x y l a m i n e 
( I X , Reac t ion 7 ) . A s imi lar set of reactions ( R e a c t i o n 8) s h o u l d result 
i n the nitrosoalkane ( X ) , w h i c h s h o u l d then be converted to the ni t ro
alkane ( X I ) as s h o w n i n R e a c t i o n 9. E v i d e n c e for this series of reactions 
was the observation of the b lue color of the nitrosoalkane ( X ) throughout 
the ozonat ion a n d the demonstrat ion, i n separate experiments, that the 
h y d r o x y l a m i n e ( I X ) reacts w i t h two mole equivalents of ozone a n d the 
nitrosoalkane ( X ) w i t h one mole equivalent of ozone, each to give the 
ni t roalkane ( X I ) . 

T h e most l o g i c a l route f r o m the i n i t i a l ozone adduct ( V I I I ) to 
ter£-butylammonium chlor ide ( X I V ) is via n i t rogen cat ion r a d i c a l X I I , 
p r o d u c e d i n minute , e q u i l i b r i u m amounts t h r o u g h dissociat ion of V I I I 
(Reac t ion 11) . I n the case of c h l o r o f o r m solvent, the proposed react ion 
course is s h o w n b y React ions 11 to 15 a n d is s u m m e d u p , w i t h R e a c t i o n 1, 
i n Reac t ion 16. N i t r o g e n cat ion r a d i c a l X I I apparent ly stabilizes itself 
b y abstract ing h y d r o g e n f r o m a solvent molecule to give a m m o n i u m 
cat ion X l V a a n d solvent r a d i c a l X V ( R e a c t i o n 12) . T h e ozonate anion 
r a d i c a l ( X I I I ) a n d the solvent r a d i c a l ( X V ) then interact to g ive the 
ch lor ide anion ( X l V b ) a n d phosgene ( R e a c t i o n 13) . Phosgene a n d 
ter£-butylamine p r o d u c e tert-butyl isocyanate a n d a d d i t i o n a l salt ( X I V ) 
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+ + 
tert-BuNH20—O—O • 02 + tert-BuNH2—O — » tert-BuNHOH (7) 

VI I I I X 

H H 

I I 
tert-BuNHOH + O a — * • f e r t - B u N * — O — O — O " 0 2 + tert-Bu—N*—O" 

O H O H 

(8) 
— tert-BuN(OH)2 — tert-Bu—N=0: + H O H 

tert-Bu—N=0' + O s «- tert-Bu—N—O—O—O" 0 2 + tert-BuN02 (9) 

II 
° X I 

tert-BuNH2 + 3 0 3 • ter*-BuN02 + 3 0 2 + H 2 0 (10) 

X I 

via Reactions 14 a n d 15. It was s h o w n separately that phosgene a n d 
ter£-butylamine interact to g ive the isocyanate at the ozonat ion tempera
ture. Reac t ion 17 is a summat ion of Reactions 10 a n d 16, assuming that 
the t w o fates of amine-ozone adduct V I I I occur equal ly . T h e fact that 
the exper imenta l results descr ibed earl ier agree w e l l w i t h the stoichiome-
try of R e a c t i o n 17 increases confidence i n the v a l i d i t y of the proposed 
mechanisms. 

I n the ozonat ion of t r i -n -buty lamine at — 4 0 ° C . w i t h an ozone-
ni t rogen stream, 1.2 to 1.6 mole equivalents of ozone were absorbed, a n d 
the yie lds of t r i -n -buty lamine oxide were 5 3 % f r o m c h l o r o f o r m a n d 6 % 
f r o m pentane solvents. T h e other products were the side c h a i n ox idat ion 
products descr ibed b y Henbes t a n d Strat ford (11). These results e l i m i 
nate the poss ib i l i ty that the s ide cha in ox idat ion is an ozone- in i t ia ted 
autoxidat ion. T h e m e c h a n i s m o u t l i n e d b y React ion 3 explains n i c e l y 
b o t h the requirement of ozone itself as the o x i d i z i n g agent a n d the 
solvent effect observed. Solvents such as c h l o r o f o r m w o u l d be expected 
to solvate the ozone-amine a d d u c t ( l b ) a n d m a k e the abstract ion of the 
p r o t o n i n Reac t ion 3 diff icult . T h u s , loss of molecular oxygen to give the 
amine oxide becomes the major react ion ( R e a c t i o n 2 ) . I n pentane solu-
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t ion , no solvat ion of l b occurs, a n d the major react ion course is as 
descr ibed b y Reac t ion 3. 

+ 

^ r f - B u N H 2 0 0 0 " Z=± tert-BuNK2
+ O — 0 — 0 : ( H ) 

VI I I X I I XI I I 

+ 
ter*-BuNH2

+ 4- C H C 1 3 - terf-BuNH3 + - C C 1 3 (12) 

X I I X l V a X V 

XIII X V X l V b 

2 terf-BuNH2 + C 1 2 C = 0 - tert-BuN—C=0 + tert-BuNH3Cl (14) 

I I 
H CI 

X I V 

+ _ 
tert-BuNK2 + terf-BuN—C=0 » tert-BuN=C=Q + ter*-BuNH3Cl (15) 

I I 
H CI 

X V I X I V 

+ -
4 ter*-BuNH2 + 0 3 + C H C 1 3 - ter*-BuN=G=0 + 3 ter*-BuNH3Cl + 0 2 

(16) 

5 tert-BuNH2 + 4 0 3 + C H C 1 3 - ter*-BuN02 + tert-BuN=C=Q + (17) 

3 ter*-BuNH3
+Cl- + 4 0 2 + H 2 0 

Experimental 

T h e ozonat ion setup a n d procedures a n d the m e t h o d of de termin ing 
molecular oxygen yie lds are descr ibed i n earlier publ ica t ions (2, 3, 49 5, 
16). T h e tert-butylamine, t r i -n -buty lamine , a n d solvents were the best 
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grades avai lable c o m m e r c i a l l y ; the amines were further p u r i f i e d b y dis 
t i l l a t ion . ter^Butylhydroxylamine ( I X ) ( 9 ) , 2-methyl-2-nitrosopropane 
( X ) (10), 2 -methyl-2-ni tropropane ( X I ) (13), a n d tert-butyl isocyanate 
( X V I ) (6) were p r e p a r e d b y k n o w n l i terature procedures. 

O z o n a t i o n of tert-Butylamine. I n a t y p i c a l experiment, a solut ion 
of 5.0 mmoles of ter£-butylamine i n 50 m l . of c h l o r o f o r m was cooled to 
— 6 0 ° C . a n d treated w i t h an ozone-nitrogen stream conta in ing 6 mmoles 
of ozone; the exit gases were ana lyzed for molecular oxygen (4, 5, 16). 
F r o m the b e g i n n i n g of the ozonat ion a s l ight b lue color ar is ing f r o m the 
presence of 2-methyl-2-nitrosopropane ( X ) appeared, b u t it was rep laced 
at the e n d b y the p u r p l e color of unreacted ozone. A precipi tate of 
terf-butylammonium chlor ide f o r m e d d u r i n g the ozonat ion. Excess ozone 
was p u r g e d w i t h ni trogen, a n d it was f o u n d , b y t i t rat ing the i o d i d e t r i p , 
that 4.1 mmoles of ozone h a d reacted. T h e solut ion above the prec ipi ta te 
was a n a l y z e d for a l l products except the £er£-butylammonium chlor ide 
b y an F a n d M gas chromatograph, us ing a 1/4-inch X 20 foot c o l u m n 
conta in ing C a r b o w a x 2 0 M on C h r o m o s o r b P . T h e c o l u m n temperature 
was 1 2 5 ° C . for a l l products except tert-butyl isocyanate, for w h i c h i t 
was 7 5 ° C . T h e ter£-butylammonium chlor ide y i e l d was de termined b y 
d isso lv ing the prec ipi ta te i n water a n d t i t ra t ing for ch lor ide ion . O z o n a 
tions of terf-butylhydroxylamine ( I X ) a n d 2-methyl-2-nitrosopropane ( X ) 
were car r ied out s imi lar ly . 

A quant i ty of 10 mmoles of ozone was passed into 50 m l . of chloro
f o r m at — 60 ° C , a n d the exit gases were passed into 1 0 % s o d i u m car
bonate solut ion. T h e c h l o r o f o r m was also w a s h e d w i t h the carbonate 
solut ion, w h i c h was then ac id i f ied w i t h n i t r i c a c i d a n d treated w i t h si lver 
nitrate. O n l y a fa int t u r b i d i t y was p r o d u c e d . W h e n a solut ion of 50 m l . 
of c h l o r o f o r m a n d 20 mmoles of ter£-butylamine was a l l o w e d to s tand at 
r o o m temperature for 3 hours, o n l y 5 m g . of ter£-butylammonium c h l o r i d e 
were p r o d u c e d . 

O z o n a t i o n of T r i - w - b u t y l a m i n e . I n a t y p i c a l experiment, solutions 
of 4.0 grams (21.6 m m o l e s ) of t r i b u t y l a m i n e i n 40 m l . of p u r e pentane or 
c h l o r o f o r m were treated w i t h 21.6 mmoles of ozone at — 4 5 ° C . T h e 
ozone absorpt ion was quant i tat ive . F o r pentane solvent, the react ion 
mixture was extracted w i t h water ( 3 X 1 5 m l . ) at r o o m temperature a n d 
an a l iquot of the water extract was used to determine the amine oxide 
b y the t i t a n i u m ch lor ide m e t h o d ( 7 ) . F o r the c h l o r o f o r m react ion m i x 
ture, the solvent was r e m o v e d under r e d u c e d pressure, the residue was 
dissolved i n pentane, a n d the amine oxide was de termined as just de
scr ibed. T h e unreacted start ing mater ia l a n d side c h a i n ox idat ion p r o d 
ucts were d e t e r m i n e d w i t h an A e r o g r a p h M o d e l 1520B gas chromato
g r a p h , e q u i p p e d w i t h a h y d r o g e n flame detector a n d a disk integrator. 
A 1/8-inch X 10-foot c o l u m n of 3 0 % si l icone g u m r u b b e r SE-30 o n 
C h r o m o s o r b W was used w i t h temperature p r o g r a m m i n g f r o m 7 5 ° to 
2 5 0 ° C . T h e p r i n c i p a l side c h a i n ox idat ion products were , i n decreasing 
order of importance , d i - n - b u t y l a m i n e , 1 -d i -n -buty lamino- l -butene , N,N-
d i b u t y l b u t y r a m i d e , a n d N , N - d i b u t y l f o r m a m i d e . T h e rat io of ozone re
act ing to amine react ing was 1.2 to 1.6. 
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Ozonation of Polycyclic Aromatics 

X V . Carcinogenicity and K- and/or L-Region Additivity 

towards Ozone 

EMIL J. MORICONI and LUDWIG SALCE 

Fordham University, Bronx, N. Y. 

Ozonation of benzo[r,s,t]pentaphene (7) followed by oxi
dative workup led to benzo[r,s,t]pentaphene-5,8-dione (12) 
(14%), phthalic acid (13) (4%), p-terphenyl-2,2',3',2"-tetra-
carboxylic acid-2',3'-anhydride (14) (10%), and 2-(o-car-
boxyphenyl)-1,10-phenanthrenedicarboxylic acid anhydride 
(15) (3%), with a 56% recovery of unreacted 7. Ozonation 
of pentaphene (11) led to a peroxidic mixture which on 
oxidative workup led to 2,2'-binaphthyl-3,3'-dicarboxalde-
hyde (16) (16%), 2,2'-binaphthyl-3,3'-dicarboxylic acid (17) 
(16%), and 13 (2%), with a 28% recovery of unreacted 11. 
A comparison of the reactivity to ozone of carcinogenic 
polycyclic aromatics benzo[c]phenanthrene (1), 7,12-di-
methylbenz[a]anthracene (2), 3-methylcholanthrene (3), 
dibenz[a,j]- (4), and dibenz[a,h]anthracene (5), benzo[a]-
pyrene (6) and 7, and the noncarcinogen 11, all determined 
in our laboratory, leads us to conclude that there is no 
simple, consistent correlation between carcinogenicity, K
-and L-region additivity towards ozone and the Pullmans' 
electronic theory of carcinogenesis. 

/^\ne of the most s t imula t ing theories a d v a n c e d to relate structure 
w i t h carc inogenic ac t iv i ty of p o l y c y c l i c aromatics has been the 

"electronic theory of carcinogenesis" proposed b y the F r e n c h school of 
theoret ical chemists l e d b y A . P u l l m a n a n d B . P u l l m a n (30, 32) a n d P . 
D a u d e l a n d R. D a u d e l (13). T h i s q u a n t u m m e c h a n i c a l s tudy of the 
electronic structure of p o l y c y c l i c aromatics has disc losed t w o regions 
of h i g h electron density w h i c h are of par t i cu lar significance i n their 

65 
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c h e m i c a l behavior . These sites correspond to the 9,10-bond i n phenan-
threne ( K - r e g i o n ) a n d the 9,10-positions i n anthracene ( L - r e g i o n ) . A 
t h i r d site ( M - r e g i o n ) involves the posit ions reactive i n metabol ic per-
h y d r o x y l a t i o n . 

T h e t w o most recently expressed fundamenta l , quant i tat ive p r o p o 
sitions of the theory are ( 3 0 ) : 

(1 ) T h e appearance of carcinogenic ac t iv i ty i n aromatic hydrocar 
bons is de termined b y the existence of a K - r e g i o n , whose complex index 
is e q u a l to or smaller than 3.31/2. (These complex indices are def ined b y 
P u l l m a n a n d P u l l m a n ( 3 0 ) ; /? is expressed i n terms of resonance integra l 
( ^ 2 0 k c a l . / m o l e ) ; the n u m e r i c a l l imits l i s ted ( 3 . 3 l £ a n d 5.66)8) are 
those ca lcula ted for the K - a n d L-regions of dibenz[a,/]anthracene ( 4 ) , 
considered as the weakest p o l y c y c l i c carcinogen. 

(2 ) If, however , the molecule contains also an L - r e g i o n , its complex 
index s h o u l d be e q u a l to or greater than 5.66/2 (see above). 

S i m p l y stated, one of the essential steps i n carcinogenesis is the 
" reac t ion" be tween the carc inogenic p o l y c y c l i c aromatic a n d the "ce l lu lar 
receiver , " at or t h r o u g h the K - r e g i o n of the carcinogen. A necessary but 
not sufficient c o n d i t i o n for " reac t iv i ty" is an act ive K - r e g i o n ( c a l c d . 
complex index : = / > 3.31)8). A too-reactive L - r e g i o n , however , ( ca l cd . 
complex index : < 5.66/3) m a y divert the p o l y c y c l i c carc inogen to a 
noncarc inogenic react ion. 

Ver i f i ca t ion of these proposit ions has taken t w o different p a t h w a y s : 

(1 ) T h e o r e t i c a l : quant i ta t ive calculations w h i c h , for example, pre
d i c t e d (30) the carc inogenic i ty of benzo [ r , s , t ]pentaphene ( 7 ) whose 
measured potency (H—|—1-+) ranks it be tween 3-methylcholanthrene 
(3 ) a n d benzo [a] pyrene (6) (18,35). 

(2 ) C h e m i c a l : compar ison of c y c l o a d d i t i o n reactions o c c u r r i n g 
either at the K - r e g i o n ( o s m i u m tetroxide) (1, 2) or L - r e g i o n (male i c 
a n h y d r i d e a n d photo-oxidat ion) (29, 31). 

T h e inadequacies of this c h e m i c a l proof seemed to us t w o f o l d : the 
c y c l o a d d i t i o n reactions were unre la ted chemica l ly , each o c c u r r i n g at 
either the K - / L - r e g i o n s , whereas the theory considered b o t h regions s i m u l 
taneously; further , these reactions d i d not occur, or at least h a d not been 
t r i ed w i t h a sufficient n u m b e r of carc inogenic a n d noncarc inogenic p o l y 
c y c l i c aromatics. 

L-region 

M-region 
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65. M O R I C O N I A N D S A L C E Polycyclic Aromatics 67 

F o r a chemica l react ion to have relevance, i t seemed necessary that 
the react ion occur s imultaneously at b o t h K - a n d L-regions a n d w i t h 
a l l carc inogenic a n d noncarc inogenic p o l y c y c l i c aromatics. I n our v i e w , 
this compet i t ive response to the c h e m i c a l reactant at the t w o sites w i t h i n 
the substrate molecule c o u l d lead, in tramolecular ly , to a conc lus ion o n 
the relat ive react iv i ty of the K - a n d L-regions . F u r t h e r , since the c h e m i 
c a l react ion c o u l d be s tudied under i d e n t i c a l react ion condit ions, the 
results c o u l d also lead, in termolecular ly , to v a l i d comparisons of re lat ive 
react iv i ty . 

W h e n this research began, the ozonat ion react ion seemed i d e a l l y 
suited. O z o n e was k n o w n to react at b o t h the K - r e g i o n [ i n phenanthrene 
( 8 ) ] (4,5,34,37) a n d L - r e g i o n ( i n anthracene) (6,7,33). D u r i n g the 
decade since, w e have invest igated the react ion between ozone a n d some 
11 p o l y c y c l i c aromatics (1—11). O t h e r laboratories have reported 

CARCINOGENS 

C H : < 

Benzo[c]phenanthrene (19) 7, 12-Dimethylbenz[fl]anthracene (20) 

1 2 

3-Methylcholanthrene (21) Dibenz[a,/]anthracene (20) Dibenz [a,h] anthracene (24) 

3 4 5 

Benzo [a] pyrene (25) Benzo [r,s,f] pentaphene (26) 

6 7 

Phenanthrene (34) Benz [a] anthracene (27) 

8 9 

Napthacene (28) Pentaphene (26) 

10 11 
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o n eight more (naphthalene (8), t r iphenylene (11), pyrene (36), chry-
sene (11), benzo [g] chrysene (11), p icene (11), d i b e n z [c,g] p h e n a n -
threne (11), a n d perylene (12). A l l react w i t h ozone, a n d react ion 
occurs u n i q u e l y at one or more of the three relevant sites, the K - , L - , 
a n d M-reg ions . 

H e r e , w e report o n the ozonat ion of t w o symmetr i ca l ly s t ructured 
p o l y c y c l i c aromatics at opposite ends of the carc inogenic spec t rum—the 
h i g h l y carc inogenic (18, 35) benzo[r,s,t~\pentaphene (7 ) a n d the inac
t ive (10) pentaphene ( 1 1 ) — a n d summarize the results of our s tudy of 
1 -7 a n d 11. T h e prepara t ion of 7 a n d 11 a n d the isolat ion a n d ident i f i 
ca t ion of ozonat ion products 1 2 - 1 8 have been reported prev ious ly (26). 

Ozonation of Benzo[mr,s,t']pentaphene (7) and Pentaphene (11) 

O z o n a t i o n of 7 i n methylene ch lor ide at — 78 ° C . w i t h 3.5 m o l e 
equivalents of ozone ( r e q u i r i n g passage of 5 - 6 mole equiva lents ) , f o l 
l o w e d b y oxidat ive w o r k u p (1 :1 1 0 % s o d i u m h y d r o x i d e : 3 0 % h y d r o g e n 
perox ide) l e d to benzo[r,s,t~\pentaphene-5,8-dione ( 12 ) ( 1 4 % ), p h t h a l i c 
a c i d ( 13 ) ( 4 % ) , p-terphenyl-2 ,2 ' ,3 ' ,2"- tetracarboxyl ic acid-2 ' ,3 ' -anhy-
d r i d e ( 14 ) ( 1 0 % ) , a n d 2 - (o -carboxyphenyl ) - l , 10 -phenanthrenedicar -
b o x y l i c a c i d a n h y d r i d e ( 15 ) ( 3 % ) , w i t h a 5 6 % recovery of unreacted 
7, as s h o w n b e l o w . 

r 

+ + 

o 

12 13 

7 
2, O O H -

3, H 3 0 * 

14 15 
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O z o n a t i o n of pentaphene ( 1 1 ) ( s h o w n b e l o w ) i n methylene ch lor ide 
at — 78 ° C . w i t h one mole equivalent of ozone l e d to a perox id ic mix ture 
w h i c h o n oxidat ive w o r k u p l e d to 2 ,2 ' -b inaphthyl -3 ,3 ' -dicarboxaldehyde 
(16 ) ( 1 6 % ) , 2 ,2 ' -b inaphthyl -3 ,3 ' -d icarboxyl ic a c i d (17) ( 1 6 % ) , a n d 
p h t h a l i c a c i d ( 13 ) ( 2 % ) ; reduct ive w o r k u p ( s o d i u m i o d i d e i n acetic 
a c i d ) gave 16 ( 2 5 % ) . I n b o t h cases, 2 8 % of unreacted 11 was recov
ered. O z o n a t i o n of 11 w i t h 4 mole equivalents of ozone f o l l o w e d b y 
oxidat ive w o r k u p gave 2,2 ' ,4 ,4 ' ,5 ,5 ' -hexacarboxybiphenyl ( 18 ) ( 5 3 % ) 
a n d p h t h a l i c a c i d ( 13 ) ( 9 % ). 

18 

Summary and Conclusions 

T a b l e I summarizes the data n o w avai lable f r o m our laboratory o n 
the ozonat ion of carc inogenic p o l y c y c l i c aromatic hydrocarbons 1 -7 

a n d the noncarc inogen, 11. A l l the compounds have at least one K -
region ( w i t h s imi lar electronic indices , 3.16-3.41/?). 

D e s p i t e some i n i t i a l l y encouraging results w h i c h suggested that 
unsubst i tuted p o l y c y c l i c aromatics of increasing carc inogenic ac t iv i ty d i d 
react more strongly w i t h ozone at the K - r e g i o n a n d to a correspondingly 
lesser degree at the L - r e g i o n (20, 23, 28), w e have observed several 
exceptions. 
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I n their s tudy of pro te in b i n d i n g as a necessary, b u t not sufficient, 
prerequis i te for h y d r o c a r b o n carcinogenesis, H e i d e l b e r g e r a n d M o l d e n -
hauer (16) have exper imental ly demonstrated that 2, 3, a n d 6 were 
b o u n d to sk in prote in to a large a n d approximate ly equa l extent. A 
p o r t i o n of this tissue interact ion most p r o b a b l y occurs at the K - r e g i o n 
( 9 ) , i n accordance w i t h the theoret ical speculat ion of the P u l l m a n s (30, 
32). Thus , any direct corre lat ion between carc inogenic i ty a n d react iv i ty 
to ozone w o u l d result i n predominant e lectrophi l ic ozone attack at the 
K - r e g i o n of these three -|—|—|—f- carcinogens. C o m p o u n d s 2, 3, a n d 6, 

however , reacted w i t h ozone exclusively at the L - a n d M-reg ions . C e r 
ta in ly 3 was not a p r i v i l e g e d c o m p o u n d (30) i n w h i c h the L - r e g i o n was 
protected f r o m attack b y ozone. 

T h e lesser carcinogens benzo [c] phenanthrene ( l ) (19) ( + ), d i -
benz[a,/]anthracene (4) (20) ( + ), a n d d ibenz [ a ,K]anthracene (5 ) 

(24) (-)—f-) reacted w i t h ozone p r e d o m i n a n t l y at the K - r e g i o n . R e l a 
t ive to 6, this response to ozone is the reversal of w h a t w o u l d have been 
p r e d i c t e d b y the electronic theory of carcinogenesis. 

B o t h benzo [ r , s , t ]pentaphene (7 ) a n d 6 are + + H—h carcinogens, 
a n d some ident i ty of response to e lectrophi l ic ozone w o u l d be predic ted . 
Yet the fus ion of a benzene r i n g to the 1,2-bond i n 6 has enhanced the 
K - r e g i o n ac t iv i ty of 7 to ozone ( 1 3 % total of 14 a n d 15) , l o w e r e d the 

T a b l e I. O z o n a t i o n of P o l y c y c l i c 

Pu llman-Pullman 
Electronic Indices'1 

K-Region L-Region 

5.56 

5.66 
5.69 

Polycyclic Aromatic 

Pentaphene (11) 
Benzo [c] phenanthrene (1) 
Dibenz [A,/] anthracene (4) 
Dibenz \a,h~\ anthracene (5) 
7,12-Dimethylbenz [ a ] anthracene (2) 
3-Methylcholanthrene (3) 
Benzo [a] pyrene (6) 
Benzo [r,s9t] pentaphene (7) 

" See Ref. 2. 
"Reaction conditions: ozonation at — 7 8 ° C . in methylene chloride or 3:1 methylene 
chloride: methanol, followed by alkaline hydrogen peroxide workup (unless otherwise 
stated). Ozonation of 7 and 11 also produced 13 (4% and 2%, respectively). These 
yields are not included in either K- or L - region product totals since the site of ozone 
attack to produce 13 is unknown. 
0 l-(o-Carboxyphenyl)-2-naphthoic acid. 
d 1,4-Dimethyl-3-hydroxymethyl-2-phenylnaphthalene-2/-carboxylic acid. 
c Yield of biphenyl from the presumed primary ozonation product, 2,2',3,4,5-penta-
carboxybiphenyl. 

3.23 
3.41 
3.31 
3.30 

3.16 
3.16 

Ozone-Poly cyclic 
Mole Ratio 

1.0 
0.6 
1.0 
1.0 
1.0 
1.5 
1.0 
3.5 
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react iv i ty of the L - r e g i o n ( 1 4 % of 12) , a n d decreased the over-a l l ease 
of ozonat ion of 7 re lat ive to 6. 

T h e yie lds of K - r e g i o n cleavage products , under the same condit ions 
of ozonat ion v a r y f r o m 0 - 4 5 % ( T a b l e I ) . E v e n cons ider ing the experi 
menta l errors i n v o l v e d i n ozonat ion a n d oxidat ive w o r k u p , there is no 
s imple , observable correlat ion between the P u l l m a n s ' theoret ical K - r e g i o n 
values a n d the react iv i ty of these sites to e lectrophi l ic ozone. 

A l t h o u g h three of the compounds l is ted i n T a b l e I have f o r m a l 
L-regions , the most potent carcinogens (2 , 3, 6, a n d 7) do not. T w o 
(6 a n d 7) can be considered to have such sites whose ac t iv i ty has been 
suppressed b y a fused r i n g , a n d t w o (2 a n d 3 ) are essentially subst i tuted 
at the L - r e g i o n . Thus , the ozonat ion results for these four compounds , 
s u m m a r i z e d i n T a b l e I, cannot t ru ly be considered L - r e g i o n q u i n o i d 
products . Despi te this, the relat ive yie lds of such quinones c lear ly show 
an inverse re lat ionship between the theoretical , p r e d i c t e d l o w L - r e g i o n 
ac t iv i ty a n d the course of the ozone react ion. 

T o sum u p , a compar ison of the observed relat ive react iv i ty of 7 

a n d 11 to ozone w i t h that p r e d i c t e d b y P u l l m a n s ' theoret ical calculat ions 
(30, 32), a n d a n analysis of a l l the avai lable ozonat ion data l ead us to 
conc lude that there is no s imple , consistent corre lat ion be tween carc ino-

A r o m a t i c H y d r o c a r b o n s 

Actual % Yields of 
K- and L-Region 

Ozonation Productsb 

% Recovery % Recovery 
Total K-Region L-Region Unreacted 

Cleavage Quinoid Polycyclic Carcinogen 
Products Products Aromatic Potency 

32 0 28 0 
3 0 c 0 40 + 
42 10 32.5 + 
45 0 0 + + 
14* 2 9 9 0 + + + + 

4 C 3 2 h 0 + + + + 
0 27-30* 60-65 + + + + 

1 3 ' 14 ' 56 + + + + 
r Total yield of 14 and 15. 
' Composed of 23% of benz[a]anthracene-7,12-dione and 6% of 1,2-anthraquinone-
dicarboxylic acid. 
, l Composed of 15% of 8,9-dimethylbenz[a]anthracene-7,12-dione and 18% of 1,2-
dimethylanthraquinone. Undoubtedly the yields of primary ozonization products, 
9-methylbenz[a]anthracene-7,12-dion-8-acetic acid, and 2-methyl-5,6-dicarboxyan-
thraquinon-1-acetic acid are higher. 
1 No alkaline hydrogen peroxide workup required. 
J Compound 12. 
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genici ty , K - a n d L - r e g i o n a d d i t i v i t y towards ozone, a n d the P u l l m a n s ' 
electronic theory of carcinogenesis. 

F i n a l l y , even the observat ion (14, 21) that the metabol ic reactions 
l i k e l y to be re lated to the course of these ozone reactions are those of 
detoxif icat ion rather t h a n of carc inogenic responsibi l i ty is not w i t h o u t 
exception—cf., e.g., the seven metabol ic ox idat ion products of 5 (22) to 
the single ozonat ion p r o d u c t (24). 
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Comments on the Mechanism of Ozone 
Rate Action with Hydrocarbons and 
Alcohols 

S I D N E Y W . B E N S O N 

Department of Thermochemistry and Chemical Kinetics, Stanford Research 
Institute, Menlo Park, Calif. 94025 

The ozone molecule has a bond dissociation energy of 24 kcal. for 
decomposition into an oxygen molecule and a ground state oxygen 

atom. Almost all of the gas-phase work I know of concerning ozone and 
organic materials (for Τ > 25°C.) can be explained in terms of an 
initiation step, producing oxygen atoms from the ozone, followed by 
chain-propagation steps, as follows: 

Step 2 in this sequence is exothermic by about 66 kcal. If any significant 
share of this is left as excitation energy of the alkoxy radical, it wi l l prob
ably dissociate further into a simple aldehyde or ketone, plus a smaller 
alkyl group. However, at dry ice temperatures or lower, the initiation 
step, i, is almost certainly too slow to account for the reaction rates which 
have been reported here. The suggestion—that ozone attacks alcohols 
and hydrocarbons by abstracting hydrogen to form the HO3 radical— 
appears equally unlikely. 

The Η—Ο bond in the HO3 radical can be calculated to have a bond 
strength of about 61 ± 2 kcal. (1). If the R—Η bond is taken as 91, as 

74 
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reported for 2 -propanol or i n isobutane, then R e a c t i o n 4 is endothermic 
b y some 30 kca l . A t d r y ice temperatures this is even s lower b y m a n y 
powers of 10 than the i n i t i a t i o n step, i , above. Step 4 i n a l cohol solut ion 
m a y benefit b y a heat of so lut ion of the H C V radicals to the extent of 
possibly 10 or perhaps 12 k c a l . T h i s w o u l d make the over -a l l react ion 
endothermic b y only 18 or 19 k c a l . , i f w e ignore any possible solvat ion 
of ozone, w h i c h m a y amount actual ly to a f e w kcalories . 

T h i s is s t i l l too h i g h an act ivat ion energy to account for a s imple 
one-step react ion, w h i c h has been reported. O n the other h a n d , i f the 
net increment i n solvat ion energy is as large as 12 kca l . , then Step 4 c o u l d 
conce ivab ly be an in i t ia t ion step i n a reasonably l o n g c h a i n mechanism. 
If, however , a c h a i n react ion is i n v o l v e d , the most l i k e l y next steps w o u l d 
be the attack of R - radicals o n either oxygen or on ozone. T h e oxygen 
react ion is l i k e l y to be di f fus ion contro l led a n d w o u l d l ead to peroxy-type 
products . H o w e v e r , attack o n ozone is more l i k e l y to lead to format ion 
of free a c i d a n d smaller a l k y l radicals , a n d these are not observed as 
major products . 

It thus appears as i f a r a d i c a l m e c h a n i s m cannot satisfy the observa
tions. T h e alternative has been suggested that Step 4 occurs as a h y d r i d e 
i o n abstract ion w i t h the f o r m a t i o n of a dissociated i o n pair , H 0 3 " a n d R + . 
If this is the case, it w o u l d require u n u s u a l l y large electron affinities for 
the H 0 3 - r a d i c a l or u n u s u a l l y smal l ion iza t ion potentials for the R-
r a d i c a l to account for the data. I don't bel ieve that independent measure
ments of these quanti t ies can be a d d u c e d to support such a content ion. 
Nevertheless, an int imate i o n pa i r mechanism cannot be comple te ly r u l e d 
out at the moment . 

T h e thermochemistry of po lyox ide radicals a n d molecules can also 
be used to comment on the m e c h a n i s m of olefin ozonizat ion . O n e can 
ask if a d d i t i o n of ozone to the d o u b l e b o n d occurs via a b i r a d i c a l w i t h 
the format ion of one b o n d at a t ime or t h r o u g h a concerted process to 
produce cyc l i c t r ioxide. If it produces one b o n d at a t ime, it must go 
t h r o u g h the format ion of an R 0 3 • type b i r a d i c a l as s h o w n i n Reac t ion 5. 
H o w e v e r , the energetics of Reac t ion 5 ( I ) show that the ac t ivat ion 
energy w o u l d be m u c h too h i g h for this react ion to be apprec iable at d r y 
ice temperatures, where it has been observed. W e must then conclude 
that a d d i t i o n of ozone to olefin at l o w temperatures, or p r o b a b l y also at 
h igher temperature, is a concerted process l e a d i n g to the direct format ion 
of a c y c l i c tr ioxide, R e a c t i o n 5', a n d this is pret ty m u c h i n accord w i t h 
the data recently reported. H o w e v e r , the other data reported o n the 
s tabi l i ty of these c y c l i c peroxides is i n accord w i t h our o w n estimates of 
the b o n d strength of the O — O b o n d i n such trioxides. N o r m a l l y , it w o u l d 
be of the order of 21 k c a l . I n the case of the strained five-membered r i n g 
w i t h strain energies a r o u n d 6 kca l . , i t s h o u l d have a b o n d strength of 
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8 

some 1 5 k c a l . T h u s the o p e n i n g of this r i n g to p r o d u c e the oxyperoxy 
b i r a d i c a l , as s h o w n b y R e a c t i o n 6 , w o u l d be expected to be reasonably 
r a p i d at d r y ice temperatures. O n e m i g h t expect this b i r a d i c a l to be the 
precursor of the products w h i c h are seen i n the subsequent displacement 
react ion w i t h c a r b o n y l a n d a ldehyde species or i n the secondary decom
pos i t ion of ozonides. 
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Type II Photosensitized Oxygenation 
Reactions 

KLAUS GOLLNICK 

University of Arizona, Tucson, Ariz.a 

In Type II photo-oxygenation reactions, singlet oxygen is 
produced by an energy transfer process from the electroni
cally excited light absorber. Various classes of compounds, 
such as polycyclic aromatic hydrocarbons, cyclic 1,3-dienes, 
and furans as well as olefins containing allylic hydrogens 
are suitable substrates for the reaction with singlet oxygen. 
Stereoelectronic effects exerted by olefins on the reactions 
with 1O2 are dealt with, and the mechanism of 1O2 formation 
is discussed. Preliminary results on 1O2 production and its 
reaction with 2,5-dimethylfuran as a function of the triplet 
energy of (π,π*)- and (n,π*)-sensitizers are reported. 

p h o t o - o x y g e n a t i o n reactions of organic compounds , A , i n solut ion, 

fry/(sensitizer) 
A + 0 2 > A 0 2 

af fording a d d i t i o n products ( A 0 2 ) , m a y occur as direct or indirec t (sensi
t i z e d ) photo-oxygenat ion reactions, d e p e n d i n g on whether A or a mole
cule other than A— i . e . , a photosensit izer—absorbs the l ight . ( O n l y w h e n 
the exc i t ing photons possess wavelengths shorter than 2000 A . must ab
sorpt ion b y 0 2 be considered. ) F u r t h e r m o r e , d e p e n d i n g on whether free 
radicals or on ly e lectronical ly exci ted molecules are i n v o l v e d as inter
mediates, T y p e I processes m a y be d is t inguished f r o m T y p e II processes 
(17). 

T h e benzophenone-sensi t ized photo-oxygenat ion of 2 -propanol (53) 
m a y be considered as a t y p i c a l example of a T y p e I process, i n w h i c h 
the e lectronical ly exci ted benzophenone initiates a free r a d i c a l ox idat ion 
b y abstract ing a h y d r o g e n atom f r o m 2-propanol . T h e in i t ia t ion is then 
f o l l o w e d b y 0 2 a d d i t i o n to the 2 - h y d r o x y i s o p r o p y l r a d i c a l a n d react ion 

a On leave of absence from the Max-Planck-Institut für Kohlenforschung, Abteilung 
Strahlenchemie, Mülheim an der Ruhr, Germany. 
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w i t h a h y d r o g e n donor , w h i c h m a y be either another 2 -propanol mole
cule i n a cha in-propagat ing step or the benzophenone k e t y l r a d i c a l i n a 
terminat ion step. T h u s , the over -a l l react ion is 

hy/benzophenone 
CH3CHOHCH3 + 0 2 • C H 3 C ( O H ) C H 3 

I 
O O H 

T h e T y p e I I photo-oxygenat ion reactions w i t h w h i c h w e are con
cerned occur b y a complete ly different mechanism. T h e m a i n feature of 
these reactions is that an "ac t ivated o x y g e n " is f o r m e d d u r i n g the react ion, 
w h i c h can react stereoselectively w i t h certain substrates to give the 
a d d i t i o n products . T o d a y , w e have reason to bel ieve that the "act ivated 
o x y g e n " is the exci ted singlet oxygen, 1 0 2 . 

P o l y c y c l i c aromatic hydrocarbons such as anthracenes, tetracenes, 
a n d pentacenes, as w e l l as cyclopentadienes, cyclohexa- l ,3-dienes , cyc lo-
hepta- l ,3-dienes , a n d furans, have been f o u n d to be suitable diene systems 
to w h i c h the singlet oxygen adds as a d ienophi le i n a 1 ,4-cycloaddit ion 
react ion. T h u s , endoperoxides ( transannular peroxides) and , i n the case 
of furans, ozonides of the corresponding cyclobutadienes are the p r i m a r i l y 
p r o d u c e d , more or less stable a d d i t i o n products (2, 21, 22). 

Olefins conta in ing at least one a l l y l i c h y d r o g e n are suitable substrates 
a n d are of specia l importance a n d interest w i t h regard to the intr insic 
m e c h a n i s m i n v o l v e d i n their reactions w i t h singlet oxygen. A l l y l i c h y d r o 
peroxides are f o r m e d , b u t the m e c h a n i s m of their format ion is c lear ly 
dis t inct f r o m that b y w h i c h a l l y l i c hydroperoxides are p r o d u c e d i n ther
m a l or p h o t o c h e m i c a l l y in i t ia ted (see example above for a T y p e I 
process) autoxidat ion reactions. T h i s has u n e q u i v o c a l l y been s h o w n w i t h 
o p t i c a l l y active l imonene as a substrate, w h i c h gives rise to different 
products i n free r a d i c a l a n d T y p e I I photo-oxygenat ion reactions (22, 
57, 61). 

W h i l e , for example, the t h e r m a l autoxidat ion react ion of ( + ) - l i m o 
nene ( 1 ) proceeds as a free r a d i c a l c h a i n react ion (61), the photosensi
t i z e d oxygenat ion of 1 occurs accord ing to the scheme s h o w n at the top 
of the next page (51, 52). 

Phenomenolog ica l ly , this react ion m a y be descr ibed as o c c u r r i n g i n 
three steps: 

(1 ) A t t a c h m e n t of oxygen to one of the carbon atoms of the d o u b l e 
b o n d ( i n the scheme to C i ) . 

(2 ) Shif t of the double b o n d to the a l l y l i c pos i t ion ( C 2 , C 3 ) 
(3 ) M i g r a t i o n of the a l l y l i c h y d r o g e n to the terminus of the peroxy 

group. 
M e c h a n i s t i c a l l y , however , the react ion p r o b a b l y takes place i n a 

concerted fashion i n v o l v i n g a cyc l i c s ix -membered transi t ion state (13, 
22,45,56,57). 
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80 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

hv/sensitizer/0 2 1 l I 
Ci C2=C3" 

I 
O O H 

(2) reduction 

unidentified 
product 

13% 10% 

X . „ (a-)H / ' Y y 
l(+)H CH* M 

1 I la 
1) sens./hv/02. (2) reduction 

T h e f o l l o w i n g results are i n favor of the assumed concerted reac t ion : 

(1) O n l y those a l l y l i c hydrogens are used i n the react ion w h i c h are 
c is-oriented w i t h respect to the oxygen attack on the d o u b l e b o n d carbons, 
as was demonstrated w i t h 7«-D- a n d 7/?-D-cholesterol (45) a f fording 
5a-hydroperoxy-A 6-cholesten-3/?-ol (58). 

(2) T r i a l k y l s u b s t i t u t e d ethylenes such as l imonene (57) a n d 1-
methylcyc lohexene (50) give rise to ratios of tert iary-secondary h y d r o 
peroxides of about 44 to 56, w h i l e open-chain olefins such as t r i m e t h y l -
ethylene, l , l -d imethyl -2 -e thyle thylene , 2,6-dimethyl-2-octene, myrcene , 
0 -c i t ronel lo l , l i n a l o o l , a n d l , l -d imethy l -2 -benzy le thy lene give ratios of 
tert iary-secondary hydroperoxides be tween 54 to 46 a n d 60 to 40 (31, 43, 
47, 60, 63, 66). S ince there is no h y d r o g e n abstract ion pr ior to oxygen 
a d d i t i o n to one of the d o u b l e b o n d carbons, this a d d i t i o n must be the first 
step if a mul t i s tep react ion takes place . W h a t e v e r the so-formed inter
mediates m a y be, however , d i r a d i c a l species such as 8 a or 8 b, or ion ic 
species such as 9a or 9b [ the latter has been suggested b> some authors 
(37, 67)], secondary hydroperoxides s h o u l d be p r o d u c e d almost exc lu
s ive ly f r o m the nonster ical ly h i n d e r e d olefins since i n the case of the 
peroxy intermediates, 8a a n d 9a, the most stable ( ter t iary) a l k y l r a d i c a l or 
c a r b o n i u m i o n , respectively, s h o u l d be formed, a n d i n the case of the 
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67. G O L L N I C K Type II Oxygenations 81 

perepoxy intermediates, 8b a n d 9b, the at tacking r a d i c a l or cat ion is more 
strongly b o n d e d to the carbon w i t h the smallest n u m b e r of a l k y l subst i tu-
ents (94). O b v i o u s l y , there is not m u c h d i s c r i m i n a t i o n be tween the t w o 
d o u b l e b o n d c a r b o n atoms, a n d the sl ight deviat ions f r o m 1 to 1 ratios i n 
a l l these cases are p r o b a b l y due to stereochemical rather than electronic 
effects exerted b y the olefins o n the react ion w i t h singlet oxygen. 

O — O H 

O 

O H 

c—c—c — — c—c—1 -

I I I I I I 
8a 8b 

O — O H 

o-
1 

O H 

/ + » I 

I I I I I I 
9a 9b 

(3 ) A c c o r d i n g to the results obta ined i n conformat iona l analysis, 
l imonene ( i n solut ion at r o o m temperature) assumes a ha l f - cha i r confor
m a t i o n w i t h the i s o p r o p e n y l group i n an equator ia l pos i t ion (6, 34) (see 
F o r m u l a l a ) . A s the enhanced format ion of 2 as c o m p a r e d w i t h 3 a n d 
the 1 to 1 ratio of 6 a n d 7 show, there is no steric h indrance exerted b y 
the equator ia l side c h a i n on an oxygen attack at C i or C 2 . Therefore , the 
stereoselective react ion of l imonene w i t h s inglet oxygen as revealed b y 
the p r o d u c t d i s t r ibut ion must be caused b y an enhanced react iv i ty of the 
quas i -ax ia l (a ' ) hydrogens at C 3 a n d C 6 as c o m p a r e d w i t h the corre
s p o n d i n g quas i -equator ia l (ef) hydrogens . F u r t h e r m o r e , the 1 to 1 rat io 
of 6 a n d 7 a n d their enhanced p r o d u c t i o n as c o m p a r e d w i t h the format ion 
of 4 a n d 5 must be caused b y the fact that the C — H b o n d of the m e t h y l 
group can a p p r o a c h ( o n b o t h sides of the l imonene m o l e c u l e ) the per
p e n d i c u l a r arrangement w i t h respect to the d o u b l e b o n d plane , necessary 
for d e v e l o p i n g the n e w double b o n d , even better than a quas i -ax ia l r i n g -
a l l y l h y d r o g e n . T h e increased react ivi ty of a l l y l i c hydrogens , — C H 3 > 
quas i -axia l > quasi -equator ia l , has been f o u n d to be a general phenome
n o n (17, 45, 57). 

(4 ) T h e tert iary hydroperoxides f o r m e d f r o m the open-cha in olefins 
ment ioned above a l l conta in trans-substi tuted d o u b l e bonds (63, 66). A s 
one can see f r o m models , the most stable conformations of these olefins 
(general f o r m u l a 10) are those i n w h i c h one of the a l l y l i c hydrogens at 
C 3 is ec l ipsed w i t h the d o u b l e b o n d ( l 0 a , b ) . Reac t ion w i t h the other 
a l l y l i c h y d r o g e n must therefore give rise to trans-substituted d o u b l e 
bonds. T h e conformat ional isomer 10c, w h i c h w o u l d give rise to cis-
subst i tuted d o u b l e bonds b y a concerted react ion, is expected to be h i g h l y 
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82 O X I D A T I O N O F O R G A N I C C O M P O U N D S H I 

u n f a v o r e d because of strong steric repuls ion between the R gro up a n d 
the m e t h y l group at C i w h i c h is cis to this R group. T h e f o r m a t i o n of 
intermediates such as 8 or 9 i n a mult is tep react ion w o u l d also expla in 
the occurrence of the t h e r m o d y n a m i c a l l y more stable trans-substituted 
d o u b l e bonds i n the tert iary hydroperoxides . H o w e v e r , the near ly exc lu
sive f o r m a t i o n of the secondary hydroperox ide , 15, f r o m l , l - d i m e t h y l - 2 -
i sopropylethylene , 13 (22,63, 66), supports the assumption of a concerted 
reac t ion : T h e most stable conformat ion of 13 is 13a, i n w h i c h the a l l y l i c 
h y d r o g e n at C 3 needed for the format ion of the tert iary hydroperox ide , 
14, is ec l ipsed w i t h the d o u b l e b o n d , the most unfavorable pos i t ion an 
a l l y l i c h y d r o g e n can assume for a concerted react ion w i t h oxygen. There
fore, the p r o d u c t i o n of 14 s h o u l d be almost suppressed. O n the other 
h a n d , i f the tert iary hydroperoxides ( 1 1 ) were f o r m e d b y a mult is tep 
react ion, one w o u l d expect a reasonable amount of 14 to be f o r m e d f r o m 
13 b y the same mechanism. 

(5 ) M e t h y l groups such as the C 8 - m e t h y l groups of a-pinene, 16 (54), 
A 3 - carene , 18 (23,62), A 4 - carene , 22, a n d the A 2 -carenes , 25 a n d 27 (19), 
or the angular m e t h y l groups attached to C i 0 i n certa in steroids (10, 45, 
46, 55, 58) m a y complete ly sh ie ld the d o u b l e b o n d against an attack of 
the singlet oxygen. T h u s , steric s h i e l d i n g effects i n a d d i t i o n to conforma
t i o n a l effects exerted b y the a l l y l i c hydrogens cause the stereoselectivity 

H R 

10 10a 10b 

H 

10c 

H 

OOH OOH 

11 12 

54-60% 46-40% 
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67. G O L L N I C K Type II Oxygenations 83 

16 16a 17 

of T y p e I I photo-oxygenat ion reactions. Interest ingly enough, the ob
served p r o d u c t d i s t r ibut ion f r o m A 3 - c a r e n e was expla ined (23) b y assum
i n g that of the t w o boat conformations, 18a a n d 18b, on ly the closed-boat 
f o r m , 18 b, takes part i n the h y d r o p e r o x i d a t i o n react ion since o n l y if this 
is the case, the p r o d u c t ratios of 19 to (20 + 21 ) a n d of 20 to 21 s h o u l d 
be 1 to 1. T h e attack of oxygen on the a-side of 18 at C 3 a n d C 4 should 
f o l l o w a statistical pattern a n d the a-hydrogens at C 2 a n d C 5 s h o u l d be 
as avai lable as the a l l y l i c hydrogens of the C 1 0 - m e t h y l group. O n the 
other h a n d , a ^-attack on 18b should be comple te ly prevented b y the 
C 8 - m e t h y l group. Recent ly , i t was s h o w n that A 3 - carene exists to about 
9 3 % i n the closed-boat conformat ion ( 1 8 b ) at 2 0 ° C . ( I ) at w h i c h the 
photo-oxygenat ion react ion was carr ied out. 

I n preparat ive organic chemistry, m u c h use has been made of the 
stereoselective T y p e II photo-oxygenat ion react ion since the p r i m a r i l y 
p r o d u c e d a l l y l i c hydroperoxides can be r e d u c e d under retention of con
figuration. H o w e v e r , d e p e n d i n g on the nature of the a l l y l i c h y d r o p e r -
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84 O X I D A T I O N O F O R G A N I C C O M P O U N D S IEE 

oxides a n d the par t i cu lar react ion condit ions a p p l i e d ( temperature, 
concentrations of the substrates, solvents, e tc . ) , secondary reactions m a y 
occur—e.g., rearrangements of a l l y l i c tert iary hydroperoxides to secondary 
a l l y l i c hydroperoxides , e l i m i n a t i o n of water f r o m secondary a l l y l i c h y d r o 
peroxides to y i e l d «,/?-unsaturated ketones, a n d fragmentat ion of a l l y l i c 
hydroperoxides to c a r b o n y l compounds . F u r t h e r m o r e , T y p e I processes 
(free r a d i c a l c h a i n autoxidat ion react ions) m a y accompany T y p e I I 
reactions, especial ly w h e n re la t ive ly unreact ive olefins (mono- or d i -
subst i tuted olefins) serve as substrates (17). 

19 20 21 

50% 27% 23% 

22 23 

18% 

24 

82% 
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67. G O L L N I C K Type II Oxygenations 85 

27 

Genera l ly , te traalkyl-subst i tuted d o u b l e bonds react w i t h singlet 
oxygen at faster rates than do tr ia lkyl -subst i tuted d o u b l e bonds, w h i c h 
i n t u r n react faster than d ia lky l - subs t i tu ted ones (22, 50, 63, 66). A c c o r d 
i n g to the react ion sequence of T y p e II photo-oxygenat ion reactions g iven 
b e l o w , the react ion of a substrate w i t h singlet oxygen (Step 9) competes 
w i t h the spontaneous deact ivat ion of singlet oxygen (Step 8) . F r o m the 
var ia t ion of the rate of oxygen consumpt ion w i t h the concentrat ion of the 
substrate, k8/k9 can be d e t e r m i n e d for various substrates. Since kg re
mains constant under s imi lar react ion condit ions , re lat ive reactivit ies of 
the substrates towards singlet oxygen can be obta ined (56). I n T a b l e I, 
relat ive free energies of act ivat ion, A A F * , for the react ion of singlet oxygen 
at C i a n d C 2 of different olefins are g iven , ca lcula ted f r o m exper imenta l 
k8/k9 values w i t h tetramethylethylene ( T M E ) ( 2 8 ) as the reference 
c o m p o u n d : 

A A F * = RTlnfc r e l (T = 293 0 K. , reaction temperature) (1) 

w i t h 

— ( ^ / ^ . T M E ) Psubstr. % M E 

.substr. / P T M E ŝubstr. 

i n w h i c h p is the factor w h i c h accounts for the p r o d u c t d i s t r i b u t i o n a n d 
n is the n u m b e r of equivalent transi t ion states l e a d i n g to a par t i cu lar 
product . I n order to determine n , the equivalence of one r i n g - a l l y l i c 
h y d r o g e n to three C H 3 - a l l y l i c hydrogens i n a concerted react ion has been 
assumed. F u r t h e r m o r e , no dis t inct ion be tween quasi -axia l a n d quasi -
equator ia l hydrogens was made . 
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O X I D A T I O N O F O R G A N I C C O M P O U N D S m 

T a b l e I. R e l a t i v e Free 

Compound 
^8/^-9,8ubstr.} 

Moles/L. 
TME 

^8/^9,8 

28 0.003 1.00 

1 2 
30 0.055 0.055 

0.045 a 

0.07 b 

33 0.030 0.100 

36 1.20 0.0025 
0.0020° 
0.002 b 

0.0082 c 

40 26.0 0.00012 

42 0.18 0.0166 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
06

7

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



67. G O L L N I C K Type II Oxygenations 

Energies of A c t i v a t i o n 

Reaction at 

Pi nt p2 n% 

0.50 4 0.50 4 0 0 

0.54 2 0.46 4 1.25 1.75 

0.44 ( M ) 2 0.44 ( M ) 2 1 .01(M) 1 .01(M) 
0.06(R) 2 0.06(R) 2 2.17(R) 2.17(R) 

0.45 2 0.40 ( M ) 2 3.15 3.20 ( M ) 
0.15(R) 2 3.79(H) 

0.50 2 0.50 2 4.86 4.86 

0.55 2 0.45 4 1.93 2.44 

87 

A A F * , Kcal./Mole, 
Reaction at 
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OXIDATION OF ORGANIC COMPOUNDS HI 

Table I. 
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67. G O L L N I C K Type II Oxygenations 89 

C o n t i n u e d 

R E A C T I O N A T A A F $ , Kcal./Mole, 

C-1 C-2 Reaction at 

p± nt p2 n2 C-1 C-2 

0.05 2 0.95 4 4.48 3.17 

— - 1.00 4 — 3.83 

— - 0.94 1 — 3.43 

0.50 1 0 .25 (M) 1 2.04 2.45 ( M ) 

0.25 (R) 1 2.45(R) 

— - 0.80 ( M ) 2 — 1.75(M) 
0.20(R) 1 2.18(R) 
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90 O X I D A T I O N O F O R G A N I C C O M P O U N D S — I I I 

Table I. 

Compound Moles/L. 

25 0.17< 0.0177 

AAFJ calculated from experimental data taken from Schenck and Gollnick (56). 
"Obtained from photosensitized oxygenation (11, 25). 
b Obtained from H 2 0 2 / N a O C l experiments (11, 25). 
c Calculated from data given by Kopecky and Reich (37). 

Since o n l y relat ive rate constants c o u l d be measured so far a n d no 
act ivat ion energies for the compounds of T a b l e I have been de termined 
yet, the contr ibutions of A A H * a n d A A S * to a par t i cu lar A A F * cannot be 
separated. H o w e v e r , differences i n A A F * obta ined for 28 a n d 30 as w e l l 
as for an oxygen attack o n C - 1 of 33, 36, a n d 40 f o r m i n g the cyclohexene 
derivat ives 34, 37, a n d 4 1 , respectively, are p r o b a b l y m a i n l y due to di f 
ferences i n A H * . O n the other h a n d , differences i n A A F * obta ined for the 
f o r m a t i o n of 34 a n d 35 f r o m 33 a n d of 37, 38, a n d 39 f r o m 36 seem to be 
due m a i n l y to differences i n A S * . T h u s , there seems to be a m a r k e d de
crease i n A H * w i t h an increas ing n u m b e r of m e t h y l groups direc t ly 
at tached to a double b o n d carbon, i n d i c a t i n g the e lec t rophi l i c i ty of 

O O H 

28 29 

O O H O O H 

30 31 32 

54% 46% 
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67. G O L L N I C K Type II Oxygenations 91 

C o n t i n u e d 

Reaction at „ 7 / w , 
A A F * , Kcal/Mole, 

C-1 C-2 Reaction at 

Pt nt p2 n2 C-1 C-2 

1.00 1 — 1.14 

singlet oxygen. T h e increase i n A A F * for r i n g - a l l y l i c hydrogens as c o m 
p a r e d w i t h C H 3 - a l l y l i c hydrogens reflects the conformat ional effects of 
the t w o different hydrogens on the react ion w i t h oxygen. [ N o dis t inct ion 
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92 O X I D A T I O N O F O R G A N I C C O M P O U N D S H I 

between the t w o different r i n g - a l l y l i c hydrogens , quasi -axia l a n d quas i -
equator ia l , has been made i n these calculat ions. H o w e v e r , f r o m the fore
go ing discussion it s h o u l d be obvious that the quas i -equator ia l a l l y l i c 
hydrogens are m u c h less suitable for the react ion than the quasi -axia l 
a l l y l i c hydrogens . ] 

Differences i n A A F * for an oxygen attack on C - 2 of 30, 42, 13, a n d 
45 are p r o b a b l y m a i n l y caused b y steric s h i e l d i n g of C - 2 b y the increas ing 
bulkiness of the a l k y l groups at tached to this carbon. 

H 

O O H 

45 46 

T h e compar ison of A A F * values of compounds 36, 16, 18, a n d 22 for 
the oxygen attack at C - 2 reveals a remarkable difference i n the effect of 
an i sopropyl idene group w h e n attached to 1-methylcyclohexene i n a 
1,3- a n d a 1,2- manner . T h u s , w h i l e this group i n a -pinene, 16, exerts 
o n l y a s m a l l effect on the react iv i ty of the double b o n d , a c lear ly en
h a n c e d react iv i ty of the d o u b l e b o n d of 18 a n d especial ly of 22 is 
observed. T h e react iv i ty- increas ing effect of the d i m e t h y l c y c l o p r o p a n e 
r i n g conjugated to a d o u b l e b o n d becomes even more obvious w h e n one 
compares the A A F * values of d s - A 2 - c a r e n e , 25, a n d of cyclohexene, 40 . 

C a r b o n y l groups conjugated to a d o u b l e b o n d a n d a l l y l O H - a n d 
O O H - g r o u p s decrease the react iv i ty of the double b o n d considerably , 
at least b y about 1 k c a l . per mole ( 5 6 ) . T h u s , i f the photo-oxygenat ion 
leads to hydroperoxides w i t h double bonds subst i tuted to the same or 
a l o w e r degree than those of the i n i t i a l olefins, overoxidat ion ( consump
t i o n of more than one molecule of oxygen per molecule of olefin) is easily 
a v o i d e d b y s topping the react ion after one mole of oxygen per mole of 
olefin is taken u p . C o n s u m p t i o n of t w o molecules of oxygen takes p lace 
w i t h olefins l ike i so-Tetra l in , 47 ( 36, 59) or neoabiet ic a c i d , 50 ( 6 5 ) , 
since the react iv i ty-decreas ing effect of the O O H group is compensated 
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67. G O L L N I C K Type II Oxygenations 93 

50 51 52 

b y the h i g h l y react ive 1,3-cycIohexadiene system of 48 a n d 51, respec
t i v e l y ( 1 7 ) . 

F i n a l l y , i t m a y be ment ioned that certain hydrazones , th iosemicarba-
zones, sulfides, sulfoxides, a n d amines have been f o u n d to be suitable 
substrates i n photosensi t ized oxygenat ion reactions (17). 

F o r a l o n g t ime, the quest ion of whether the oxygenat ing species i n 
T y p e I I photo-oxygenat ion reactions is the e lec tronica l ly exci ted singlet 
oxygen (27, 28, 29) or a complex composed of the e lectronical ly excited 
l ight absorber a n d oxygen (5, 22, 35, 39, 52, 64) r emained open. B a s e d 
on recent results that e lectronical ly exci ted singlet oxygen, generated b y 
n o n p h o t o c h e m i c a l means, reacts w i t h certain substrates to f o r m the same 
products (9,12, 42, 71 ) , a n d displays the same stereoselectivity (13) a n d 
the same kinetics (11, 25) as the "ac t ivated o x y g e n " i n photo-oxygenat ion 
reactions (56, 57 ) , there is b u t l i t t le doubt that singlet oxygen is the 
oxygenat ing species i n T y p e II photo-oxygenat ion reactions. F u r t h e r 
more , the relat ive reactivit ies of different substrates towards the oxy
genat ing species were f o u n d to be independent of the nature of the 
sensitizers a p p l i e d (37, 56, 70) , w h i c h supports the idea of a c o m m o n 
intermediate i n a l l these reactions. 

E l a b o r a t e k inet ic analyses of the photo-oxygenat ion of 2,5-dimethyI-
f u r a n (22, 56) a n d a l ly l th iourea (40) sensit ized b y xanthene dyes a n d 
c h l o r o p h y l l , respectively, a n d of the direct photo-oxygenat ion of anthra
cene a n d 9,10-diphenylanthracene (41) have revealed that T y p e I I 
direct a n d indirec t (sensi t ized) photo-oxygenat ion reactions proceed w i t h 
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essentially the same m e c h a n i s m a c c o r d i n g to the f o l l o w i n g react ion 
sequence: 

! S 0 + hV 

ls1 

1S-

*S 

3 S 

*S 

xabs. 

+ 3o, 

3S 

^ . 2 

• 1 S 1 Absorption (1) 

^ S Q + hy Fluorescence (2) 

Internal conversion (3) 

• 3 S i Intersystem crossing (4) 

• 1 S 0 Intersystem crossing (5) 

S 0 + 1 O a | Energy transfer; singlet (6) 
^ / oxygen formation 

+ 3 0 2 4is0 + i O 2 ) (7) 
3 0 2 Deactivation of singlet (8) 

oxygen 

1 0 2 + 1 A 0 -> 1 ( A 0 2 ) o Product formation (9) 

w i t h S = A i n direct , S = photosensit izer, different f r o m A , i n indirec t 
photo-oxygenat ion reactions; 1 S 0 , 1 S i , a n d 3 S i = singlet g r o u n d state, 
first excited singlet a n d tr iplet state of S, respect ively, 1A0 a n d 1 ( A 0 2 ) o = 
singlet g r o u n d states of substrate A a n d p r o d u c t A 0 2 , respect ively ; 3 0 2 = 
tr iplet g r o u n d state oxygen ( '%") ; * 0 2 = exci ted singlet oxygen ( % + 

and/or 1Ag). Singlet oxygen replaces the l ight absorber-oxygen complex 
g iven i n the o r i g i n a l papers. 

O m i t t i n g the state symbols for s i m p l i c i t y , the q u a n t u m y i e l d of p r o d 
uc t f o r m a t i o n is g iven b y 

. [Q»] (k+k *7 \ * . [ A ] 
* A ° 2 ~ ka + kB + k4 + * 6 [ 0 2 ] V 6 4 h + * 7 [ 0 2 ] ) *=8 + * * [ A ] 

or 

w i t h 

_ [ A ] 

4>AO 2-<K) 2 [ A ] + ks/k9 

4*0,- + »o, + * i o , - j fc a + ks + Jfc 4 + fce[02] 

h fc7[o2] 
+ k2 + ks + k4 + ke [ 0 2 ] ks + k7 [ 0 2 ] 
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<t>si02 a n d <f>Ti02 b e i n g the q u a n t u m yie lds of singlet oxygen format ion b y 
energy transfer f r o m the exci ted singlet or t r iplet state l ight absorber, 
respect ively. Genera l ly , <l>ri02 equals the q u a n t u m y i e l d of 3 S i - format ion , 
<I>T (at [ 0 2 ] ^ 10" 5 mole per l i t e r ) since 3 S i is n o r m a l l y l o n g - l i v e d (10~4 

seconds a n d longer) a n d q u e n c h i n g of t r iplet state molecules b y oxygen 
occurs at approximate ly di f fus ion-control led rates. T h u s , i f <£i02 exceeds 
<\>T, singlet oxygen format ion must occur p a r t l y b y an energy transfer f r o m 
the exci ted singlet l ight absorber, a process w h i c h s imultaneously must 
g ive rise to fluorescence q u e n c h i n g . 

Such observations were made w i t h c h l o r o p h y l l a n d anthracenes i n 
oxygen-saturated methanol ic a n d benzene solutions (40, 41). T h i s , h o w 
ever, raises the quest ion of the m e c h a n i s m i n v o l v e d i n the energy transfer 
process. A s s u m i n g that the sp in conservation rules must be obeyed, the 
energy transfer react ion requires the format ion of a tr iplet l ight absorber : 

1s1 + 80 2 -» 8 s 1 + l < v 
T h i s process can occur on ly i f the energy separation between 1 S i 

a n d 3 S i is at least 22.6 k c a l . per mole necessary to excite t r ip le t oxygen 
into its lowest exci ted singlet state, 1Ag. H o w e v e r , i n the case of chloro
p h y l l , this separat ion is o n l y 10.2 kca l . per mole (68). F u r t h e r m o r e , the 
t r ip le t sensitizer p r o d u c e d b y Reac t ion 10 s h o u l d react w i t h another 3 0 2 

to give x 0 2 a n d accord ing to Reac t ion 7. T h u s , the l i m i t i n g q u a n t u m 
y i e l d of * 0 2 f o r m a t i o n s h o u l d a p p r o a c h a va lue of 2 w i t h increas ing 
oxygen concentrations, i n disagreement w i t h exper imenta l results ob
ta ined (—e.g., for 9 ,10-diphenylanthracene a n d rubrene i n benzene so lu
tions ). T h e fluorescence q u a n t u m y i e l d of rubrene i n oxygen-free benzene 
solutions was de termined to be u n i t y ( 5 ) , s h o w i n g that no t r iplet rubrene 
is f o r m e d . I n oxygen-containing benzene solutions rubrene is oxygenated 
to an endoperoxide , whose q u a n t u m y i e l d approaches u n i t y w i t h increas
i n g oxygen concentrat ion. O n c e this va lue is reached, a further increase 
i n oxygen concentrat ion does not change the q u a n t u m y i e l d (15, 16). 

T h e f o l l o w i n g m e c h a n i s m for the energy transfer to oxygen was 
therefore proposed (17): a c c o r d i n g to T s u b o m u r a a n d M u l l i k e n (69, see 
also 26,44), the interact ion between g r o u n d state tr iplet oxygen, 3 0 2 , a n d 
the l ight absorber, S, i n its singlet g r o u n d state, excited singlet, a n d tr iplet 
state leads to contact pairs , 3 ( S . . . O 2 ) 0 , 3 G ( S . . . 0 2 ) , a n d ^ F ^ F f S 
. . . 0 2 ) , respectively, i n a d d i t i o n to the f o r m a t i o n of a singlet a n d tr iplet 
charge transfer complex, * C T a n d 3 C T , w h i c h arise b y an electron transfer 
f r o m the highest filled molecular orb i ta l of S to the "--system of oxygen, a n d 
w h i c h energet ical ly are p l a c e d between the 3 G - a n d F-states. W h i l e the 
g r o u n d state contact pa i r , 3 ( S . . . O 2 ) 0 , is considered to be almost c o m 
plete ly dissociated into its components , 1 S 0 a n d 3 0 2 ( 6 9 ) , this m a y not be 
so w i t h the 3 G - a n d F-states. Porter a n d W r i g h t (48), for example, de
d u c e d a s tabi l i ty of several ki localor ies for a contact p a i r f o r m e d b y an 
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interact ion of 3 0 2 w i t h t r i p l e t state molecules . T h e assumption of a 
m i n i m u m i n the potent ia l energy curves of the 3 G - a n d F-states w o u l d 
also agree w i t h the di f fus ion-control led rate of q u e n c h i n g of 1 S i a n d 3 S i 
b y oxygen since these m i n i m a m a y prevent the contact pairs f r o m disso
c ia t ing into their o r i g i n a l components , 1 S i + 3 0 2 a n d 3 S i + 3 0 2 , respec
t ive ly , w h i c h s h o u l d decrease the values of the rate constants of the 
q u e n c h i n g processes considerably . 

I n t r o d u c i n g n o w another contact pa ir , X X , w h i c h arises f r o m inter
ac t ion of the singlet g r o u n d state l i g h t absorber, 1 S 0 , w i t h either 1 S ^ + 0 2 or 
1 A < 7 0 2 , w e get w h a t one m a y c a l l an extended T s u b o m u r a - M u l l i k e n d i a 
g r a m ( F i g u r e 1 ) . 

's, — \ 
ICT 
3 C T 

3, 

3(S...02)0 

S| - - - = 3 F 

'AQ 'x, 

'So 3 * g ^3(S.-02)0 

s o2 (s...o2) 

Figure 1. Energy level and potential energy curve diagrams 
for a sensitizer, oxygen, and a sensitizer-oxygen contact pair 

I n the potent ia l energy curve d i a g r a m , the charge transfer, 1CT a n d 
3CT, a n d the X F - a n d 5 F - c o n t a c t pairs are not s h o w n for s i m p l i c i t y reasons, 
a n d also o n l y one of the t w o possible ^ - c o n t a c t pairs is d r a w n . F u r t h e r 
more, the 1 X - c o n t a c t p a i r is assumed to be complete ly dissociative, w h i c h 
m a y be correct o n l y for those l ight absorber-oxygen pairs for w h i c h no 
q u e n c h i n g of J G 2 b y 1 S 0 [to 3 0 2 or p r o d u c t format ion , 1 ( S O 2 ) 0 ] has been 
observed. H o w e v e r , even i f the latter react ion occurs—for example, i n 
the direct photo-oxygenat ion of anthracene where 1 0 2 + anthracene - » 
anthracene-endoperoxide—there seems to be no direct p a t h f r o m * X to 
the stable endoperoxide, since a l l k inet ic results have revealed the p a r t i c i 
p a t i o n of t w o molecules of anthracene i n this react ion. T h i s also indicates 
that the excess energy, conta ined i n X X after t ransi t ion f r o m the F-state, 
is used as k ine t i c energy w i t h w h i c h a n d 1 0 2 fly apart . 

If there exists an effective p a t h w a y for the in ternal conversion proc 
ess, 3 G —» 3 F , reactions be tween excited singlet l ight absorbers, 1 S i , a n d 
oxygen, 3 0 2 , result i n the format ion of the 3 F - c o n t a c t pa i r (as does the 
react ion between 3 S i a n d 3 0 2 ) , f r o m w h i c h either intersystem crossing 
to * X or in ternal conversion to the g r o u n d state contact pa ir , 3 ( S . . . O 2 ) 0 , 
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m a y occur. S u c h an energy transfer mechanism, w h i c h assumes a step
wise degradat ion of excitat ion energy through contact pairs , a l lows the 
react ion 1 S i + 3 0 2 - » 1 S 0 + x02 to occur, w h i c h is independent of the 
energy separation between a S i a n d 3 S i , a n d it reduces the l i m i t i n g q u a n 
t u m y i e l d of 1 0 2 f o r m a t i o n as w e l l as of p r o d u c t format ion to uni ty . 

S inglet oxygen generated b y m i x i n g H 2 0 2 w i t h N a O C l consists 
m a i n l y of 1 A f f 0 2 (3, 4, 7, 32, 33). S ince singlet oxygen p r o d u c e d b y this 
m e t h o d a n d b y energy transfer f r o m xanthene dyes i n their t r iplet states 
displays the same c h e m i c a l behavior t o w a r d substrates, the energy transfer 
process m a y p r e d o m i n a n t l y l e a d to 1 A f , 0 2 . H o w e v e r , since xanthene dyes 
possess t r iplet energies w e l l above 37.7 k c a l . per mole (17), energy trans
fer f r o m these dyes to oxygen m a y also l ead to 1 2 £ , + 0 2 , w h i c h m a y either 
react independent ly of its h igher energy content i n the same manner as 
1Ag02, w h i c h m a y r a p i d l y decay to this lower singlet oxygen state before 
i t reacts w i t h the substrate, or w h i c h m a y decay d i rec t ly to the g r o u n d 
state 3 2 / 0 2 w i t h a faster rate than does 1 A i / 0 2 , so that on ly the react ion 
of the latter is observed under the condit ions used. F u r t h e r m o r e , X X 2 

or ig inated f r o m 1 S 0 + 1 S / 0 2 , m a y undergo a r a p i d in terna l conversion 
to the lower x X i state ( w h i c h is composed of 1 S 0 + 1 A P 0 2 ) before i t dis
sociates into g r o u n d state sensitizer a n d singlet oxygen. A n o t h e r ques
t ion is, whether the probabi l i t ies of the two c o m p e t i n g processes, 3 F —> *X 

T a b l e I I . T r i p l e t E n e r g y of Sensitizers 

Triplet Triplet 
Energy; Energy; 

(V,7r*)-Sensitizers Kcal./Mole ( n,7r*)-Sensitizers Kcal./Mole 

Benzene 84.5 Acetone — 
Fluorene 67.6 Propiophenone 74.6 
Triphenylene 66.6 Xanthone 74.2 
Biphenyl 65.7 Acetophenone 73.6 
Phenanthrene 62.2 Carbazole 70.1 
Naphthalene 60.9 Benzophenone 68.5 
1 -Bromonaphthalene 59.0 Thioxanthone 65.5 
1 -Iodonaphthalene 58.6 Flavone 62.0 
Pyrene 48.7 2-Naphthylphenylketone* 59.6 
1,2-Benzanthracene 47.2 1-Naphthylphenylketone 5 57.5 
Anthracene 42.0 Fluorenone 6 53.3 
Acenaphthylene 
Eosin 42 .4 c 

Erythrosin 42 .0 c 

Rose Bengal 39.4 e 

Azulene Between 31 and 3 8 d 

Tetracene 29.4 

"Triplet energies of (7r ,7r*) - and (n,7r*) -sensitizers [taken from (8)] . 
b Reacting triplets are probably 3 (7r,7r* ) (24). 
"From (17). 
d F r o m (38). 
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-> % + ^ a n d 3 F -> 3 ( S . . . O 2 ) 0 -> % + 3 0 2 , are functions of the 
tr iplet energies of the sensitizers or not; because of the m e c h a n i s m given 
above singlet oxygen f o r m a t i o n should not d e p e n d on the singlet energy 
b u t m a y d e p e n d on the tr iplet energy of the l ight absorber. [Recent ly , a 
q u a n t u m m e c h a n i c a l treatment of the m e c h a n i s m of q u e n c h i n g of t r ip le t 
state molecules b y oxygen was carr ied out (30 ) . T h e authors, also con
s ider ing the interact ion of singlet oxygen w i t h singlet g r o u n d state l ight 
absorbers, conc lude that the ratio of rates for the t w o c o m p e t i n g proc
esses is of the order of 100 to 1000—i.e., t r iplet q u e n c h i n g b y oxygen 
s h o u l d almost exclusively be accompanied b y singlet oxygen format ion . ] 

Since a l l the direct a n d sensit ized photo-oxygenat ion reactions have 
been carr ied out w i t h " low-energy l ight absorbers' ' ( t r ip le t energies 
l o w e r than about 45 k c a l . per m o l e ) , w e examined a series of sensitizers 
w i t h t r ip le t energies f r o m about 30 to 85 k c a l . per mole (18). 2 , 5 - D i -
methyl furan , 53, w h i c h reacts w i t h singlet oxygen to the ozonide (54) that 
is i m m e d i a t e l y converted to a methoxy hydroperox ide , 55, i n the presence 
of methanol (14, 21), was used as a substrate. I n the presence of 
the (7r,7r*)- a n d (n ,7r*)-sensit izers g iven i n T a b l e I I , the d i m e t h y l f u r a n 
i n methanol ic solut ion took u p 1 mole of 0 2 per mole of d i m e t h y l f u r a n , 

O O 

53 54 

( + C H 3 O H ) 

56 55 

a n d the o n l y p r o d u c t f o r m e d was the methoxy hydroperox ide w h i c h was 
ident i f ied b y its m e l t i n g point , in f rared spectrum, a n d hydrolys is product , 
56. F u r t h e r m o r e , i n a l l cases the u n c h a n g e d sensitizer was recovered i n 
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about 9 0 % y i e l d , except for anthracene, w h i c h was d i m e r i z e d to about 
7 5 % d u r i n g the i r rad ia t ion p e r i o d , 1- iodonaphthalene w h i c h was photo-
l y z e d , a n d azulene, about 1 0 % of w h i c h was destroyed. I n a d d i t i o n , w e 
carr ied out the t h e r m a l autoxidat ion of 2 ,5 -d imethyl furan i n ref luxing 
m e t h a n o l a n d isolated only a b r o w n i s h , viscous o i l that possesses a di f 
ferent in f rared spectrum f r o m that of 55. ( T h e methoxy hydroperox ide , 
55, is stable under these condi t ions . ) 

These results c lear ly show that a l l the (?r,7r*)- as w e l l as the (n,7r*)-
sensitizers independent of their t r iplet energies transfer their energy to 
3 0 2 , thereby f o r m i n g ^ o . These experiments do not answer, however , 
the quest ion of w h i c h singlet oxygen is i n v o l v e d a n d i f the t w o singlet 
oxygens exert different c h e m i c a l behavior . A t present, q u a n t u m y i e l d of 
1 0 2 - f o r m a t i o n as w e l l as p r o d u c t format ion a n d p r o d u c t dis tr ibut ions 
w i t h various olefinic substrates as a f u n c t i o n of the sensitizers a p p l i e d are 
b e i n g s tudied . 
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Chemistry of Singlet Oxygen 

V . Reactivity and Kinetic Characterization 

R A Y M O N D H I G G I N S , C H R I S T O P H E R S. F O O T E , and HELEN CHENG 

University of California, Los Angeles, Calif . 90024 

Reactivities of olefinic and other acceptors are determined 
for oxygenation, both dye-photosensitized and with singlet 
oxygen (generated by reaction of metal hypochlorites with 
hydrogen peroxide). The ratio of the rate constant for reac
tion with acceptor to that for decay is the same for the inter
mediate in both reactions. Relative reactivities of various 
acceptors (from competition experiments) are the same in 
both reactions and indicate that the intermediate is electro-
philic and quite discriminating. In addition, product distri
butions in the two reactions are identical. The reactive in
termediate in the dye-sensitized photo-oxygenation of these 
substrates cannot be distinguished by any criterion yet 
devised from chemically generated 1Δg oxygen. 

'Tphe dye-sensitized photo-oxygenation of olefins and dienoid com-
A pounds has been the subject of m u c h recent interest (3, 13, 14, 15, 

16, 32, 34). O t h e r papers i n this v o l u m e p r o v i d e a good in t roduct ion to 
the b a c k g r o u n d a n d scope of the react ion (17, 23, 27, 33). Previous w o r k 
has s h o w n that singlet oxygen (1,24), p r o d u c e d b y the react ion of s o d i u m 
hypochlor i te a n d h y d r o g e n peroxide (8, 9, 10, 29) or b y electrodeless 
discharge ( 6 ) , reacts w i t h t y p i c a l photo-oxygenat ion acceptors to give 
products w h i c h are indis t inguishable f r o m those of photosensi t ized oxy
genation. I n part icular , the stereoselectivities of the reactive species i n 
the photo-oxygenat ion a n d of c h e m i c a l l y p r o d u c e d singlet oxygen are 
ident i ca l ( 9 ) . I n this paper , the react iv i ty of the photochemica l inter
mediate is c o m p a r e d w i t h that of chemica l ly p r o d u c e d singlet oxygen. 

T h e kinetics of the dye-sensi t ized photo-oxygenat ion have been 
s tudied b y several groups (3, 4, 5, 13, 14, 15, 16, 28, 32, 34, 35). W i t h 

102 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
06

8

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



68. H I G G I N S E T A L . Chemistry of Singlet Oxygen 103 

Rose B e n g a l a n d m a n y other sensitizers, the react ion proceeds b y w a y 
of the t r ip le t dye ( 3 S e n s ) ; at oxygen concentrations above 2 X 10~ 5 M 
(exceeded for methanol solutions i n e q u i l i b r i u m w i t h air or o x y g e n ) , a l l 
of the t r iplet dye reacts w i t h oxygen to give a reactive species ( R S ) 
w h i c h is the ac tual oxygenat ing agent (13, 14, 15, 34). T h i s reactive 
species has often been assumed to be a complex of sensitizer a n d oxygen 
( S e n s - 0 2 ) , but singlet oxygen (x02), f o r m e d b y energy transfer f r o m 
the d y e t r iplet to oxygen, is k ine t i ca l ly equivalent (11, 19). T h e react ive 
species either decays, regenerat ing g r o u n d state oxygen ( R e a c t i o n 1) or 
reacts w i t h acceptor ( A ) to give the p r o d u c t ( A 0 2 , Reac t ion 2 ) . 

3Sens + 3 0 2 - » RS (Sens-0 2 or iO a ) 

R S ^ 3 0 2 (1) 

K 
RS + A ^ A 0 2 (2) 

T h e instantaneous q u a n t u m y i e l d for p r o d u c t format ion ( $ A O 2 ) is 
g i v e n b y the f o l l o w i n g expression. 

fc2[A] 
3 > A 0 2 - * 3 8 e n s Jfcj + Jfc2[A] 

T h u s , the l i m i t i n g q u a n t u m y i e l d of p r o d u c t format ion at h i g h 
acceptor concentrat ion ( k 2 [ A ] > > ki) is the q u a n t u m y i e l d of t r iplet 
dye format ion ( $ 3 S e „ ) ; at l i m i t i n g l o w acceptor concentrat ion (k2[A~] 
< < $ A O 2 is p r o p o r t i o n a l to [ A ] . T h e constant (3 is def ined as k1/k2 

a n d is characterist ic for a g i v e n acceptor. T h e n u m e r i c a l value of (3 
gives the acceptor concentrat ion at w h i c h half the reactive species gives 
product . Va lues of p for a f e w compounds have been reported (4, 5, 13, 
14,16, 34, 36,37). 

T h e instantaneous y i e l d of p r o d u c t ( Y A o 2 ) m the h y p o c h l o r i t e - H 2 0 2 

oxygenations w o u l d be expected to be g iven b y an expression very s imi lar 
to that for 3>Ao2 i n the photo-oxygenat ion: 

v v 2̂ [ A ] 
1 A 0 2 — 1 3 0 2 * l + *2 [ A ] 

I n this expression, Y i 0 2 is the y i e l d of singlet oxygen p r o d u c e d f r o m a 
g iven amount of hypochlor i te , a n d the other terms have the same m e a n i n g 
as stated previous ly . 

F o r b o t h the p h o t o c h e m i c a l a n d c h e m i c a l oxygenat ion, a plot of 
1 / ^ A O 2 or l / Y A o 2 against 1 / [ A ] s h o u l d be a straight l ine a n d can be 
used to determine f3 for a g iven acceptor. 
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T h e ratio of slope to intercept is /? i n b o t h expressions. 
These relat ionships are v a l i d on ly i f [ A ] does not change d u r i n g 

the react ion (negl ig ib le convers ions) . T h i s point has been over looked 
at times. I n pract ice , instead of $>AO2> * n e amount of p r o d u c t f o r m e d 
i n a g i v e n t ime of i r r a d i a t i o n w i l l be used since it is p r o p o r t i o n a l to $>AO2 

i f the l ight flux is constant w i t h i n a series of reactions. 
Reac t ion 3 is a n important mode of decomposi t ion of 1 0 2 i n the v a p o r 

phase ( J , 24). 

h 
i 0 2 + i 0 2 - > 2 3 0 2 (3) 

T h e expressions d e r i v e d above assume a l l decay of the reactive species 
is first order. If R e a c t i o n 3 is significant under these condit ions, the ex
pression for the c h e m i c a l oxygenat ion w o u l d have to be m o d i f i e d as 
f o l l o w s : 

y y 2̂ [A] 
A 0 2 i 0 2 ^ + ^ [ A - j + 2 ^ r i Q j 

a n d a s imi lar correct ion w o u l d be necessary for the p h o t o c h e m i c a l 
process. T h e f rac t ion of intermediate g i v i n g p r o d u c t w o u l d d e p e n d o n 
the concentrat ion of intermediate . E v e n though i n photochemica l experi 
ments the rate of p r o d u c t i o n of intermediate is constant ( for a g iven 
a p p a r a t u s ) , its steady state concentrat ion w o u l d d e p e n d o n acceptor 
concentrat ion, a n d c u r v e d plots should result. I n the c h e m i c a l react ion, 
n o t h i n g resembl ing a constant rate of 1 0 2 fo rmat ion is obta ined i n our 
experiments because hypochlor i t e is not i n t r o d u c e d at a steady rate. S ince 
excellent l inear plots are observed (see Resu l t s ) , 2 f c 3 [ 1 0 2 ] < < kx i n 
solut ion. 

F r o m the rat io of P(k1/k2) values for different acceptors, the relat ive 
rate constant (k2) for the react ion of each w i t h the reactive species can 
be obta ined. H o w e v e r , i t is m u c h easier to use a compet i t ion m e t h o d . 
T h i s m e t h o d has been used b y K o p e c k y a n d R e i c h (26) a n d b y W i l s o n 
(39) for the photo-oxygenat ion, us ing different sensitizers a n d acceptors. 
It has been s h o w n that the relat ive value of k2 does not d e p e n d o n sensi
t izer (26, 39), a n d a rat io of k2 values obta ined u s i n g 102 generated b y 
electrodeless discharge was f o u n d to be compat ib le w i t h that obta ined 
i n photosensi t ized oxygenat ion (39). These results were used to support 
the suggestion (11, 19) that singlet oxygen is intermediate i n the photo
sensit ized oxygenations (26, 39). 
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68. H I G G I N S E T A L . Chemistry of Singlet Oxygen 105 

F o r the p h o t o c h e m i c a l react ion, the expression s h o w n b e l o w governs 
c o m p e t i t i o n reactions w i t h t w o acceptors ( A a n d B ) . 

fc2
A[A] 

~ d [ A ] rf[AQ2] _ < ^ 0 2 . _ fci + fc2
A[A] + f c 2

B [ B ] _ fc2
A[A] 

- d [ B ] d [ B 0 2 ] $ B 0 2 ~ fe2
B[B] * a B [ B ] 

* i + * 2
A [ A ] + * 2

B [ B ] 

T h i s di f ferent ia l expression can be used d i rec t ly for s m a l l conversions. 
S ince the denominators cancel , the expression can also be integrated 
easi ly to give the equations necessary for h igher conversions: 

fc2A _ l o g ( l - [ A Q 2 ] / [ A ] 0 ) _ l o g ( [ A ] f / [ A ] 0 ) 
k2* l o g ( l - [ B 0 2 ] / [ B ] 0 ) - l o g ( [ B ] f / [ B ] 0 ) 

These expressions are for measurement of p r o d u c t ( A 0 2 , B 0 2 ) appear
ance or acceptor disappearance, respectively. I n i t i a l a n d final concentra
tions are i n d i c a t e d b y the subscript o or f, respect ively. T h i s result is 
equivalent to the m e t h o d of I n g o l d a n d S h a w (18) , d e r i v e d for the less 
complex case of aromatic n i t ra t ion , where no decay t e r m (kx) for the 
intermediate interferes, a n d was used b y K o p e c k y a n d R e i c h for the 
photo-oxidat ion, apparent ly w i t h o u t der iva t ion (26). Previous authors 
f o l l o w e d acceptor disappearance, w h i c h is very dif f icult to measure accu
rately, p a r t i c u l a r l y for unreact ive acceptors, a n d is subject to severe 
errors i f start ing mater ia l is consumed b y side reactions (26, 39). H o w 
ever, the technique has the advantage that gas-chromatograph detector 
ca l ibra t ion is not r e q u i r e d since o n l y concentrat ion ratios are measured. 
W e have used this technique also, but w e f o u n d it far more accurate to 
measure p r o d u c t appearance since h i g h l y characterist ic products are 
formed, w h i c h i n m a n y cases d is t inguish the des ired react ion f r o m a l l 
side reactions. H o w e v e r , this m e t h o d presents the di f f icul ty that the 
p r o d u c t peroxides must be quant i ta t ive ly r e d u c e d for gas chromatogra
p h y , a n d a l l products must be isolated a n d character ized a n d detector 
response careful ly ca l ibrated . 

Experimental 

Mater ia ls . c is -4-Methyl-2-pentene, 2-methyl-2-butene, 1-methylcy-
clohexene a n d 2,3-dimethyl-2-butene were P h i l l i p s P e t r o l e u m C o . 9 9 % 
grade. S o d i u m hypochlor i te was Purex 14 ( P u r e x C o r p . ) . O t h e r reagents 
were f r o m standard sources. 

Since the olefins used for p r o d u c t appearance studies a lways con
ta ined sufficient oxygen-conta ining impur i t ies to interfere w i t h analyses, 
they were pur i f i ed i m m e d i a t e l y before use b y repeated passage t h r o u g h 
s i l ica gel u n t i l s h o w n to be sufficiently pure . 

Prepara t i ve Photo -Oxygenat ions . T h e apparatus used has been de
scr ibed (8,16). Peroxides were r e d u c e d w i t h a f o u r f o l d excess of s o d i u m 
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b o r o h y d r i d e , w i t h coo l ing . A f t e r w o r k u p b y p a r t i a l solvent r e m o v a l a n d 
e ther -water par t i t ion , the crude a l cohol mixtures were separated b y 
preparat ive G L C . Structures were u n a m b i g u o u s l y de termined b y i n f r a 
r e d , nuclear magnet ic resonance, a n d h i g h resolut ion mass spectra, w h i c h 
w i l l be reported i n more de ta i l later. 

K i n e t i c Measurements. P H O T O - O X Y G E N A T I O N S . T h e react ion vessel 
was a s m a l l i m m e r s i o n i r r a d i a t i o n apparatus s imi lar to that used for 
preparat ive w o r k (8, 16). It was i m m e r s e d i n a constant temperature 
b a t h ( 3 0 ° C . ) a n d cooled in terna l ly b y c i r cu la t ing 0 . 2 M C u 2 C l 2 so lut ion 
(also h e l d at 3 0 ° C . ) t h r o u g h the water jacket; the coolant also served as 
an in f rared filter. T o ensure stabi l i ty , the l ight source ( S y l v a n i a D W Y ) 
was operated f r o m a constant voltage transformer; to a v o i d overheat ing 
a n d to ensure convenient react ion times (5.00 m i n . ) , the voltage was 
r e d u c e d to 50 volts. T h e temperature i n the solut ion rose less t h a n 2 ° C . 
w h e n the l a m p was i n operat ion. 

Stock solutions of Rose B e n g a l w e r e p r e p a r e d i n the appropr ia te 
solvent, filtered, a n d stored i n the dark. W e i g h e d quanti t ies of 2 -methyl -
2-pentene were dissolved i n the solvent, a n a l iquot of sensitizer solut ion 
was a d d e d , a n d the solut ion d i l u t e d v o l u m e t r i c a l l y (solutions w e r e h a n 
d l e d i n s u b d u e d fight after a d d i t i o n of sensi t izer) . A f t e r react ion, the 
solutions were i m m e d i a t e l y r e d u c e d b y a d d i n g excess t r imethylphosphi te 
(7, 25). T h e y were left overnight , a n d an a l iquot of i s o a m y l a l cohol 
in terna l s tandard was a d d e d . T h e solutions were a n a l y z e d o n a P e r k i n -
E l m e r M o d e l 800 flame-ionization gas c h r o m a t o g r a p h ( N 2 carr ier ) us ing 
a n 8-foot X 1/8-inch copper c o l u m n w i t h 1 0 % U C O N W S o n 80/100 
mesh A n a k r o m A B S at 8 0 ° C . Peak areas w e r e evaluated b y t r iangula t ion 
a n d b y the peak height-hal f height w i d t h m e t h o d . A b s o l u t e y ie lds w e r e 
ca lcula ted b y ca l ibra t ing the detector b y in ject ing w e i g h e d mixtures of 
pure p r o d u c t alcohols a n d the internal s tandard i n the appropr ia te solvent. 
T h e data are s u m m a r i z e d i n Tables I a n d II . 

T a b l e I. Effect o f A c c e p t o r C o n c e n t r a t i o n on P r o d u c t Y i e l d f o r 
P h o t o - O x y g e n a t i o n of 2 -Methy l - 2 - pentene ( A ) i n tert-Butyl A l c o h o l 

[ A ] , [ A O , ] / Conversion, 
M raM % 

0.0109 0.88 8.1 
0.0131 1.01 7.7 
0.0199 1.43 7.2 
0.0313 1.92 6.1 
0.0504 2.40 4.8 
0.1003 3.22 3.2 
0.1989 4.69 2.4 

a Sum of yields of two products; mean of three or more analyses. 

C H E M I C A L O X Y G E N A T I O N S . W e i g h e d amounts of 2-methyl-2-pentene 
were dissolved i n 50:50 ( b y v o l u m e ) methanol- tef£-butyl a l cohol . 
H y d r o g e n peroxide (1 m l . of 9 . 0 8 M ) was a d d e d , a n d the solut ion was 
d i l u t e d to 100 m l . T o 50.0 m l . of this solut ion was a d d e d 0.50 m l . of 
1 . 0 5 M aqueous N a O C l over 10 m i n . w i t h s t i r r ing at 2 5 ° C . N a O C l was 
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T a b l e II. Effect o f A c c e p t o r C o n c e n t r a t i o n on P r o d u c t Y i e l d f o r the 
P h o t o - O x y g e n a t i o n of 2 -Methy l - 2 -pentene ( A ) i n 

Methanol—tert-butyl A l c o h o l 

[ A ] , [ A O , ] / Conversion, 
M m M % 

0 . 0 0 9 8 0 . 4 2 2 4 . 3 
0 . 0 1 1 8 0 . 4 7 9 4 . 1 
0 . 0 1 4 1 0 . 6 1 6 4 . 3 
0 . 0 2 0 3 0 . 8 4 0 4 . 1 
0 . 0 2 7 0 0 . 9 9 5 3 . 7 
0 . 0 3 2 5 1 . 2 5 0 3 . 8 
0 . 0 4 0 1 1 . 5 1 3 3 . 8 
0 . 0 5 1 8 1 . 6 8 0 3 . 2 
0 . 0 9 8 8 2 . 5 2 0 2 . 5 
0 . 2 0 6 7 3 . 5 1 0 1 . 7 

a Sum of yields of two products; mean of three or more analyses. 

T a b l e III. Effect of A c c e p t o r C o n c e n t r a t i o n on P r o d u c t Y i e l d 
f o r the C h e m i c a l O x y g e n a t i o n o f 2 -Methy l - 2 -pen tene ( A ) 

[ A ] , [ A O , ] / Conversion, 
M m M % 

0 . 0 1 2 1 0 . 3 1 0 2 . 6 
0 . 0 2 2 0 0 . 5 5 2 2 . 5 
0 . 0 2 8 4 0 . 7 3 7 2 . 6 
0 . 0 4 9 0 0 . 9 7 2 2 . 0 
0 . 0 9 3 3 1 . 6 8 0 1 .8 
0 . 1 9 9 5 2 . 2 8 0 1 .1 

a Sum of yields of two products; mean of three or more analyses. 

i n t r o d u c e d t h r o u g h a c a p i l l a r y b e l o w the solut ion surface. T h e c a p i l l a r y 
was f e d w i t h a syringe d r i v e n b y a thumbscrew. A f t e r a d d i t i o n , the 
peroxides were r e d u c e d overnight w i t h excess t r i m e t h y l phosphite , a n d 
the solutions were ana lyzed b y gas chromatography, as above. T h e results 
are s u m m a r i z e d i n T a b l e I I I . 

C O M P E T I T I O N R E A C T I O N S : P R O D U C T A N A L Y S I S M E T H O D . T h e pro
cedures used were ident i ca l to those descr ibed above, except that pairs 
of olefins were present i n the solutions. I n some cases t r i m e t h y l phosphi te 
h a d a retention t ime near that of a product , a n d t r i p h e n y l phosphi te was 
used as the r e d u c i n g agent. I n c h e m i c a l oxygenat ion of the less reactive 
olefins, products other than those f o u n d i n photo-oxygenat ion reactions 
were detected. These side products c o u l d be suppressed b y a d d i n g free-
r a d i c a l inhib i tors such as 2 , 6 - d i - t e r f - b u t y l p h e n o l a n d c o n d u c t i n g the 
react ion near 0 ° C . T h e products f r o m these olefins are l i s ted i n T a b l e 
I V . T h e results are l is ted i n T a b l e V . 

C O M P E T I T I O N R E A C T I O N S ; A C C E P T O R D I S A P P E A R A N C E M E T H O D . Photo-
Oxygenation. W e i g h e d quantit ies of the t w o olefins ( s u c h that the final 
so lut ion was approximate ly 0 . 2 4 M i n each) a n d a n interna l s tandard 
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108 OXIDATION OF ORGANIC COMPOUNDS HI 

Tab le IV . P r o d u c t s of Olef in Oxygenat ions" 

Photo-

Olefin Alcohol A Alcohol B 
Oxygenation 
%A %B 

OCl/H202 

%A %B 

H O " 0 0 100 100 

OH 
H O / 

- o 49 51 51 49 

H0;0 HoX̂ HO'̂ Ŷ  JO 48 52 49 51 

HO x 

51 49 52 48 

HO X 

96 4 94 6 

H 
HO 

H 100 

° After reduction of the peroxides to the corresponding alcohols: mean of four or more 
analyses. 
6 Free radical products could not be suppressed sufficiently to permit analysis. 

T a b l e V. R e l a t i v e React iv i t i es of Olefins by P r o d u c t Analys is" 

Photo-
Oxygenation* OCl /H202 

Olefin A Olefin B k*/k2B 2,3-Dimethyl-2-butene 2-Methyl-2-butene d 41 35 
2-Methyl-2-butene 2-Methyl-2-pentene d 1.32 1.28 
2-Methyl-2-pentene 1-Methylcyclohexene d 4 . 5 e 3.9 e ' f 

m-4-Methyl-2-pentene Cyclohexene 9 5.4 e h 
c«-4-Methyl-2-pentene 2-Methyl-2-pentene * 

2-Methyl-2-pentene f 

0.014 0.011' 
£rans-4-Methyl-2-pentene 

2-Methyl-2-pentene * 
2-Methyl-2-pentene f 0.0025 0.0020' 

a Mean of two or more experiments in methanol-*ert-butyl alcohol (50:50); reduced 
with trimethyl phosphite unless otherwise stated. 
b Sensitized by Rose Bengal, 30°C. 
c At 25°C. unless otherwise stated; solution volume 50 ml. 
d Internal standard, isoamyl alcohol. 
e Reduced with triphenyl phosphite. 
1 0.024M in 2,6-di-ter£-butylphenol; reaction temperature 3-4°C. 
* Internal standard, n-amyl alcohol. 
h Free radical products could not be suppressed sufficiently to permit analysis. 
* Internal standard, isobutyl alcohol. 
} 0.097M in 2,6-di-ter£-butylphenol; reaction temperature 3-4°C. 

were dissolved i n m e t h a n o l - f ert - b u t y l a l cohol (50:50 b y v o l u m e ) con
t a i n i n g Rose B e n g a l , a n d a smal l quant i ty of this so lut ion was r e m o v e d 
for analysis. T h e r e m a i n i n g solut ion was then i r rad ia ted under oxygen, 
a n d the react ion was f o l l o w e d b y oxygen consumpt ion . I r rad ia t ion was 
cont inued u n t i l the extent of react ion was approximate ly e q u a l that used 
i n the c h e m i c a l oxygenat ion of the same pa i r of olefins (see below). 
Analyses were p e r f o r m e d o n a P e r k i n - E l m e r M o d e l 154 gas chromato-
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68. H I G G I N S E T A L . Chemistry of Singlet Oxygen 109 

graph. Peak heights of the t w o olefins relat ive to the in terna l s tandard 
i n the final solut ion were c o m p a r e d w i t h the same quantit ies i n the u n 
reached solut ion to calculate the fractions of each of the olefins converted. 
T h e columns a n d internal standards used are g iven i n T a b l e V I . I n some 
reactions, a free r a d i c a l inh ib i tor was also present to m a k e condit ions 
str ict ly p a r a l l e l to those used i n the c a l c i u m hypochlor i te experiments. 
A d d i t i o n of this c o m p o u n d h a d no detectable inf luence o n the results, 
w h i c h are s u m m a r i z e d i n T a b l e V I . 

Chemical Oxygenations. These were carr ied out u s i n g the react ion 
of either s o d i u m or c a l c i u m hypochlor i te w i t h h y d r o g e n peroxide. I n the 
s o d i u m hypochlor i te experiments, solutions of the t w o olefins a n d in te rna l 
s tandard ( a g a i n 0 . 2 4 M i n the three c o m p o u n d s ) a n d h y d r o g e n peroxide 
( i n excess of the quant i ty of hypochlor i te to be a d d e d ) i n methanol-^erf-
b u t y l a l c o h o l (50:50 b y v o l u m e ) were prepared , a smal l quant i ty re
m o v e d for analysis, a n d the r e m a i n i n g solut ion cooled to b e l o w — 2 0 ° C . 
A q u e o u s s o d i u m hypochlor i te so lut ion was then a d d e d d r o p w i s e to this 
solut ion u n d e r s t i rr ing, a n d the progress of the react ion was f o l l o w e d b y 
measur ing the oxygen evolved . T h e i n i t i a l a n d final solutions w e r e t h e n 
a n a l y z e d as i n the photo-oxygenat ion. T h e experiments u s i n g c a l c i u m 
hypochlor i te were essentially ident ica l , except that the solutions also 

Tab le V I . R e l a t i v e React i v i t i es o f Acceptors b y 
A c c e p t o r D isappearance 0 

Photo-
Oxygen- NaOCl/ Ca(OCl)2/ 

ationh H202 H202 

Compound A Compound B k2
A/k2

B k2
A/k2

B k2
A/k2

B 

2,5-Dimethylfuran 2,3-Dimethyl-2-butene c ' e 2.4 5.2 1.5 
Cyclopentadiene 2,3-Dimethyl-2-butene d ' r 1.2 2.0 0.7 
2,3-Dimethyl-2- l ,3-Cyclohexadiene d > 1 1 3 ' 3 

butene 
2 -Methy l -2 -butene c ' 22 15 23 
ds-3-Methyl-2-pentene c > h 36 25 

2-Methyl-2-butene ds-3-Methyl-2-pentene c ' h 1.8 2.5 
*rans-3-Methyl-2-pentene c * 1.2 1.4 
l -Methylcyc lopentene c ' ' 1.0 1.6 
l - M e t h y l c y c l o h e x e n e d t 23 20 

*rans-3-Methyl-2- l -Methylcyclohexene d ' 1 22 7 
pentene 

° Mean of two or more determinations in methanol-terf-butyl alcohol (50:50). 
b Sensitized by Rose Bengal. 
c Analyzed on a 6-foot X 1/4-inch aluminum column packed with 20% U C O N WS 
on 60/80 Chromosorb W . 
d Analyzed on a 6-foot X 1/4-inch aluminum column packed with 10% 3,3'-thiodi-
propionitrile on 70/80 Anakrom ABS. 
* Internal standard, toluene. 
f Internal standard, carbon tetrachloride. 
9 Internal standard, hexane. 
h Internal standard, heptane. 
* Internal standard, octane. 
J Result of a single determination. 
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110 O X I D A T I O N O F O R G A N A C C O M P O U N D S I I I 

conta ined 2,4 ,6-tr i - tert-butylphenol (5 -10% of the olef in concentra t ion) , 
a n d the c a l c i u m hypochlor i te was a d d e d as a sol id . T h e results are sum
m a r i z e d i n T a b l e V I . 

Results 

D e t e r m i n a t i o n of f3(k1/k2). T h e previous discussion shows that the 
amount of p r o d u c t f o r m e d changes most r a p i d l y w i t h changes i n acceptor 
concentrat ion w h e n the range of [ A ] brackets Since the convenient 
exper imental range of [ A ] is 0.01-0.2M, 2-methyl-2-pentene, [ reported 
j3 = 0 . 1 8 M i n methanol (13, 14, 34)], was selected. 

In i t i a l experiments were r u n i n tert-butyl a lcohol , w h i c h d ic ta ted a 
react ion temperature of 3 0 ° C , but since m e t h a n o l - t e r t - b u t y l a lcohol 
(50:50 b y v o l u m e ) was f o u n d to be the best solvent for the c h e m i c a l 
oxygenation, the photo-oxygenat ion experiments were rerun i n this 
solvent. 

Solutions of 2-methyl-2-pentene of concentrations i n the range 0.01 
to 0 . 2 M conta in ing ident i ca l quantit ies of Rose B e n g a l were prepared a n d 
i r radia ted under ident i ca l condit ions for 5 minutes . F i g u r e 1 is a p l o t 
of 1/ [ A 0 2 ] , the amount of p r o d u c t f o r m e d i n photo-oxygenations i n the 
t w o solvents against l / [ A ] m e a n , the m e a n concentrat ion of acceptor 
d u r i n g a react ion. Since conversions were purpose ly kept l o w ( i n no 
case exceeding 8 % ) , [ A ] M E A N differs on ly s l ight ly f r o m [ A ] i n i t i a l , a n d the 
equat ion discussed i n the i n t r o d u c t i o n is v a l i d . T h e least-square l ine 
through the points gives a value of ft e q u a l to 0.13 ± 0 . 0 2 M for m e t h a n o l -
tert-butyl a lcohol , a n d 0.051 ± 0 .003M for tert-butyl a lcohol . T h e results 
of the c h e m i c a l oxygenat ion i n m e t h a n o l - t e r t - b u t y l a lcohol are p lo t ted 
i n F i g u r e 2 w i t h the least-square l ine g i v i n g /? e q u a l to 0.16 ± 0 . 0 4 M . 

R e l a t i v e React iv i t ies . B Y P R O D U C T A N A L Y S I S . Solutions of pairs of 
olefins i n m e t h a n o l - t e r t - b u t y l a lcohol were i r radia ted us ing Rose B e n g a l 
as sensitizer. T h e peroxides were r e d u c e d to the corresponding alcohols, 
a n d the products were a n a l y z e d b y gas chromatography. M e t h o d s s imilar 
to those descr ibed above were used for the c h e m i c a l oxygenations. W i t h 
unreact ive olefins, large amounts of reagents h a d to be used to give 
sufficient conversions, a n d side reactions became important i n some cases. 
T h e side reactions c o u l d be suppressed b y a d d i n g free r a d i c a l inhib i tors 
a n d l o w e r i n g the temperature. 

B Y A C C E P T O R D I S A P P E A R A N C E . W e i g h e d quantit ies of t w o compounds , 
chosen to be s imi lar i n react ivi ty , were dissolved a long w i t h an unreact ive 
in terna l s tandard i n m e t h a n o l - t e r t - b u t y l a lcohol conta in ing Rose Benga l . 
Analyses of the solut ion before a n d after i r rad ia t ion were carr ied out, 
a n d the data were treated as descr ibed i n the in t roduct ion . S imi lar 
methods were used for the c h e m i c a l oxygenations, w h i c h were carr ied out 
at — 20 ° C . R a d i c a l inhibi tors were a d d e d i n some of the runs. Severe 
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2 0 4 0 6 0 8 0 100 120 

«/lAL„„ (M"1) 

Figure 1. Photo-oxygenation of 2-methyl-2-
pentene at 30°C. 

O: in methanol-tert-butyl alcohol (p = 0.13M ± 
0.02) 

0 : in tert-butyl alcohol (p = 0.051M ± 0.003) 

difficulties were encountered i n us ing this technique w i t h unreact ive 
acceptors because large amounts of aqueous hypochlor i te h a d to be a d d e d 
to convert enough acceptor for accurate measurement. 

React ivi t ies of various acceptors (values of k<2 relat ive to h> for 2,3-
d imethyl -2 -butene) , ca lculated b y the m e t h o d of I n g o l d a n d S h a w (18) 
(as discussed i n the in t roduct ion) are assembled i n T a b l e V I I . V a l u e s 
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determined b y previous workers for photo-oxygenat ion are i n c l u d e d for 
comparison. Those of G o l l n i c k a n d Schenck (13, 14, 34) are ca lcula ted 
f r o m p values obta ined f r o m oxygen uptake measurements, whereas those 
of K o p e c k y a n d R e i c h (26) were de termined b y acceptor disappearance 
studies. 

Discussion 

T h e excellent l inear p lot ( F i g u r e 2) obta ined for the c h e m i c a l 
oxygenat ion of 2-methyl-2-pentene demonstrates that a transient reactive 
intermediate is f o r m e d i n this react ion a n d that the f rac t ion of the inter
mediate w h i c h is t r a p p e d depends on acceptor concentrat ion i n the 
expected w a y . [ F r o m the intercept of this plot , i t can be d e t e r m i n e d 
that the y i e l d of 1 0 2 , based o n hypochlor i te is 4 3 % u n d e r these condit ions . 
A t l o w e r temperatures, y ie lds as h i g h as 6 5 % can be obta ined repro-
d u c i b l y (8)1. 

35 

0 
20 40 60 100 

1/EA] 
mean 

Figure 2. Chemical oxygenation (NaOCl/ 
H2Oz) of 2-methyl-2-pentene in methanol-

tert-butyl alcohol ($ = 0.16M ± 0.04) 
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68. H I G G I N S E T A L . Chemistry of Singlet Oxygen 113 

T h e va lue of /3 (fci/fc2) obta ined f r o m F i g u r e 2 is 0.16 ± 0.04M, i n 
excellent agreement w i t h that obta ined for the p h o t o c h e m i c a l oxygena
t i o n (0.13 ± 0.02M). These values ( for m e t h a n o l - t e r f - b u t y l a lcohol ) are 
i n good agreement w i t h that obta ined for 2-methyl-2-pentene i n methanol 
(0.18M) b y oxygen absorpt ion methods (13, 14, 34). [ T h e s m a l l dis 
crepancy is p r o b a b l y caused b y a solvent effect, as s h o w n b y the fact 
that the p h o t o c h e m i c a l value i n pure tert-butyl a l cohol is 0.051 ± 0.003M. 
N o large solvent effect o n f$ is observed; values i n solvents as different 
as m e t h a n o l a n d benzene differ b y less than a factor of 2 (12).] T h a t the 
values for the t w o reactions are so s imi lar provides strong support for 
the suggestion (11, 19) that singlet oxygen is the reactive intermediate 
i n b o t h reactions. It w o u l d be a remarkable coinc idence if the rat io of 
the t w o rate constants were the same for S e n s - 0 2 a n d for 1 0 2 ; c o m p l e x i n g 
w i t h sensitizer w o u l d have to affect b o t h the react ion rate of oxygen 
w i t h acceptor a n d the decay rate b y the same fract ion . 

Re la t ive reactivit ies ( T a b l e V I I ) de termined i n this s tudy are i n 
excellent agreement w i t h previous photo-oxygenat ion values (13, 14, 26, 
34), cons ider ing that the react iv i ty spread is 105. Results of the p r o d u c t 
appearance studies are h i g h l y reproduc ib le , a n d the values for photo
sensit ized a n d c h e m i c a l oxygenat ion agree w i t h i n the exper imental error. 
T h e results of the acceptor disappearance studies are more erratic ; results 
of c h e m i c a l oxygenat ion are r e p r o d u c i b l e f r o m r u n to r u n only w i t h i n 
about a factor of t w o (most of the values i n T a b l e V I I are the average 
of m a n y determinat ions) . T h e lack of r e p r o d u c i b i l i t y is p r o b a b l y caused 
b y the fact that l o w conversions h a d to be used to a v o i d so lubi l i ty p r o b 
lems caused b y a d d i n g aqueous hypochlor i te . I n a d d i t i o n , even smal l 
amounts of acceptor lost b y evaporat ion or side reactions cause a large 
error i n results obta ined b y this m e t h o d , p a r t i c u l a r l y w i t h unreact ive 
acceptors. Nevertheless, the results obta ined for the t w o reactions are i n 
good agreement. T h e worst agreement is f o u n d for 1,3-cyclohexadiene, 
w h e r e the results for the t w o reactions differ b y a factor of 4; on ly one 
r u n was carr ied out i n the photo-oxygenat ion of this substrate, a n d the 
value m a y w e l l be i n error. 

T h e react iv i ty of cyclohexene de termined is lower b y a factor of 
3-5 t h a n that f o u n d i n previous studies. P a r t i c u l a r l y w i t h this very 
unreact ive acceptor, p r o d u c t appearance studies are more re l iable since 
acceptor disappearance methods (26) or oxygen uptake studies (13, 14, 
34) can l ead to a decept ive ly h i g h react ivi ty for the reasons m e n t i o n e d 
above. H o w e v e r , s ide reactions occurred to such an extent i n the c h e m i 
c a l oxygenat ion that the des ired p r o d u c t c o u l d not be d is t inguished 
re l iab ly f r o m side products . 

If the reactive intermediate i n the photo-oxygenations were a c o m 
plex of sensitizer a n d oxygen, the sensitizer s h o u l d influence the electron 
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Tab le V I I . R e l a t i v e React iv i t i es o f Accepto rs 

Olefin 
Product Analysisa Disappearance" 

Photo-
Oxygen

ation 
NaOCl/ 

H202 

(1.00) (1.00) 

Photo-
Oxygen-

ation 

2.4 
1.2 

(1.00) 

0.024 

0.019 

0.028 

0.022 

0.08 e 

0.05 
0.05 

0.0041 

0.000048 
0.00026 

0.0056 

0.00024 

0.000047 0.000044 

OCl/ 
H202* 

3.8 
1.1 

(1.00) 

Photo-
Oxygen-

ationc 

0.3 

0.06 
0.03 

2,5-Dimethy If uran 
Cyclopentadiene 
2,3-Dimethyl-

2-butene 
1,3-Cyclohexa-

diene 
2-Methyl-2-butene 
1- Methylcyclo-

pentene 
2- Methyl -

2-pentene 
Trans-3-methyl-

2-pentene 
Cis-3-methyl-

2-pentene 
1-Methylcyclo-

hexene 
Cyclohexene 
Cis-4-methyl-

2-pentene 
Trans-4-methyl-

2-pentene 
a Present work. 
b Combined results from NaOCl and Ca(OCl )2 experiments. 
c Calculated from p values reported in Refs. 13, 14, 34. 

d From Ref. 26. 
e Result of a single determination. 

0.04 0.03 

0.03 0.03 

0.002 0.003 

0.055 

0.017 

Photo-
Oxygen-

ationd 

(1.00) (1.00) 

0.070 

0.0025 

0.00012 

0.0082 

0.00018 

d e m a n d of the oxygen ( a n d presumably reduce i t ) . T h e complex should 
also be b u l k i e r than singlet oxygen. H e n c e , i t w o u l d be expected to differ 
f r o m singlet oxygen i n sensit ivity to b o t h electron density a n d steric 
effects. H o w e v e r , the relat ive reactivit ies of acceptors are the same i n 
b o t h reactions. 

A s a lready p o i n t e d out ( 9 ) , the stereoselectivity of the reactive 
intermediate s h o u l d be al tered if a b u l k y sensitizer were at tached to 
the oxygen, b u t no differences i n stereoselectivity be tween photosensi t ized 
a n d c h e m i c a l oxygenat ion were observed ( 9 ) . T h e results i n T a b l e I V 
p r o v i d e further strong evidence that no differences i n stereoselectivity 
exist since the p r o d u c t dis tr ibut ions i n the t w o reactions are i d e n t i c a l w i t h 
these acceptors also. 

Thus , b y the cr i ter ia of react ivi ty , decay rate, a n d stereoselectivity 
the c h e m i c a l l y generated reactive species is indis t inguishable f r o m the 
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reactive intermediate i n the photo-oxygenat ion. Strong arguments based 
o n l i fe t ime a n d chemistry have been a d v a n c e d that the intermediate i n 
the c h e m i c a l oxygenat ion is 1Ag 0 2 (rather than or v ibra t iona l ly 
exci ted g r o u n d state 0 2 ) (8). T h e reactive intermediate i n the photo-
oxygenations is thus p r o b a b l y also 1Ag 0 2 . 

T h e results of L i t t a n d N i c k o n (27) show smal l b u t reportedly sig
nificant differences i n isotope effects w i t h different photosensitizers a n d 
i n c h e m i c a l oxygenat ion. F u r t h e r s tudy is obvious ly desirable. T h e 
f o r m a t i o n of a sens i t izer -oxygen complex w h i c h dissociates before react
i n g (13, 14,17, 23, 34) w o u l d be entirely consistent w i t h our results. 

A recent s tudy indicates that w i t h sensitizers of tr iplet energy above 
37 kcal ./mole , 0 2 is the p r i n c i p a l p r i m a r y p r o d u c t of oxygen quench
i n g of the dye tr iplet (20-23). Rose B e n g a l has a t r iplet energy of 45.4 
kca l ./mole a n d s h o u l d give substantial amounts of % + 0 2 ( 20-23). T h e 
results reported here show that 1Xg

+ 0 2 either does not react a p p r e c i a b l y 
w i t h these substrates, or else ( m u c h less l i k e l y ) it has an ident i ca l ratio 
of react ion to decay rates a n d gives a n i d e n t i c a l p r o d u c t d i s t r ibut ion . If 
this were not the case, curvature of the plots i n F igures 1 a n d 2 w o u l d 
be expected, a n d the p r o d u c t d i s t r ibut ion w o u l d d e p e n d o n acceptor 
concentrat ion since the l i fe t ime of 1Xg

+ 0 2 is less than that of 1Ag 0 2 (1,2, 
33). S i m i l a r conclusions were reached b y W i l s o n o n the basis of more 
l i m i t e d evidence ( 3 9 ) . P r o b a b l y 1 2 / 0 2 , if f o r m e d , decays to 1^g 02 

rather than d i rec t ly to g r o u n d state 0 2 , since the m a x i m u m q u a n t u m 
y i e l d for p r o d u c t format ion i n the photo-oxygenat ion is e q u a l to the 
q u a n t u m y i e l d of Rose B e n g a l t r iplet format ion (13, 14, 15, 34) so that 
no intermediate is lost. T h e results reported b y O g r y z l o (33) show that 
the l i fe t ime of x 2 / 0 2 is so short that the react ion rate of a n acceptor 
must be 1 0 5 - 1 0 8 t imes faster w i t h % + than w i t h 1Ag 0 2 for the % + 

react ion to be detected. 
T h e factors in f luenc ing the react iv i ty of various substrates i n the 

photo-oxygenat ion have been discussed b y K o p e c k y a n d R e i c h (26) a n d 
b y G o l l n i c k a n d Schenck (13, 14, 15, 34). T h e results reported here 
conf i rm that e lectron-r ich olefins are par t i cu lar ly reactive a n d that cyc lo-
hexenes are comparat ive ly unreact ive c o m p a r e d w i t h acyc l i c compounds . 
K o p e c k y a n d R e i c h (26) ra t iona l ized this react iv i ty sequence b y u s i n g 
a n extreme resonance f o r m of singlet oxygen, react ing via a perepoxide, 
as o r i g i n a l l y proposed b y Sharp (38). 

- + \l 
: Q — O : + C 

II 
C 

/ 
H — C 
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W h i l e it is very diff icult to ru le out such a m e c h a n i s m posi t ively , it seems 
far more l i k e l y that the react ion is a near ly concerted c y c l o a d d i t i o n , as 
prev ious ly suggested b y G o l l n i c k a n d Schenck (13, 14, 15, 34) a n d b y 
N i c k o n (27,30, 31, 32) on stereochemical grounds. Singlet oxygen ( 1 A ( 7 ) 
has an electronic structure s imi lar to ethylene ( 8 ) , a n d the electronega
t i v i t y of the oxygen atoms is qui te adequate to rat ional ize the electro-
p h i l i c character of the react ion w i t h o u t recourse to the perepoxide mecha
n i s m . L i t t a n d N i c k o n have presented a d d i t i o n a l arguments against the 
perepoxide m e c h a n i s m (27). Singlet oxygen can be v i s u a l i z e d as a 
d ienophi le , undergo ing the D i e l s - A l d e r react ion w i t h dienes, a n d the ene 
react ion w i t h olefins ( 9 ) . ( I t s h o u l d be e m p h a s i z e d that i t is a reagent 
of remarkable selectivity a n d undergoes no react ion at a l l w i t h most 
compounds . ) 

T h e concerted nature of the react ion is i n d i c a t e d b y the fact that a 
M a r k o v n i k o f f - t y p e d i rec t ing effect is essentially absent. Secondary a n d 
tert iary products are f o r m e d i n nearly e q u a l amounts f r o m u n s y m m e t r i -
ca l ly subst i tuted olefins (9, 13, 14, 15, 17, 27, 34). I n a d d i t i o n , subst i tu-
ents on the p h e n y l group of t r imethylstyrene exert no effect o n the 
p r o d u c t dis tr ibut ions (12). F u r t h e r m o r e , ft values for 2-methyl-2-pentene 
show only a v e r y smal l solvent effect (12). A l l these facts suggest that 
l i t t le po lar i ty is deve loped at the transi t ion state a n d are consistent w i t h 
a concerted react ion. 

J . H . K n o x has asked whether singlet oxygen m i g h t not be i m p l i c a t e d 
i n spontaneous in i t ia t ion processes at elevated temperatures since the 
ac t ivat ion energy w o u l d be f a i r l y l o w . H o w e v e r , XAG 0 2 , even if spon
taneously f o r m e d ( a f a i r l y s low process, even at 3 0 0 ° C . because of the 
forbiddenness) w o u l d not react apprec iab ly w i t h ethylene or propylene ; 
more h i g h l y subst i tuted olefins m i g h t i n p r i n c i p l e react, but the over-a l l 
rate w o u l d p r o b a b l y be too l o w . H o w e v e r , l i t t le is k n o w n about gas-phase 
reactions of singlet 0 2 . 
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69 

Photo-Oxygenation of Mono-Olefins 
Reaction Steps Involving the Olefin 

FRED A. LITT and ALEX NICKON 

Enjay Additives Laboratory, L inden , N. J., and The Johns Hopkins 
University, Baltimore, M d . 

Early studies on photosensitized oxygenation of mono-olefins 
have shown the non-involvement of mesomeric allylic inter
mediates, based on the shifting of the position of the double 
bond during reaction. In this work, six other intermediates, 
all involving preliminary formation of the C—O bond are 
considered. Data from the literature are used to disprove 
formation of some of these, and data are presented ruling 
out the others. The reaction steps involving the olefin are 
thus shown to be concerted. 

All p r i m a r y products isolated f r o m olef in photo-oxygenations conta in 
the unsaturat ion i n a pos i t ion adjacent to the o r i g i n a l posi t ion, as i l lus -

^ C — C p = C 3 ^ " ^ C l = C 2 ~ ~ ^ 

H HOO 

Figure 1. Primary products from ole
fin photo-oxygenations, showing unsat
uration in position adjacent to original 

position 

t rated i n F i g u r e 1. M e s o m e r i c a l l y l i c intermediates, such as 1, are there-

C1 C 2 C 3 —^ 

1 

fore p r e c l u d e d . A par t i cu lar ly elegant example of this rule is the photo-
oxygenat ion of opt i ca l ly active l imonene ( 2 ) . O n e p r o d u c t of this 

118 
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69. LiTT A N D N I C K O N Mono-Olefins 119 

react ion, after reduct ion , is trans-carweol (3), w h i c h has the absolute 

2 3 

stereochemistry indica ted , r u l i n g out in termediacy of species such as the 
a l l y l i c free r a d i c a l , 4 (8, 9 ) . 

4 

T h e photosensi t ized oxygenat ion of the cholesterol-7-di molecules 
conta in ing epimer ic isotopic labels ( 5 a a n d 5b) has demonstrated the 
c y c l i c nature of the react ion; the C — H or C — D b o n d b r o k e n was always 

5a: Rt = H, R 2 = D 6a: = H 
5b: Rx = D, R 2 = H 6b: R x = D 

the b o n d on the a side of the steroid skeleton, cis to the C — O b o n d 
f o r m e d (11). A t the t ime, however , no conclusions regard ing the t i m i n g 
of the format ion of the C — O a n d O — H bonds c o u l d be d r a w n . 

T h e species that reacts w i t h the olefin has been var ious ly c i ted as 
singlet oxygen a n d as a complex between oxygen a n d sensitizer. W e find 
o n l y six reasonable ways to combine an olef in w i t h singlet oxygen. These 
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possible intermediates are s h o w n i n F i g u r e 2. T h e sensitizer, i f s t i l l 
present, c o u l d be considered b o u n d to the oxygen i n some manner . 

W h i l e the first five intermediates, 7 t h r o u g h 11, c o u l d be considered 
extreme forms of a resonance h y b r i d , w e are o b l i g e d to consider these 
structures separately, l a c k i n g a priori i n f o r m a t i o n o n the relat ive contr i 
but ions of these forms. 

7 8 9 

1 0 1 1 1 2 

Figure 2. Possible intermediates in photo-oxygenation of 
olefin 

Intermediate 7 was first proposed b y D . B . Sharp (14) a n d n a m e d 
b y h i m a "perepoxide . " T h e f o l l o w i n g discussion, regard ing the photo-
oxygenat ion of a s imple tr isubst i tuted olefin, shows that the l i k e l i h o o d of 
involvement of this intermediate is smal l . 

I n the photo-oxygenat ion of a tr isubst i tuted olefin, such as t r i m e t h y l -
ethylene ( 1 3 ) , t w o perepoxides are poss ib le—a si/n-perepoxide ( 1 4 ) , 
a n d a n anf i -perepoxide ( 15 ) — a s s h o w n i n F i g u r e 3. W h i l e 14 c o u l d 
give either the tert iary hydroperox ide 16 or the secondary hydroperox ide 
17, perepoxide 15 c o u l d only y i e l d 17. Stat ist ical ly, therefore, o n l y one-
f o u r t h of the olefin u n d e r g o i n g react ion w o u l d g ive 16. I n react ion of 
13, the p r e d o m i n a t i n g perepoxide s h o u l d be 15, for steric reasons. F u r 
thermore, i n the react ion of 14, i f there is any p a r t i a l posi t ive charge o n 
the oxirane carbon, 17 w o u l d predominate since the par t ia l posi t ive 
charge w o u l d be at a tert iary center rather than a secondary one, as for 
the format ion of 16. Therefore the statistical result above is the u p p e r 
l i m i t r e q u i r e d b y this mechanism. T h e observed result was that the t w o 
hydroperoxides were f o r m e d i n e q u a l yie lds (8, 9 ) . T h e photo-oxygena
t i o n of tr isubst i tuted olefins other than 13 t y p i c a l l y also gives near ly 
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0" 

0 0 H 

Figure 3. Mechanism for photo-oxygenation of a trisubstituted olefin 

e q u a l yie lds of secondary a n d tert iary hydroperoxides ( 1 ) . Involvement 
of perepoxide intermediates is not, therefore, l ike ly . 

A n u m b e r of studies have s h o w n that increasing a l k y l subst i tut ion 
of the double b o n d facilitates the react ion (9, 10, 14). In termediacy of 
10 is, therefore, p r e c l u d e d since it requires the opposite substituent effect. 

N o r b o r n e n e ( 1 8 ) p r o v e d to be a useful substrate i n test ing for inter
mediates 8 a n d 9. T h e b r i d g e h e a d hydrogens are kept f r o m p a r t i c i p a t i n g 
b y the consequent i n t r o d u c t i o n of a b r i d g e h e a d double b o n d (Bredt 's 
r u l e ) (7). T h e olef inic l inkage i n norbornene has been s h o w n to be at 
least as reactive to a var iety of reagents as that of an a c y c y l i c or m o n o 
c y c l i c olefins (6). T h e dioxetane intermediate , 19, if f o r m e d w o u l d be 
capable of g i v i n g d s - l , 3 - d i f o r m y l c y c l o p e n t a n e , 20. T h e z w i t t e r i o n inter
mediate , 2 1 , i f fo rmed, w o u l d be capable of g i v i n g any of a host of 
u l t imate products , through skeletal rearrangements customari ly associated 
w i t h the 2 -norbornonium i o n system (12). These react ion paths are 
s h o w n i n F i g u r e 4. 

W i t h these possibil i t ies i n m i n d w e at tempted the photo-oxygenat ion 
of norbornene. W i t h either methylene b lue or h e m a t o p o r p h y r i n as sen
sit izer a n d methanol or p y r i d i n e as solvent, w e obta ined no evidence of 
any react ion b y in f rared or N M R spectrum, b y gas chromatography, or 
b y spot test for hydroperox ide (potass ium iodide/starch i n 2 -propanol/ 
acetic a c i d ) or peroxide ( h y d r i o d i c ac id/starch i n 2 - p r o p a n o l ) . W h i l e 
the ha l f - l i fe of react ion of cyclohexene was o n l y about one d a y u n d e r 
our react ion condit ions , no evidence of react ion of norbornene was ob
ta ined i n a p e r i o d of one m o n t h . Assay of norbornene b y gas chroma
tography w i t h benzene as in terna l s tandard f a i l e d to show any deple t ion 
of norbornene over the at tempted react ion in terva l . 

W h i l e w e f o u n d no evidence of any react iv i ty of norbornene, the 
relevant po int is that the react ivi ty , if existent, is at least four orders of 
m a g n i t u d e lower than that of cyclohexene, a s imi lar ly subst i tuted olefin 
conta in ing reactive a l l y l i c hydrogens. W e therefore find that the d i -
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OOH OOH 

Figure 4. Reaction paths in the photo-oxygenation of norbornene 

oxetane a n d z w i t t e r i o n intermediates 8 a n d 9, do not contr ibute signif i 
cant ly to the photo-oxygenat ion p a t h of "react ive" olefins. 

T h e possible involvement of singlet d i r a d i c a l 11 or tr iplet d i r a d i c a l 
12 was tested b y s t u d y i n g the photo-oxygenat ion of various cis-trans 
olefin pairs as fo l lows. F i g u r e 5 indicates a potent ia l scheme for photo-
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oxygenat ion of a 1,2-disubstituted olefin. ( T h e scheme w o u l d a p p l y to 
react ion of an u n s y m m e t r i c a l t r i - or tetrasubstituted olefin as w e l l . ) T h e 
important feature of this sequence is the presence of a single b o n d i n 
the pos i t ion of the o r i g i n a l double b o n d . Rota t ion a r o u n d this single 
b o n d converts d i r a d i c a l 22, p r o d u c e d b y a d d i t i o n of oxygen to the cis 
olefin, to 23 , that p r o d u c e d f r o m the trans olefin. If these intermediates 
were f o r m e d revers ibly , the geometric isomers of the olefin w o u l d inter-
convert d u r i n g react ion. 

W e felt it best to select an unreact ive olefin pa i r for this s tudy since 
the r e d u c e d react iv i ty c o u l d reflect the slowness of the final step a n d 
m a x i m i z e the isomerizat ion poss ibi l i ty . T h e cyclododecene isomers were 

Figure 5. Potential scheme for photo-oxygenation of a 1,2-disubstituted 
olefin 
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f o u n d suitable. U n d e r the condit ions i n w h i c h cyclohexene reacted w i t h 
a one-day hal f - l i fe , the hal f - l i fe of Jrans-cyclododecene photo-oxygenat ion 
was about 3 weeks. T h e trans isomer, 24, was about three times as react ive 
as the cis isomer 25 . Samples of the cyclododecenes, separated f r o m a 

24 25 

c o m m e r c i a l mixture b y preparat ive gas chromatography, were separately 
photo-oxygenated w i t h methylene b lue as sensitizer. A l t h o u g h the detec
t ion l i m i t of the isomer of the start ing olef in was less t h a n 1 % , relat ive 
to the starting isomer, i n no case was i somer izat ion detected. 

Since i t was desirable to i n c l u d e a n olef in w i t h a p a r t i c u l a r l y large 
d r i v i n g force t o w a r d isomerizat ion w e chose caryophyl lene ( 2 6 ) . T h e 
frans-cyclononene l inkage of caryophyl lene is readi ly i somer ized b y r a d i 
cals such as the n i t rogen oxides ( 4 ) . E v e n i n this case, however , no 
isomerizat ion was apparent . W e conf i rmed that i socaryophyl lene ( 2 7 ) 
w o u l d have been detected under the react ion condit ions h a d it been 

26 27 

f o r m e d . W e further f o u n d that caryophyl lene was about five t imes as 
react ive as isocaryophyl lene , a n d therefore, i f i socaryophyl lene h a d been 
f o r m e d , i t w o u l d have persisted for detect ion. 

T o extend the general i ty of these results, w e examined the photo-
oxygenat ion of trans, trans, £rans-l ,5 ,9-cyclododecatriene ( 2 8 ) . T h e 

28 29 
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69. L I T T A N D N I C K O N Mono-Olefins 125 

monoisomer ized mater ia l ( 2 9 ) f a i l e d to appear d u r i n g reactions. E x a m i 
nat ion of the photo-oxygenat ion of b o t h geometr ical isomers of 4 -methyl -
2-pentene a n d 2-octene (30 t h r o u g h 33) f a i l e d to show isomerizat ion i n 
these cases. 

30 31 32 33 

Quant i ta t ive ly , unless the photo-oxygenat ion rate of the isomer not 
i n i t i a l l y present is negl ig ib le c o m p a r e d w i t h the photo-oxygenat ion rate 
of the start ing isomer, the detect ion l i m i t of the i somerizat ion rate constant 
(as a f rac t ion of the rate constant for p r o d u c t format ion) is greater t h a n 
that for the isomer i n i t i a l l y absent since, i f f o r m e d , some of the latter 
w o u l d react before detect ion. T o evaluate the detect ion l i m i t of the 
isomerizat ion rate constant, the deta i led scheme of F i g u r e 5 is s impl i f i ed 
to give the scheme of F i g u r e 6. 

Figure 6. Simplified scheme for photo-oxygenation of 
a 1,2-disubstituted olefin 
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Rate constants i n F i g u r e 6 are re lated to those i n F i g u r e 5 b y the 
f o l l o w i n g equat ions : 

* i = j ^ - J [*.*»(*. + + **) + hk.M ( i ) 

* * = [*.*-.*.,] (2) 

k* = [i] + k») + W » ] (4) 

w h e r e 
T h e details of this der ivat ion , based o n the steady-state approx imat ion for 
the d i r a d i c a l intermediates, are f o u n d i n the A p p e n d i x . 

T h e der iva t ion of the isomerizat ion rate constant u p p e r l i m i t expres
s ion is as fo l lows . F o r definiteness, assume the starting isomer to have 
the trans configurat ion. U n d e r the h i g h d i l u t i o n condit ions w i t h these 
re la t ive ly unreact ive disubst i tuted olefins w e f o u n d the photo-oxygenat ion 
to proceed b y pseudo-first-order kinetics . T h e rates of change of the 
concentrations of the t w o isomers are g iven b y E q u a t i o n s 5 a n d 6. 

dT/dt=-(ks + fc4)T + k2C (5) 
dC/dt=-(k1 + k2)C + h j (6) 

w h e r e C a n d T represent the concentrations of the cis a n d trans isomers, 
respectively, a n d t is t ime. 

Since the experiment shows that fc4 > > Jt3, kx >> k2, a n d fci is 
comparable w i t h fc4, it fo l lows that k2C << k4 T since C < < T , a n d 
E q u a t i o n 5 reduces to E q u a t i o n 7, w h i c h integrates to E q u a t i o n 8, i n 
w h i c h the subscript o indicates the i n i t i a l va lue . 

dT/dt = - k J (7) 

T = T 0 e x p (8) 

E q u a t i o n 8 is subst i tuted into E q u a t i o n 6, a n d w i t h kx > > k2, the latter 
di f ferent ia l equat ion is solved w i t h the i n i t i a l condi t ion C0 = 0 to give 
E q u a t i o n 9. 

C = [exp (-M) - exp (-M)] (9) 

O n e unfortunate aspect of these long-durat ion photo-oxygenations is 
that the sensitizer b leached at a significant rate d u r i n g the react ion a n d 
h a d to be replenished at intervals. It was desirable, therefore, to e l i m i -
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nate t ime as a var iable i n E q u a t i o n 9. Invers ion of E q u a t i o n 8 expresses 
the t ime as a f u n c t i o n of the concentrat ion of the trans olefin, a n d E q u a 
t ion 10 results f r o m thus subst i tut ing E q u a t i o n 8 into E q u a t i o n 9. 

C = ^ [ ( T / T 0 ) - (T/T0)<*!/*<>] (10) 

E q u a t i o n 10 is then rearranged to y i e l d an expression for kz/k4, E q u a t i o n 
11. 

ks/k, = mC/T0 (11) 

w h e r e m = [(h/k4) - 1] [ ( T / T 0 ) - ( T / T J ^ ] " 1 

If none of the cis isomer appeared d u r i n g react ion, the u p p e r l i m i t of hh 

ksum corresponds to the detect ion l i m i t of the cis isomer, C r t o t , as i n d i c a t e d 
i n E q u a t i o n 12. 

&31im/ k 4 = ™ C d e t / T 0 ( 12) 

T h e parameter m should be evaluated at the par t icular convers ion 
a na lyzed . T h e best sample is the one that m i n i m i z e s fc3iim; if the expres
sion for m is dif ferentiated w i t h respect to T, the o p t i m u m convers ion is 
f o u n d to be that of E q u a t i o n 13. E x p e r i m e n t a l l y , the relat ive photo-

(T/T0)mmln= (*4/*i) [(*i/*4) " l ] " 1 (13) 

oxygenat ion rate, /ci//c4, was determined, the o p t i m u m convers ion ca l cu
lated, a n d the single olefin photo-oxygenat ion p e r f o r m e d , w i t h al iquots 
taken u n t i l the conversion was near o p t i m a l . T h e detect ion l i m i t was 
determined for this o p t i m a l a l iquot , a n d the u p p e r l i m i t of the isomeriza
t ion rate constant, k2 or Zc3, was ca lculated. T h e results of these experi 
ments constitute T a b l e I. Significant reversible format ion of d i r a d i c a l 
intermediates , therefore, does not occur. 

Tab le I. U p p e r L i m i t s of Isomer izat ion R a t e Constants 

Starting Sought Percent * Sought M Isomer 
Isomer Isomer Unreacted ^Start (Eq. 11) Det. Lim.n Det. Lim.b 

24 25 18 c 0.34 1.7 0.2 0.4 
25 24 6 0 c 3.1 5.4 0.2 1.1 
26 27 36 0.17 1.9 2.0 4. 
28 29 4 8 c 1.8 3.8 0.4 1.5 
30 31 45 0.53 2.3 0.2 0.5 
31 30 62 1.8 5.2 0.2 1.0 
32 33 60 1.2 3.5 0.2 0.7 
33 32 50 0.85 2.8 0.2 0.6 

° Percent of initial concentration of starting isomer by gas chromatography. 
b Percent of photo-oxygenation rate constant, Equation 12. 
0 Optimum point^-aliquots taken over entire reaction. 
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T h e quest ion of irreversible d i r a d i c a l format ion can be answered b y 
the f o l l o w i n g thermochemica l argument. I n F i g u r e 7, i rreversible d i r a d i 
ca l format ion requires either ks >>k2 or k{) >> k7 as a necessary c o n d i 
t ion . W h i l e , except for k\, none of these rate constants have been mea
sured for any olefin, w e can examine the p l a u s i b i l i t y of the necessary 
c o n d i t i o n for irreversible d i r a d i c a l f o r m a t i o n t h r o u g h theoret ical 
considerations. 

Figure 7. Scheme for irreversible diradical formation 

W e w o u l d expect k7 > k2 since the entropies of React ions 2 a n d 7 
s h o u l d be comparable , a n d Reac t ion 7 is the more exothermic. Since 
R e a c t i o n 6 requires intersystem crossing d u r i n g react ion w h i l e R e a c t i o n 3 
does not, w e w o u l d expect k$ > fc0. Therefore , disproof of fc8 > > k2 is a 
c o n d i t i o n sufficient to disprove irreversible d i r a d i c a l format ion since this 
c o n d i t i o n w o u l d also rule against Zc(5 > > k7. 

W e estimate e q u i l i b r i u m constant kx/k2 as fo l lows . Since AH a n d 
A G are differences between state funct ions of reactants a n d products , 
their values are independent of the path . W e therefore use the experi 
m e n t a l l y infeasible but mathemat ica l ly tractable p a t h s h o w n i n F i g u r e 8. 

T h e actual t r iplet energies of olefins other than ethylene have not 
been reported ; ethylene has a tr iplet energy of about 83 kcal ./mole . A n 

Product 

Figure 8. Scheme showing mathematically tractable 
path for evaluating irreversible diradical formation 
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order of m a g n i t u d e estimate of the effect of a l k y l subst i tut ion m a y b e 
obta ined b y us ing the " W o o d w a r d s r u l e " w a v e l e n g t h shift for dienes, 
converted to energy units . T h e shift of 5 m/x. at the order of m a g n i t u d e 
of 217 m/x is equivalent to 2 . 3 % of the diene singlet energy or about 
3 k c a l / m o l e per a l k y l group. W e therefore take 75 kcal ./mole as a n 
approximate va lue for AHA. 

T h e value of A H B is s i m p l y the excited state energy of o x y g e n — 
—22 kca l ./mole for the xAg state a n d —38 kca l ./mole for the % + state 
( the value is negative since the react ion is exothermic ) . 

T h e value of A H C can be est imated as the energy of the react ion 

R * + °2 (ground state) - » R — O — O - , 

the oxygenat ion of a s imple a l k y l free r a d i c a l . Benson has reported this 
to be about —28 kcal ./mole (exothermic) ( I ) . T h i s absolute va lue 
s h o u l d be considered a lower l i m i t for the oxygenat ion of the d i r a d i c a l , 
since the C — O b o n d f o r m e d i n the latter case is somewhat w e a k e n e d b y 
the o d d electron o n the adjacent carbon. 

Reac t ion 1, therefore, has a A H of about + 2 5 kcal ./mole for 0 2 ( 1 A f , ) 
a n d about + 9 kcal ./mole for 02(1Xg

+), b o t h b e i n g h i g h l y endothermic . 
S ince Reac t ion 1 involves the loss of three translat ional degrees of free
d o m , A S X ss - 3 R = - 6 cal ./mole, ° K . , a n d T A S X ^ - 1 . 8 kcal ./mole 
at r o o m temperature. W e therefore approximate A d as + 2 7 kcal ./mole 
for 0 2 ( 1 A g ) a n d + 1 1 kcal ./mole for 0 2 ( % + ) . E q u i l i b r i u m constant 
kjk2 is therefore approximate ly 10 1 9 for 0 2 ( 1 A ^ ) a n d 10" 9 for 0 2 ( % + ) , 
us ing the activit ies of reactants a n d products . Because of the h i g h d i l u 
t ion , w e can assume uni t ac t iv i ty coefficients. Rate constant rat io kjk2 

is, therefore, 1 0 1 9 ( m o l e / l i t e r ) " 1 for 0 2 ( 1 A / ) a n d 10 ' 9 ( m o l e / l i t e r ) " 1 

for 0 2 ( % + ) . 
T h e fa i lure of the olefin to isomerize d u r i n g react ion at the l imi ts 

i n d i c a t e d i n T a b l e I indica te the necessity of h y p o t h e s i z i n g k3/k2 ^ 
— 1 0 2 . C o m b i n i n g this result w i t h the previous one, ks/ki ^ 1 0 2 1 m o l e / 
l i ter for 0 2 ( 1 A „ ) a n d ks/h > 1 0 1 1 for 0 2 ( % + ) . 

F o r frans-cyclododecene ( 2 4 ) , the order of magni tude of the q u a n 
t u m y i e l d m a y be est imated as fo l lows. Choles tero l , under i d e n t i c a l 
condit ions , photo-oxygenates 100-200 times as fast as 24. E i s f e l d has 
s h o w n that cholesterol photo-oxygenates at about 1/40 the rate of 2,5-
d i m e t h y l f u r a n ( 5 ) , w h i c h i n t u r n has been s h o w n to photo-oxygenate 
w i t h a q u a n t u m y i e l d of the order of 0.5 ( 9 ) . T h e q u a n t u m y i e l d of 
frarw-cyclododecene photo-oxygenat ion is thus about 10" 4 at the concen
trat ion s tudied, about 10~2 moles/liter . Schenck a n d K o c h have s h o w n 
that the species that reacts w i t h the olefins decays w i t h a rate constant 
of about 10 8 s e c . 1 (13). T h e value of h for 24 therefore is about 10 6 

l iters/mole-sec. Therefore , for the *Ag a n d states of oxygen, ks ^ 
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1 0 2 7 a n d 1 0 1 8 sec." 1, respectively. These are, of course, greater than 
E y r i n g ' s transition-state v i b r a t i o n a l f requency kT/h. I rreversible f o r m a 
t ion of diradicals is, therefore, impossible . W e therefore conclude that 
the react ion of the olefin is concerted. 

S u p p o r t i n g evidence against i rrevers ible intermediate format ion is 
f o u n d i n some u n p u b l i s h e d studies b y H . G . V i l h u b e r (15 ) , E . W e r s t i u k 
(16) , a n d V . C h u a n g (3) o n the p r i m a r y d e u t e r i u m isotope effect. P r i m a r y 
isotope effects of 1.2 to 2.1 were de termined for deuterated olefins 34 -36 . 

D 2 D 2 i k C H 3 C D 3 C H 3 C H 3 C H 3 C D 3 

H ) H H H C H 
D * D 2 C H 3 C D 3 C D 3 C D 3 C D 3 C H 3 

^ - v -
34 35 36 

P a r t i c i p a t i o n of the h y d r o g e n (or d e u t e r i u m ) d u r i n g the rate-determining 
react ion is thus i n d i c a t e d since, as s h o w n earlier, the O — H b o n d c o u l d 
not be f o r m e d pr ior to format ion of the C — O b o n d . 

Experimental 

Photo-oxygenations were per formed i n a tubular apparatus prev ious ly 
reported ( 4 ) . I n the photo-oxygenat ion of the more volat i le olefins (30 
t h r o u g h 33 ) , the solvent was saturated w i t h oxygen before dissolut ion of 
the olefin, a n d no oxygen was admi t ted d u r i n g i r radia t ion . I n the photo-
oxygenat ion of the slower olefins (24, 25, 28) a 500-watt sl ide projector 
was used i n conjunct ion w i t h a flat-sided c e l l a n d a cap i l l a ry bubbler . 

Preparat ive gas chromatography was used to separate the cyc lodo-
decene isomers. A n A e r o g r a p h A-700 instrument w i t h a 20-foot X 3/8 
i n c h diethylene g l y c o l succinate polyester c o l u m n at 160 °C . was used. 
T h e crude fractions were rechromatographed to obta in samples of ca. 
99 .8% p u r i t y . 

cis-2-Octene (33 ) was pur i f i ed b y preparat ive gas chromatography 
i n the same instrument w i t h a 12 foot X 1/4 i n c h si lver ni trate/diethylene 
g l y c o l c o l u m n at r o o m temperature. T h e p u r i t y of the p r o d u c t was ca. 
99 .9%. 

trans, trans, tfrans-l,5,9-Cyclododecatriene (28 ) was isolated b y par
t i a l f reez ing of the c o m m e r c i a l mixture of isomers a n d recrys ta l l iz ing the 
so l id p r o d u c t f r o m methanol . 

T h e caryophyl lene (26 ) used conta ined about 3 % isocaryophyl lene 
(27) ( w e are i n d e b t e d to D r . J . Roberts for s u p p l y i n g this s a m p l e ) . 
At tempts to remove this i m p u r i t y b y preparat ive gas chromatography 
l e d to no improvement . O t h e r olefins were c o m m e r c i a l samples of > 9 9 % 
p u r i t y . 

Reactions were m o n i t o r e d b y gas chromatography. C y c l o d o d e c a n e 
was used as internal s tandard for olefins 24 th rough 29 on a P e r k i n - E l m e r 
m o d e l 226 instrument w i t h a 9 foot X 1 / 8 i n c h diethylene g l y c o l succinate 
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polyester c o l u m n at 150 °C . Benzene was used as internal s tandard i n the 
photo-oxygenat ion of 18 a n d 30 t h r o u g h 33 o n an A e r o g r a p h ins trument 
w i t h a 10 foot X 1/8 i n c h si lver ni trate/diethylene g l y c o l c o l u m n at r o o m 
temperature. 
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Appendix 

Simpl i f i ca t ion of i somerizat ion k inet ics : 
T h e complete k inet ic scheme for isomerizat ion a n d react ion is s h o w n 

i n F i g u r e 5. 
A s s u m i n g l 0 a n d I* are at steady-state concentrat ions: 

d(lc)/dt = 0=kaC + kelt - k a l c - k e l c - kblc (A-l) 

d(lt)/dt = 0 = kcT + ke\c - k c l t - kelt - kdlt, (A-2) 

where t is t ime, C a n d T represent cis a n d trans olefins, I c a n d I* represent 
the intermediates, a n d a l l k's are pseudo-first-order rate constants. 
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R e a r r a n g i n g E q u a t i o n s A - l a n d A - 2 

U * - a + + h) + (-ke)It = kaC. (A-3) 

It(k_0 + k9 + kd) + (-k_e)Ic = kcT. (A-4) 

S o l v i n g E q u a t i o n s A - 3 a n d A - 4 s imultaneously for I c a n d I* 

kaP(k_c + ke + + & c & e T , ^ 

(*_a + fc_e + *&)(fce + *-c + *d) - M . 
j kcT(k.a + fc.e + fcb) + kak_eC (A6) 

' ~ (*.. + + *6) (*e + k.c + *d) - M-e ^ ' ' 
D e f i n i n g 

^ kakb(ke + fc_c + kd) + (kak_ekd) ^ ^^ 
(k_a + &_e + (fc_c + fce + — kek.e 

knk_Pk_ 
(k_a + &_e + fc6) (fc. c + &e + kd) kek.e 

kj^ek., 
(k_a + k_e + &&) (fc_c + ke + — &efc_e 

(A-8) 

*» = , ? r ^ (A-9) 

^ kckd(k_e H~ fc_a + + (kckekb) (A-10) 
(̂ -a -̂e kb) (k_c -\- ke-\- kd) — kek_e 

T h e deta i led system is k ine t i ca l ly equivalent to the s impl i f ied system of 
F i g u r e 6, 

dQ/dt=-(kx + k2)C + fc3T ( A - l l ) 

dT/dt=-(ks + fc4)T + fc2C (A-12) 

as m a y be ver i f ied b y subst i tut ing E q u a t i o n s A - 5 t h r o u g h A - 1 0 into the 
kinet i c l a w for F i g u r e 5, w h i c h is 

dC/dt=-kaC + kaIc 

dT/dt = -kcT + kclt 
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Relaxation and Reactivity of Singlet 
Oxygen 

S. J . ARNOLD, M. KUBO, and E. A. OGRYZLO 

University of British Columbia, Vancouver 8, B. C., Canada 

Measurements of some energy transfer, physical quenching, 
and chemical reaction processes of singlet oxygen are pre
sented. The results of these measurements and those ob
tained previously are analyzed in an attempt to assess the 
fate of O2(1Δg) and O2(1Σg+) in oxidation systems. 

' T w o e lectronical ly excited singlet states of oxygen are located 22.5 a n d 
37.5 k c a l . above the tr iplet g r o u n d state. T h e one at 22.5 k c a l . is 

c o m m o n l y designated a1Ag a n d w i l l be abbrevia ted 1A. T h e higher one 
has the term s y m b o l b1Xg

+ a n d w i l l be referred to as T h e g r o u n d state 
X 3 2 / w i l l be abbrevia ted 3 S . Because their relat ive importance i n c h e m i 
c a l reactions has not yet been determined, these t w o excited states are 
referred to as singlet oxygen. T h i s paper considers the various p h y s i c a l 
a n d c h e m i c a l processes w h i c h the t w o species can undergo, a n d a n at
tempt is made to assess their relat ive importance i n ox idat ion processes. 

Experimental 

A t y p i c a l flow system used to prepare 1 A molecules for k inet ic studies 
is s h o w n i n F i g u r e 1. O x y g e n at a pressure between 1 a n d 10 torr is 
passed t h r o u g h a m i c r o w a v e discharge. T h e atoms are r e m o v e d w i t h a 
m e r c u r i c oxide r i n g i m m e d i a t e l y after the discharge. T h e concentrat ion 
is measured at one point i n the tube b y the heat l ibera ted w h e n the 
molecules are deact ivated o n a cobalt w i r e . Re la t ive concentrations of 
exci ted molecules a long the observat ion tube can be measured w i t h a 
m o v a b l e interference filter a n d photomul t ip l i e r . T h e details of these 
methods have been descr ibed (1,3,4). T a n k oxygen is n o r m a l l y selected 
for l o w ni trogen content a n d used w i t h o u t further pur i f i ca t ion . Q u e n c h 
i n g gases were treated only to remove higher b o i l i n g impur i t i es , especial ly 
water . 

133 
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Radiative Relaxation 

I n the absence of any external per turbat ion b o t h a A a n d *2 oxygen 
do not emit any measurable electric d i p o l e radiat ion . H o w e v e r , w i t h a 
l i fe t ime of 7 sec , *2 can give rise to magnet ic d ipo le radia t ion at 7619 A . , 
a n d *A can give rise to magnet ic d i p o l e radia t ion at 12,683 A . w i t h a 
l i fe t ime of 45 minutes . I n a co l l i s ion w i t h another molecule electric 
d ipo le transitions between these states are made more probable , a n d the 
radiat ive l i fe t ime can be shortened. T h e exact radiat ive l i fe t ime of singlet 
oxygen i n a co l l i s ion complex is diff icult to estimate because the d u r a t i o n 
of a col l i s ion is uncerta in . H o w e v e r , w i t h a reasonable estimate of about 
10 1 3 sec. for this co l l i s ion t ime, the f o l l o w i n g radiat ive l i fetimes for a 
n u m b e r of co l l i s ion complexes can be ca lculated f r o m the integrated ab
sorpt ion coefficients. 

W A 

r = 4 sec. 

12,700 A . and 15,800 A* 

t— 1.5 sec. 

6,340 A . and 7,030 A . 

r = 15 sec. 

7 ,620AT 

T = 0.3 sec. 

3,808 A . and 3,612 A . 

T = 1.7 sec. 

4,773 A 

3 2 3 S 

(1) 

(2) 

(3) 

(4) 

(5) 

W h e n the co l l i s ion complex is made u p of t w o excited molecules , a n o v e l 
energy p o o l i n g process occurs i n w h i c h the energy of two molecules 
appears i n a single photon . T h e above list shows that the p r o b a b i l i t y of 
such a cooperative event can be comparable w i t h that for a one-electron 
transit ion. H o w e v e r , because the f ract ion of molecules i n a state of 
co l l i s ion is smal l , radiat ive relaxat ion is not responsible for the decay of 
a significant n u m b e r of exci ted molecules under the usua l experimental 
condit ions. F o r example, the strongest i n d u c e d radia t ion for X A occurs 
at 6340 a n d 7030 A . If this were the on ly mode of decay, the observed 
l i fe t ime at 1 atm. w o u l d be 10 3 s ec , whereas the observed l i fe t ime is m u c h 
less than 1 sec. T h e 6340-A. b a n d is, however , a convenient a n d sensitive 
emission for m o n i t o r i n g the singlet del ta concentrat ion since the emission 
intensity is p r o p o r t i o n a l to the square of its concentrat ion. 
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Figure 1. Core of flow system used for quenching 
studies 

Energy Transfer 

F o r efficient transfer of electronic excitat ion to another molecule , the 
acceptor must possess an excited electronic state at or not too far b e l o w 
that of the donor. N o t m a n y molecules can meet this requirement w h e n 
the donor is singlet oxygen. W e have observed energy transfer to the 
f o l l o w i n g species, (a ) another AA molecule , ( b ) v io lanthrone ( d i b e n z a n -
t h r o n e ) , ( c ) ni trogen dioxide , a n d ( d ) iodine atoms. T h e m e c h a n i s m 
of energy transfer to ( b ) is not w e l l understood a n d w i l l be descr ibed 
elsewhere ( 7 ) . Since ( c ) a n d ( d ) are not d i rec t ly related to the subject 
of h y d r o c a r b o n oxidat ion, they w i l l not be discussed i n any detai l . T h e 
transfer to iodine atoms is u n d o u b t e d l y the most efficient process w h i c h 
w e have observed ( 2 ) , a n d this can be a t t r ibuted to the fact that the 
2 ? i / 2 state of iodine lies 22 kca l . above the -P3/2 g r o u n d state—in almost 
perfect resonance w i t h 1A oxygen. T h e transfer to ni t rogen dioxide is 
m u c h less efficient a n d appears to involve energy transfer f r o m lX a n d ] A 
to raise the acceptor to a radia t ing state w h i c h lies about 60 kca l . above 
the g r o u n d state ( 2 ) . 

5 A — ^ A T rans fer . Since the ^ state lies 15 k c a l . above the * A , the 
latter can act as an acceptor as w e l l as a donor i n an energy dispropor
t i o n a t e process: 

1 A + i A - > 1 £ + 3 2 (6) 

T w o laboratories have reported rate constants for this react ion. A 
value of 1.8 X 10 7 l iters/mole/sec. was reported b y Y o u n g a n d B l a c k ( 8 ) , 
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a n d a va lue of 1.3 X 10 3 l i ters/mole/sec. was more recently repor ted b y 
A r n o l d a n d O g r y z l o ( 3 ) . Because of the large d iscrepancy between these 
t w o values w e have a t tempted a t h i r d determinat ion b y measur ing the 
rate of *A r e m o v a l direct ly . T h e results of these measurements are s h o w n 
i n F i g u r e 2. T h e X A concentrat ion was v a r i e d b y c h a n g i n g the p o w e r f e d 
into the discharge. A s s u m i n g that i n a d d i t i o n to Reac t ion 6, w h i c h is 

['AgJ x lO 6 Moles/1 

Figure 2. Rate of singlet delta decay (R = d [ J A ] /dt) divided by singlet delta 
concentration as a function of the singlet delta concentration 

second order i n X A , w e can have w a l l a n d gas-phase q u e n c h i n g that is 
first order i n X A , the rate equat ion becomes: 

R = ^ ^ = * Q [ 1 A ] + * D [ 1 A ] » 

A / [ 1 A ] = * Q + * D [ 1 A J 

T h e slopes of the lines i n F i g u r e 2 are then equa l to fci>. T h e average va lue 
w e obta in is 3 X 10 4 l i ters/mole/sec. T h i s value can be c o m p a r e d w i t h 
1.3 X 10 3 l iters/mole/sec., prev ious ly reported b y A r n o l d a n d O g r y z l o 
(3) for Reac t ion 6. T h e technique used i n the earlier measurement is 
qu i te diff icult , a n d possibly the value is somewhat l o w . H o w e v e r , it is 
also conceivable that the process w e have measured is not the slower, 
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s p i n - f o r b i d d e n Reac t ion 6, b u t the more r a p i d s p i n - a l l o w e d process, 
R e a c t i o n 7. 

A dec is ion between these possibi l i t ies must awai t further measurements. 
W e can only conc lude that the va lue of kCt lies be tween 1.3 X 10 3 a n d 
3 X 10 4 l i ters/mole/sec. 

A n important consequence of the occurrence of Reac t ion 6 is that *S 
is constantly b e i n g f o r m e d i n any system w h i c h contains 1A. W e shal l 
see later that the reverse is p r o b a b l y also true. 

Radiationless Non-Resonance Relaxation 

W h e n an external per turbat ion such as that caused b y a c o l l i d i n g 
molecule is sufficiently great, the electronic exci tat ion m a y be d e g r a d e d 
into nuclear m o t i o n w i t h i n the co l l i s ion complex. H o w e v e r , very l i t t le 
i n f o r m a t i o n is ava i lab le about the efficiency of such processes, a n d conse
quent ly no complete theoret ical m o d e l exists w h i c h w e c o u l d use to 
predic t q u e n c h i n g rates. 

T h e exper imenta l determinat ion of X A q u e n c h i n g is dif f icult because 
of its great stabil i ty. I n most flow systems the decay is large ly o n the 
wal l s of the vessel w h e r e it can suffer about 2 X 10r> coll isions before 
deact ivat ion. Col l i s ions w i t h most other molecules are even less effective. 
A t the moment it can only be sa id that more than 10 8 co l l i s ion w i t h 
0 2 ( 3 2 ) are necessary to deactivate * A . Other , nonreact ive gases cannot 
be tested s i m p l y because so m u c h must be a d d e d that i t r a d i c a l l y affects 
the flow system a n d discharge, m a k i n g the measurements diff icult to 
interpret . 

T h e q u e n c h i n g of J S oxygen is somewhat easier to s tudy because i t 
is more easily deact ivated. I n the absence of any q u e n c h i n g gas, a steady-
state concentrat ion of X S is m a i n t a i n e d i n the flow system b y the f o l l o w i n g 
reactions. 

* A + *A - » 3 2 + 3 2 (7) 

*A + *A - » *2 + 3 S (8) 

(9) 
hence, 

D P A ] 2 (10) 

a n d the emission intensity f r o m X S is g iven b y 

I = * [ 1 S ] = * ^ [ 1 A ] 2 
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I n the presence of a q u e n c h i n g gas ( Q ) w e must a d d Reac t ion 11: 

2 S + Q products 

a n d therefore the steady state concentrat ion is g iven b y 

r i S l - k ° W 

a n d the emission intensity i n the presence of Q : 

_ kkD [ * A ] 2 

*w + * Q [ Q ] 

(11) 

(12) 

(13) 

T h e rat io of the emission w i t h a n d w i t h o u t the quencher is therefore 
g i v e n b y : 

(14) 

A p lo t of I0/IQ against Q s h o u l d y i e l d a straight l ine w i t h a slope of 
fcQ/fcw. S u c h a plot is g iven i n F i g u r e 3 for 15 different gases. 

[ q ] x I O 6 M o l e s / 1 

Figure 3. Stern-Volmer plot of 7619-A. emission intensity for a series of 
quenching gases 
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T a b l e I . kq/kv, f r o m I 0 / / Q vs. Q 

k 0 X 10~7 

kQ/kw x io« if kw = 1,300 */ k ^ = 
H e 0.01 1.5 0.07 
N 2 , A r , C O 0.02 3 0.15 
C H 4 0.11 16 0.8 
H B r 0.21 30 1.5 
C H C I 3 0.31 45 8.8 
c o 2 0.39 56 2.8 
H 2 S 0.56 81 4.0 
D M E 0.78 110 10 
N H 3 2.3 330 16 
Methanol 3.7 530 26 
Heptane 5.0 720 36 
D 2 0 6.8 980 49 
H 2 0 8.5 1200 60 

T h e values of fcQ/fcw obta ined f r o m the slopes of these lines are g iven 
i n T a b l e I. T o o b t a i n kQ, w e require /<\v. T h i s can be obta ined f r o m 
measurements of the steady-state X S a n d * A concentrations i n the absence 
of any quencher . F r o m E q u a t i o n 10, 

*!> -

Values of [ X A ] a n d f 1 ^ ] are l is ted i n T a b l e II together w i t h values of 
fci)/fcw. F r o m the value of kD = 3 X 10 4 ca lcula ted earlier w e obta in fcw 

^= 1.3 X 10 3 on a c lean borosi l icate glass surface. C o m b i n i n g this va lue 
of Zcw w i t h the values of fcQ/fcw i n T a b l e I, w e obta ined the values of kQ 

l i s ted i n the second c o l u m n of the same table. T h e t h i r d c o l u m n gives 
the values of kQ ca lculated w i t h the previous ly de termined (3 ) value of 
kw = 65. 

T a b l e II. Va lues of ^ A ] a n d P S ] 

[ O / ' V J ] X 10\ [ 0 2 ( ' A g ) ] X 10\ 
P, tort Moles/Liter Moles/Liter Liters/Mole 

2.4 1.75 9.0 20.5 
3.1 2.54 11.0 21.5 
3.8 4.20 14.2 20.8 
5.1 6.24 17.5 20.3 

I n this process x % m a y be re laxed into either the 1 A or 3 2 state. Since 
the transi t ion to the 3 2 state requires the conversion of more electronic 
energy into nuclear m o t i o n a n d also requires a " s p i n flip," w e w o u l d 
expect the transi t ion to the 1 A state to be m u c h more probable . T h i s is 
conf i rmed b y the observat ion that the q u e n c h i n g b y paramagnet ic 0 2 is, 
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i f anyth ing , less effective t h a n species l i k e A r a n d N 2 . N o n e of the 
molecules i n c l u d e d i n this s tudy d i sp lay any specia l resonance effect. 
T h e r e is, however , a r o u g h correlat ion between q u e n c h i n g efficiency a n d 
b o i l i n g point . T h i s is a reasonable corre lat ion since one m i g h t expect the 
p r o b a b i l i t y of such an i n d u c e d transi t ion to be re lated to the m a g n i t u d e 
a n d d u r a t i o n of the per turbat ion . W e w i l l not at tempt a deta i led analysis 
of this corre lat ion here a n d w i l l s i m p l y observe that b o i l i n g points reflect 
b o t h these quantit ies i n a somewhat indirec t manner a n d can therefore 
be used to estimate q u e n c h i n g rates. 

Physical Quenching "Processes 

F r o m E q u a t i o n 16 i t fo l lows that i n the presence of a q u e n c h i n g 
species Q the rat io of x 2 to 1 A concentrations is g iven b y 

P s ] _ ftp l > ] 
P A ] - * g [ Q ] 

W h e n Q is water or a h y d r o c a r b o n w i t h a s imi lar b o i l i n g point , the 
equat ion becomes: 

P S ] _ o y l Q - B P A ] 
P A ] - 2 X 1 ° [ Q ] 

I n most c h e m i c a l a n d p h o t o c h e m i c a l ox idat ion systems the rat io of [ 1 A ] 
to [ Q ] is extremely smal l , a n d therefore the 1 2 / 1 A ratio is ve ry m u c h 
smaller than 10" 6. T h e o n l y such system i n w h i c h this rat io m i g h t be 
a p p r o a c h e d is the CI2-H2O2 react ion w h e r e the p a r t i a l pressure of * A 
p r o b a b l y exceeds 70 torr ( 6 ) . H o w e v e r , w e must also consider the 
q u e n c h i n g of * A . T h e relevant processes are then the f o l l o w i n g i n the 
presence of quenchers such as water : 

k ^ 10 9 

[ Q ] k~ 10 1 - 10 2 

< > X A ^ 3 2 
I k=1.3 X 10 3 ( [Q] 

(S ince w e are most interested i n the poss ib i l i ty that X S contributes to the 
react iv i ty of singlet oxygen, w e have used the lower q u e n c h i n g constants 
for XX ca lcula ted f r o m A r n o l d a n d Ogryzlo ' s value of kw (3 ) . ) I n about 
one co l l i s ion i n 100 (~10~ 9 sec. i n solut ion) X S is re laxed to X A b y Q . 
O n l y if 1 A is «^ 0 . 1 % of Q is 1 S efficiently r e f o r m e d f r o m X A . Otherwise , 
it is re laxed to 3 2 i n about one co l l i s ion i n 1 0 9 - 1 0 1 0 (1-10 msec, i n solu
t ion) w i t h Q . U n d e r these condit ions w e obta in a 1 A / 1 2 rat io of about 
10 8 . Consequent ly , i n such systems w h e n a steady state is established, 
the rate constant for react ion w i t h XX w o u l d have to be about 10 8 faster 
than that for J A to be compet i t ive . 
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Chemical Reactions 

N o technique for measur ing the absolute values of rate constants for 
singlet oxygen reactions i n solut ion has yet been reported. H o w e v e r , such 
a measurement is possible i n the gas phase w i t h the technique descr ibed 
here, p r o v i d e d the species is volat i le a n d h i g h l y reactive. W e have s tudied 
the react ion of singlet oxygen w i t h tetramethylethylene ( T M E ) , whose 
react ion w i t h singlet oxygen i n the gas phase was first descr ibed b y Bayes 
a n d W i n e r ( 5 ) . T h e react ion was f o l l o w e d b y m o n i t o r i n g the * A a n d *2 
concentrations under various condit ions . W e have f o u n d , however , that 
k ine t i ca l ly the process is not as s imple as the p r e l i m i n a r y studies sug
gested. It is possible that this m a y be a characterist ic of exothermic 
association processes i n l o w densi ty systems w h e r e there are an insuffi
c ient n u m b e r of coll is ions w h i c h unreact ive molecules to prevent c h a i n 
reactions f r o m deve lop ing . I n contrast to the s i tuat ion i n condensed 
m e d i a , i t is h i g h l y probable that the energy-r ich p r o d u c t of the i n i t i a l 
react ion w i l l co l l ide w i t h another energetic molecule rather t h a n w i t h a n 
inert species w h i c h c o u l d relax it to a stable product . W e are a t tempt ing 
to s tudy the react ion under condit ions w h i c h are more comparable w i t h 
those i n the solut ion react ion, w i t h the hope that the kinet ics w i l l become 
somewhat s impler . Ignor ing the complex i ty of the system w e can make a 
p r e l i m i n a r y estimate of 10 8 l i ters/mole/sec. for this rate constant 
( T M E - 1 A ) f r o m the i n i t i a l slope of the decay curve. 

W e have no evidence for a direct react ion be tween T M E a n d 
T h e effect of T M E o n the steady-state x% concentrat ion is consistent w i t h 
its b o i l i n g point— i .e . , i t quenches (or reacts w i t h ) i t w i t h a rate constant 
somewhat smaller than 10° liters/mole/sec. I n the last section w e con
c l u d e d that i n order to m a k e a significant cont r ibut ion to the reactions 
of singlet oxygen i n systems w h e r e steady-state concentrations of *S a n d 
1A are established, the rate constant for the X S react ion w o u l d have to be 
be tween 10 5 a n d 10 8 t imes faster than that for X A . T h i s c lear ly cannot be 
the case for the T M E since co l l i s ion f requency w o u l d be exceeded. H o w 
ever, i n "non-steady-state" systems where the i n i t i a l concentrat ion of *S 
is comparab le w i t h 1A, the direct importance of the former species depends 
o n the rat io of q u e n c h i n g species to reactive species. H o w e v e r , 1 2 is 
p r o b a b l y re laxed to X A , a n d even if it does not react d i rec t ly can ind i rec t ly 
lead to oxidat ion. 

Acknowledgment 

T h e research for this paper was suppor ted b y the D e f e n c e Research 
B o a r d of C a n a d a , G r a n t n u m b e r 9530-31 a n d par t ly b y the U n i t e d States 
A i r F o r c e A F O S R , G r a n t n u m b e r 158-65. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
07

0

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



142 OXIDATION OF ORGANIC COMPOUNDS III 

Literature Cited 

(1) Arnold, S. J., Browne, R. J., Ogryzlo, E. A., Photochem. Photobiol. 4, 963 
(1965). 

(2) Arnold, S. T., Finlayson, N., Ogryzlo, E. A , J. Chem. Phys. 44, 2529 
(1966). 

(3) Arnold, S. T., Ogryzlo, E. A., Can. J. Phys. 45, 2053 (1967). 
(4) Bader, L. W., Ogryzlo, E. A., Discussions Faraday Soc. 37, 46 (1964). 
(5) Bayes, K. D., Winer, A. M., J. Phys. Chem. 70, 302 (1966). 
(6) Browne, R. J., Ogryzlo, E. A., Can. J. Chem. 43, 2915 (1965). 
(7) Ogryzlo, E. A., Pearson, A. E., J. Phys. Chem. 72, 2913 (1968). 
(8) Young, R. A., Black, G., J. Chem. Phys. 42, 3740 (1965). 
RECEIVED October 9, 1967. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
07

0

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



71 

Generation and Reactions of 1Σg+ and 1Δg 

Oxygen Molecules in Sensitized 
Photo-Oxygenations 

AHSAN U. KHAN and DAVID R. KEARNS 

University of California, Riverside, Calif . 

In the oxygen-induced quenching of triplet state molecules, 
3M1, 1Σg+ and 1ΔG oxygen molecules can be generated by 
energy transfer from 3M1; the 1Σg+ and 1ΔG generation rates 
are predicted to be a function of Et, the triplet state energy 
of the donor. Experimental evidence for the formation and 
reaction of 1Σg+ and 1ΔG is presented. The energetics of the 
M . . . O2 complex indicate that the [3M1 . . . 3O2] complex 
may be stable, whereas the [1M0 . . . 1O2] complexes are not. 
These results allow us to resolve some current controversies. 
The reaction of O2 with dienes to form endoperoxides and 
the decomposition of peroxides were investigated theoreti
cally. A procedure, using state correlation diagrams, can 
be used to predict the reactivities of 1ΔG and 1Σg+ oxygen 
toward organic acceptors. 

T t has become clear recently that the metastable excited singlet states 
of molecular oxygen 1 2 / a n d 1AU p l a y an unsuspected but important 

role i n numerous p h y s i c a l a n d c h e m i c a l transformations w h i c h involve 
the interact ion of e lectronical ly exci ted organic molecules w i t h oxygen (5, 
11,12, 20, 21, 31, 42, 43, 53, 54). T h e basis for m u c h of the current th ink
i n g is apparent ly d e r i v e d f r o m suggestions b y K a u t s k y (20) r egard ing 
the mechanism of dye sensit ized photo-oxygenations. H e proposed that 
exci ted oxygen molecules (*2/ or 1 A F 7 ) , generated b y transfer of elec
tronic excitat ion energy f r o m the tr iplet state of a sensitizer, are the 
reactive intermediates i n sensit ized photo-oxygenat ion reactions. A l t h o u g h 
the K a u t s k y mechanism appears to account satisfactorily for m u c h of 
the data regard ing sensit ized photo-oxygenat ion reactions, i t raises inter
esting questions regarding the mechanism b y w h i c h molecular oxygen 

143 
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quenches t r iplet state molecules , the re lat ion be tween the q u e n c h i n g 
mechanism a n d the oxygenat ion reactions, a n d perhaps most interest ingly, 
the nature of the react iv i ty of singlet state exci ted oxygen molecules . 

H e r e w e summarize the results of our previous invest igat ion of the 
q u e n c h i n g of t r iplet state molecules b y oxygen (21) a n d present some 
n e w results o n the energetics of the interact ion of 0 2 w i t h organic mole
cules. W e then show h o w these results p r o v i d e n e w insight in to the 
nature of the intermediates i n v o l v e d i n sensit ized photo-oxygenat ion 
reactions. F i n a l l y , w e consider the p r o b l e m of p r e d i c t i n g the course of 
reactions of g r o u n d a n d singlet exci ted state oxygen molecules w i t h 
organic acceptors such as dienes. 

Quenching of Triplet State Molecules by Oxygen 

Mechanisms. M o l e c u l a r oxygen is k n o w n to q u e n c h revers ib ly the 
emission f r o m tr iplet state molecules i n w h a t appears to be a di f fus ion 
contro l led process ( J , 42, 43). D u r i n g the past 30 years a n u m b e r of 
different mechanisms have been suggested to account for this q u e n c h i n g . 

E L E C T R O N T R A N S F E R . S ince m a n y inorganic ions q u e n c h the fluores
cence a n d phosphorescence of organic molecules i n solutions b y electron 
transfer, W e i s s proposed that the q u e n c h i n g act ion of molecular oxygen 
m i g h t s imi lar ly be caused b y an electron transfer of the type ( 5 5 ) : 

3 M X + 3 0 2 -> M + + 0 2 " 

where 3 M X is a t r iplet state donor molecule , 3 0 2 is a g r o u n d state oxygen 
molecule , a n d M + a n d 0 2 " are the respective ions. It w o u l d appear that 
this mechanism for 0 2 q u e n c h i n g can be e l iminated s i m p l y b y energetic 
considerations ( 5 1 ) , a n d m a n y observations o n dye sensit ized photo-
oxygenat ion (5 ,11 ,12 ,13 , 31, 53, 54). It is possible that w i t h a very good 
electron donor i n a polar solvent, the electron transfer m e c h a n i s m m i g h t 
be operat ive, but even then other mechanisms s h o u l d be more important 
(21). 

I N H O M O G E N E O U S M A G N E T I C F I E L D E F F E C T . S ince an inhomogeneous 
magnet ic field mixes singlet a n d tr iplet states, i t is possible for an i n -
homogeneous field, generated b y molecular oxygen, to enhance inter-
system crossing between the tr iplet state a n d the g r o u n d singlet state of 
a molecule (56). T h i s m e c h a n i s m is, however , inconsistent w i t h the obser
va t ion that the efficiency w i t h w h i c h various paramagnet ic ions q u e n c h 
tr iplet state molecules is not correlated w i t h the magnet ic moments of 
the ions (33, 41). F u r t h e r , a theoret ical evaluat ion of the m a g n i t u d e of 
this effect s h o w e d that i t was of negl ig ib le importance (51). 

E N H A N C E D I N T E R S Y S T E M C R O S S I N G . 0 2 is k n o w n to enhance revers ib ly 
radia t ive S 0 - » T1 transitions i n organic molecules (8, 9). A s this en
hancement requires some sort of oxygen- induced m i x i n g of singlet a n d 
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t r iplet states, w e w o n d e r e d whether such m i x i n g m i g h t not also enhance 
the non-radiat ive T i -> S 0 t ransi t ion. If, for example, the interact ion w i t h 
molecular oxygen m i x e d the lowest t r iplet state of the molecule w i t h the 
g r o u n d state, intersystem crossing w o u l d def ini te ly be enhanced. Because 
of the k n o w n 0 2 effect o n the S 0 - » T i absorpt ion, w e felt this q u e n c h i n g 
m e c h a n i s m deserved care ful evaluat ion. 

E N E R G Y T R A N S F E R . I n the K a u t s k y m e c h a n i s m for q u e n c h i n g tr iplet 
state molecules, e lectronic exci tat ion energy is transferred f r o m 3 M X to 
the oxygen molecules , as fo l lows (20): 

+ 3 0 2 - » i M 0 + * 0 2 

where x 0 2 represents an oxygen molecule i n either its 1Ag state (22 kca l . ) 
or x 2 / state (37 k c a l . ) . T h e studies o n sensit ized photo-oxygenat ion 
reactions require that w e give this m e c h a n i s m serious considerat ion. 

O f the four mechanisms ment ioned above, on ly the enhanced inter
system crossing a n d the energy transfer mechanisms appeared to mer i t 
fur ther deta i led considerat ion. I n o u r s tudy w e were interested i n the 
f o l l o w i n g aspects of the q u e n c h i n g process: 

( a ) W h a t is the importance of q u e n c h i n g b y energy transfer re la 
t ive to enhanced intersystem crossing? 

( b ) W h a t factors contro l the relat ive importance of these t w o 
mechanisms? 

( c ) A r e the absolute magni tudes of the theoret ical q u e n c h i n g rates 
sufficient to account for the exper imental observations? 

B e l o w , w e out l ine our theoret ical treatment of the q u e n c h i n g mecha
nisms (21), a n d summarize some of the most important results. Some 
n e w results on ca lcu la t ing the energetics of the M . . . 0 2 interact ion are 
g i v e n later i n the text. 

Theory and Resul ts . T o discuss the ac tual ca l cu la t ion of the q u e n c h 
i n g rate constants, consider first the various states w h i c h arise w h e n 
molecular oxygen is w e a k l y complexed w i t h a n organic molecule , M . 
Since the organic molecules of interest are p r e s u m e d to have g r o u n d 
singlet states a n d since the g r o u n d state of oxygen is a *%y~ state, the 
g r o u n d state of the M - 0 2 complex is necessarily a t r iplet state. A n u m b e r 
of exci ted states of the complex can be f o r m e d b y exci t ing either M or 
0 2 , a n d these various possibi l i t ies are i n d i c a t e d i n F i g u r e 1 ( 5 1 ) . I n 
a d d i t i o n to those states of the complex w h i c h arise f r o m exci tat ion of 
o n l y one of the components , there are also charge transfer states p r o d u c e d 
b y transfer of a n electron f r o m M to 0 2 . F o r the b e n z e n e - 0 2 complex , 
for example, this charge transfer state is b e l i e v e d to l ie about 100 k c a l . 
above the g r o u n d state (32). 

T h e various states of the complex w h i c h w e have just descr ibed are 
str ict ly v a l i d on ly w h e n M a n d 0 2 are complete ly separated f r o m each 
other, a n d i t is on ly under this c o n d i t i o n that they w o u l d represent "sta-
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t ionary states." W e ca l l these the zero-order states. W h e n M a n d 0 2 

are brought together to f o r m a weak complex , the intermolecular inter
act ion w i l l cause these zero-order states to become nonstationary w i t h 
respect to radiationless transitions to near ly degenerate states of the 
same m u l t i p l i c i t y . I n this sense, complex format ion m a y be v i e w e d as 
i n t r o d u c i n g a t ime-dependent per turbat ion , w h i c h causes the i n i t i a l , 
zero-order states to become nonstat ionary. 

I n terms of the states i n d i c a t e d i n F i g u r e 1, enhanced intersystem 
crossing ac tual ly involves a radiationless transi t ion between the i n i t i a l 
state 3r 3 a n d some near ly degenerate, v i b r a t i o n a l l y excited state of 3r0. 
E n e r g y transfer, o n the other h a n d , involves a transit ion f r o m 1r 3 to 
either xr 2 or 1r1, again w i t h the convers ion of the requisi te amount of 
electronic energy, Ae, into v i b r a t i o n a l excitat ion of the complex. 

If the i n i t i a l state of the complex is descr ibed b y a w a v e f u n c t i o n ^ t 

a n d the final state of interest b y then the rate at w h i c h a radiationless 
transi t ion f r o m ^ to 7̂ occurs is g iven b y (45, 46): 

*=||ffi|<*, l3i|*,>|s ( i ) 

w h e r e $1 is the complete H a m i l t o n i a n for the system, p is the density of 
final states w h i c h are near ly degenerate w i t h *$rh a n d N is the n u m b e r of 
molecules per cc. I n the B o r n - O p p e n h e i m e r approx imat ion , ^ can be 
expressed as a p r o d u c t of t w o functions \p a n d E such that ^ = ^S, 
w h e r e ^ is a f u n c t i o n of a l l electronic coordinates a n d depends only 
parametr i ca l ly on the nuclear coordinates, a n d E is the v i b r a t i o n a l w a v e -

* r 4 

[M] [M...OJ 

Figure 1. Low-lying electronic states of 1:1 complex (M . . . 02) between 
the electronic states of the free molecules and those of the complex. [This 

figure is similar to one given by Tsubomura and Mulliken (51)] 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
07

1

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



71. K H A N A N D K E A R N S Oxygen Molecules 147 

func t io n a n d depends o n the electronic state of the complex a n d the 
nuclear coordinates. W i t h this approx imat ion , the rate expression 
becomes: 

k = W 1 ^ ^ ' 2 • S < B , 1 a » > 2 = ^ ^ F v (2) 

where pel = <^/|P|^j>, Fif = < E / n | E t ° > 2 a n d where n runs over a l l 
v i b r a t i o n a l states of the complex w h i c h permit the total energy (e lectronic 
+ v i b r a t i o n a l ) of the final state to be near ly degenerate i n energy w i t h 
the i n i t i a l electronic state. Fif is the F r a n c k - C o n d o n factor for the 
complex. 

T h e above expression is appropriate for the case w h e r e there is direct 
m i x i n g of a par t i cu lar pa i r of i n i t i a l a n d final states (zero order ) of the 
complex (18 ) . It m a y happen , however , that direct m i x i n g of ^ a n d 1/7 
is qui te smal l , i n w h i c h case indirect m i x i n g result ing f r o m strong m i x i n g 
of these t w o states w i t h a c o m m o n t h i r d state, \j/k, m a y be m o r e important 
(35, 51). W h e n indirec t m i x i n g is important , the expression for q u e n c h 
i n g rate constant is f o r m a l l y as that g iven i n E q u a t i o n 2, except that /3ei 
is rep laced b y f$'eh w h e r e 

w h e r e ( E * — Ek) is the difference between the electronic energies of 
the i n i t i a l state ^ a n d the intermediate state \j/k. 

W i t h this f o r m u l a t i o n of the p r o b l e m the ca lcula t ion of q u e n c h i n g 
rate constants is r e d u c e d to evaluat ing various matr ix elements of the type 
<^i|Jf|i/^>, of F r a n c k - C o n d o n factors for the complex, a n d of the 
density of states factor p. 

E V A L U A T I O N O F pet A N D fi'eh T h e procedure used to evaluate the 
electronic matr ix elements has been descr ibed (21). Before presenting 
the results, w e note the various complex geometries considered, a n d these 
are i n d i c a t e d i n F i g u r e 2. T h e results are s u m m a r i z e d i n T a b l e I. 

F r o m these results, several important conclusions can be d r a w n . 
F i rs t , d irect m i x i n g matr ix elements are smal l c o m p a r e d w i t h those for 
indirec t m i x i n g , i n v o l v i n g an intermediate charge transfer state. Secondly, 
a n d perhaps more important ly , the matr ix elements for indirect m i x i n g 
are the same for a l l three q u e n c h i n g mechanisms. Since w e expect the 
density of final states to be the same for a l l three cases (45, 46), it is 
p r i m a r i l y the F r a n c k - C o n d o n factor w h i c h u l t imate ly determines the 
relat ive importance of the three q u e n c h i n g mechanisms. It is this factor 
w h i c h w e n o w consider. 

American Chemical Society. 
Library 

1155 16th St., N.W. 
Washington O X . 20036 
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a b 

Figure 2. Schematic representation of two possible geometries for the 
M . . . 02 complex 

(a) : The atomic orbitals of Ot and the two adjacent orbitals of carbon atoms in M 
are shown approaching each other face-to-face. R is the distance between the 

planes containing the molecular axis of M and Ot 

(b) : Orbitals of Ot and M are shown for an end-on approach of the molecules. 
Here R is distance between carbon and oxygen atoms 

F R A N C K - C O N D O N F A C T O R S . I n the l i m i t of w e a k c o u p l i n g of M a n d 
0 2 the v i b r a t i o n a l w a v e f u n c t i o n for the complex m a y be w r i t t e n as a 
p r o d u c t of the v i b r a t i o n a l wavefunct ions for the t w o components : 

B f c * = X M ( * , n ) x o , ( M ) (4) 
w h e r e XM.(k,n) is the v i b r a t i o n a l w a v e f u n c t i o n for M w h e n the M . . . 0 2 

complex is i n some v i b r o n i c state specif ied b y k a n d n a n d x o 2 ( ^ n ) * s t n e 

corresponding v i b r a t i o n a l w a v e f u n c t i o n for 0 2. W i t h this approx imat ion , 
the F r a n c k - C o n d o n factor for the complex becomes 

Fif = %<Xu(i,o) |xM(/ ,n )>2< X 0 2 (M>) |xo2(/>")>2 (5) 
n 

I n the various q u e n c h i n g mechanisms w h i c h w e are consider ing , 
the tota l energy of the system is conserved b y conver t ing the proper 
amount of electronic exci tat ion energy into v i b r a t i o n a l exci tat ion of M 

Table I. Electronic Matrix Elements for Direct and Indirect Mixing" 
Direct Mixing 

P(*T3 - 3r0) 2 c m . " 1 

^Ors - xr2) o 
/^rs - 2 

Indirect Mixing v ia a Charge Transfer State 

0 ' ( 3 r 3 - 3 r 0 ) 20 cm. - i 
PVTn ~ ^2) 20 
PVT, ~ ^ x ) 20 

a Values calculated for complex geometry a with R = 4A or with geometry b but 
with R = 3A (see Figure 2) . 
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a n d 0 2 . A c t u a l l y to determine Fif, w e must dec ide just h o w a g iven 
amount of v i b r a t i o n a l energy Ac w i l l be par t i t ioned be tween M a n d 0 2 . 

F r o m studies of emission f r o m electronical ly exci ted oxygen mole
cules, w e k n o w that the oxygen F r a n c k - C o n d o n factor r a p i d l y d iminishes 
( factor of > 100) w h e n there is a change of 1 or 2 quanta i n the v i b r a 
t ional state of 0 2 (26, 36). 

W e , therefore, ant ic ipate that most of the v i b r a t i o n a l exci tat ion w i l l 
be deposi ted i n M rather than i n 0 2 ( f o r m a t i o n of a strong M - 0 2 c o m 
plex m i g h t somewhat relax this "select ion r u l e " ) . Consequent ly , the 
v a r i a t i o n of Fif w i t h Ac w i l l be almost entirely c o n d i t i o n e d b y variat ions 
i n / m , the F r a n c k - C o n d o n factor for the molecule . For tunate ly , semi-
e m p i r i c a l formulas for evaluat ing fm have been de ve lo pe d (19, 24, 48), 
a n d one such expression is g iven i n E q u a t i o n 6. 

/ m = 0.15 e x p [ - (Ac - 4 0 0 0 ) / l l , 5 0 0 ] (6) 

w h e r e Ac is n o w the amount of electronic energy ( i n c m . " 1 ) w h i c h is 
converted into v i b r a t i o n a l exci tat ion of M . Regardless of exact m a g n i 
tudes of fM a n d f02, i t is evident f r o m the above discussion that the process 
w h i c h involves the convers ion of the least amount of electronic energy 
into v i b r a t i o n a l energy w i l l be the dominant one. Since intersystem 
crossing always involves the convers ion of the largest amount of elec
tronic exci tat ion energy into v i b r a t i o n a l energy, w e conc lude that energy 
transfer to oxygen is the major q u e n c h i n g process. These conclusions do 
not d e p e n d u p o n exact n u m e r i c a l evaluat ion of matr ix elements a n d other 
factors, a n d , therefore, m a y be considered to b e strong predict ions . 

M A G N I T U D E S O F T H E R A T E C O N S T A N T S . T h e electronic factors a n d 
the F r a n c k - C o n d o n factors have a l ready been evaluated above, a n d a l l 
that remains is to obta in a va lue for the density of final states. A s i n our 
earl ier paper , w e use Robinson's va lue of p/N = 1 c m . (45). F o r the 
q u e n c h i n g of a t r ip le t state molecule w i t h an energy Et = 60 kca l . , w e 
obta in the f o l l o w i n g u n i m o l e c u l a r rate constants: 

( ^ a " ^ 1 ^ ) 10 1 2/sec. (energy transfer to !$/) 

(^3—^ri) 10 n /sec. (energy transfer to xAff) 

(3r3 —> 3r0) 109/sec. (enhanced intrasystem crossing). 

W h i l e the exact magnitudes of these rate constants are not expected 
to be p a r t i c u l a r l y accurate, the relat ive magni tudes s h o u l d be re l iable . 

Since the rate constants for energy transfer are on the order of 1 0 1 1 -
10 1 2 /sec , our calculat ions easily account for the exper imental observat ion 
that the 0 2 q u e n c h i n g of t r iplet states is d i f fus ion contro l led . ( I f M a n d 
0 2 o n l y f o r m co l l i s ion complexes, the rate constant for dissociat ion w o u l d 
b e o n the order of 1 0 l o / s e c , m u c h smaller t h a n 1 0 1 1 - 1 0 1 2 / s e c . ) T h e 
above results answer the three questions w e posed earlier. W e n o w 
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consider other aspects of our results w h i c h seem to be relevant to inter
pre t ing sensit ized photo-oxygenations. 

V a r i a t i o n i n the 1Xg
+/1Ag R a t i o w i t h T r i p l e t State E n e r g y of the 

Sensit izer. T h e calculat ions indicate that q u e n c h i n g of h i g h energy tr iplet 
state molecules (Et > 50 kca l . ) generates more 1 2 / than 1Ag b y r o u g h l y 
a factor of 10. T h i s large 1ltg

+/1Ag rat io arises s i m p l y f r o m the fact that 
less electronic energy is converted into v i b r a t i o n a l energy w h e n the 1 2 < 7

+ 

state is p r o d u c e d than w h e n the 1 A / 7 state is generated. W i t h molecules 
that have t r iplet energies less than 37 kca l . , the m i n i m u m energy r e q u i r e d 
to produce the 1 2 9

+ state, natura l ly o n l y 1Ag molecules can be generated. 
W i t h intermediate energy tr iplet state molecules (50 > Et > 37 kca l . ) 
the expression used to evaluate f M breaks d o w n , a n d to obta in some idea 
of the behavior of the 1%g

+/1Ag rat io w i t h sensitizers i n this range w e have 
used experimental observations on tr iplet - t r iplet energy transfer. Porter 
a n d W i l k i n s o n f o u n d that as the tr iplet state energy of a sensitizer ap
proaches (say, w i t h i n 5 kca l . ) the energy of the acceptor, the transfer 
p r o b a b i l i t y is s ignif icant ly r e d u c e d (40). If a s imi lar result were obta ined 
w i t h molecular oxygen as the acceptor, the rate of x 2 / generation w o u l d 
actual ly decrease as Et approaches 37 k c a l . T h e rate of generat ing xAg, 
o n the other h a n d , is expected to increase. T h e net result of these t w o 
effects is that the 1Xg

+/1Ag rat io w o u l d decrease smoothly to zero as the 
sensitizer t r iplet state energy is decreased f r o m 45 to 37 kca l . T h e curve 
i n F i g u r e 3a shows the expected var ia t ion i n the 1%//1Ag rat io w i t h Et. 

Energetics of Interaction of Organic Molecules with 02 

I n the theory out l ined above w e assumed a w e a k co l l i s ion complex 
between the tr iplet state of the organic molecule a n d the t r iplet state of 
oxygen, a n d w e were able to account for the rate of q u e n c h i n g of t r iplet 
states b y 0 2 o n this basis. F u r t h e r invest igat ion into the nature of this 
interact ion indicates that it is not necessarily weak ( 7 ) . 

T h e ca lcu la t ion of the rate of q u e n c h i n g of t r iplet states b y 0 2 was 
essentially a n evaluat ion of the magni tude of interact ion be tween t w o 
different states of the complex. D e t e r m i n a t i o n of potent ia l energy curves 
for the M - 0 2 interact ion, requires an evaluat ion of the tota l energy of 
the complex as a f u n c t i o n of R, the intermolecular distance. 

A considerat ion of the various states of the complex at re la t ive ly 
large intermolecular distances (R > 4 A ) , as g i v e n above, is the starting 
point of the present invest igat ion. T h e energies of these states are w e l l 
k n o w n a n d are i n d i c a t e d , i n order of increasing energy, o n the r ight side 
of F i g u r e 4 (21). 

Since w e have exper imental i n f o r m a t i o n r e g a r d i n g the g r o u n d state 
of the complex (3 , 6, 7 ) , a n d since it w o u l d be imposs ib le to calculate 
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Figure 3. (a) Predicted variation in the 'SgV'Ag ratio with 
sensitizer triplet state energy 

(b) Observed variation in the product distribution from the 
dye sensitized photo-oxygenation of cholest-4-en-3/3-ol with 
the triplet state energy of the sensitizer (37, 38). 1, Tri-
phenylene; 2, Fluorescein; 3, Eosin Y; 4, Acridine Orange; 
5, Sulfurhodamine B; 6, Erythrosin B; 7, Rose Bengal; 8, 

Hematoporphyrin; 9, Chlorine(i; 10, Methylene blue 

r e l i a b l y the steeply r is ing repuls ive por t ion of the potent ia l energy curve, 
w e have evaluated the potent ia l energy curves for the excited states w i t h 
reference to the g r o u n d states. In d o i n g so w e have assumed that the 
strongly repuls ive intermolecular interactions at smal l R are the same 
for a l l states of the complex. 

W e n o w indicate i n more detai l the procedure for construct ing the 
potent ia l energy curves for the states of the complex s h o w n i n F i g u r e 4. 

G r o u n d State. T h e heat of format ion of a complex between a n o n -
ionic , g r o u n d state organic molecule a n d a g r o u n d state oxygen is very 
smal l , a n d these complexes are dissociative at r o o m temperature (3, 6,7). 
T h i s impl ies that as M a n d 02 approach each other, or R [ M . . . 02] de
creases, the potent ia l energy curve goes through a smal l or negl ig ib le 
m i n i m u m before it starts to rise, a n d the g r o u n d state curve i n F i g u r e 4 
is d r a w n accordingly . 
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E 

R [M — 0 2 ] 

Figure 4. Potential energy curves for the different 
states of the (M . . . 02) complex. Dashed curves repre
sent the energy of the respective states of the complex in 
the absence of configuration interaction. Continuous 
curves indicate the result of including configuration 

interaction 

E x c i t e d States. If w e neglect configurat ion interact ion, the exci ted 
states T i , r 2 , a n d r 3 behave essentially l ike the g r o u n d state a n d are 
shi f ted re lat ive to one another o n l y b y a repuls ive intermolecular ex
change integral . Since t y p i c a l values for these exchange integrals are 
of the order of 1-10 c m . 1 for intermolecular separations d o w n to 3 A 
(21), their effect o n the potent ia l energy curves is negl ig ible . W e also 
neglect the l i f t i n g of the degeneracy of the t w o 1Ag states of oxygen, 
a n d 1r'i w h i c h occurs as R becomes smaller since w e expect the 1Au—1A'g 

spl i t t ing to be smal l (16). 

T h e charge transfer ( C T ) states, rCT, behave qui te dif ferent ly f r o m 
the nonpolar states. Because of the strong c o u l o m b i c interact ion between 
the negat ively charged oxygen a n d the posit ive M i o n , the energy of 
C T state varies approximate ly as 1/R. T h i s is i n d i c a t e d i n the F i g u r e 4 
b y dot ted curves. A s the r c t state closely approaches the r3 state, con
figuration interact ion be tween the singlet components , a n d be tween the 
t r iplet components of r c t a n d r 3 can no longer be ignored . 

A s a result of this conf igurat ion interact ion, 1r c t is destabi l ized, b u t 
the singlet component of r3 is s tab i l ized b y at least 1 k c a l , a n d p r o b a b l y 
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more. A s imi lar interact ion occurs be tween the respective t r iplet c o m 
ponents of r c t a n d r 3 a n d results i n a destabi l izat ion of the 3 r c t state a n d 
a s tabi l izat ion of 3r 3 ( s o l i d lines i n F i g u r e 4 ) . C o n f i g u r a t i o n interact ion 
is also present be tween a n d 1 r 2 a n d between 1 r c t a n d ^Ti but w i t h 
decreased effectiveness because of the increased energy differences be
tween the interact ing states. T h e s tabi l izat ion of 1'8r3 is, therefore, 
expected to be larger than the s tabi l izat ion of either * r 2 or 1 r 1 ( compare 
the difference be tween the so l id a n d dot ted curves i n F i g u r e 4 ) . Because 
of the absence of any nearby quintet state, the 5 r 3 state is u n p e r t u r b e d b y 
conf igurat ion interact ion a n d w i l l p r o b a b l y behave l ike the g r o u n d state. 

T o summarize , the xr2 a n d ^ states a n d the g r o u n d state are essen
t i a l l y dissociat ive, whereas 1 , 3 r 3 exhibit significant potent ia l m i n i m a . 

T h e complex 1 , 3 ( 3 M . . . 3 0 2 ) m a y actual ly be more stable than w e 
o r i g i n a l l y assumed, i n w h i c h case the F r a n c k - C o n d o n factors for the 
complex m a y have to be m o d i f i e d to i n c l u d e v i b r a t i o n a l excitat ion of 0 2 

as i n d i c a t e d previous ly . A l t h o u g h these considerations regarding the 
nature of the [ M . . . 0 2 ] complex do not alter any of the major c o n c l u 
sions regarding the q u e n c h i n g mechanism, they are important i n inter
pre t ing sensit ized photo-oxidat ion reactions. 

Relation of Theoretical Quenching Results to Interpretation of 
Sensitized Photo-Oxygenations 

W e n o w discuss sensit ized photo-oxygenat ion reactions a n d show 
h o w some of our theoret ical results c lar i fy some current controversies 
a n d give us n e w insight into the react ion mechanisms. 

Compar ison of Te ren in -Schenck Mechan ism a n d the Singlet O x y g e n 

Mechan ism. T e r e n i n (49, 50), a n d later Schenck (47), proposed the f o l 
l o w i n g m e c h a n i s m for dye sensit ized photo-oxygenat ion reactions: 

hv 

1M1 -> 3 M X 

3 M X + 3 0 2 —> [ M . . . 0 2 ] 

[ M . . . 0 2 ] + A —> X M 0 + A 0 2 

W h e r e the molox ide , [ M . . . 0 2 ] , is the reactive intermediate w h i c h 
transfers oxygen to the acceptor, A , to f o r m products A 0 2 . T h i s mecha
n ism, w h i c h was g iven strong support b y the extensive w o r k of Schenck 
a n d co-workers (15 ) , was u n t i l recently the general ly accepted mecha
n i s m for sensit ized photo-oxygenat ion reactions. 
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A n alternative scheme, w h i c h w e ment ioned earlier, is that proposed 
b y K a u t s k y a n d can be w r i t t e n as fo l lows (20): 

3 M X + 3 0 2 -> % + ^ ( % + or *A„) 

1 0 2 + A —> A 0 2 

I n the K a u t s k y scheme the reactive intermediate is an excited singlet 
state oxygen molecule ( 1 2 / or 1Ag) instead of the moloxide . A l t h o u g h 
m u c h of the recent w o r k i n this field has concentrated on de termining 
w h i c h of these, apparent ly m u t u a l l y exclusive, mechanisms is correct, our 
ca lcula t ion on the energetics of the [ M . . . 0 2 ] interact ion, suggest that 
the Terenin-Schenck m e c h a n i s m can actual ly be v i e w e d as an incomplete 
vers ion of the singlet oxygen mechanism. T h e molox ide of T e r e n i n -
Schenck can be ident i f ied w i t h the complex 1 3 ( 3 M . . . 3 0 2 ) w h i c h w e 
discussed previous ly . T h i s exci ted state of the complex is expected to be 
very short l i v e d ( < 10" 1 0 sec.) because of radiationless transitions to the 
l o w e r l y i n g dissociative states of the complex 1r 2 a n d 1r i, y i e l d i n g 1 2 / 
or 1Ag oxygerr. It is these species w h i c h go on to react w i t h acceptors as 
proposed b y K a u t s k y . 

E v i d e n c e f o r the P a r t i c i p a t i o n of B o t h 1%g
+ and 1Ag O x y g e n . O n e 

of the conclusions of our invest igat ion was that b o t h * 2 / a n d 1Ag oxygen 
c o u l d be generated i n the q u e n c h i n g of t r iplet state molecules a n d that 
the 1 2 / / 1 A i , rat io depends u p o n Et. T h e importance of this i n in terpret ing 
t r iplet sensit ized photo-oxygenat ion reactions lies i n the poss ib i l i ty that 
% + a n d 1Ag m i g h t exhibi t different c h e m i c a l reactivit ies. If this is true, 
the d i s t r ibut ion of products f r o m a sensit ized photo-oxygenat ion m i g h t 
v a r y s ignif icantly w i t h the t r iplet state energy of the sensitizer. 

U n t i l n o w it has usual ly been assumed that most singlet oxygen 
reactions c o u l d be a t t r ibuted to reactions of 1Ag (11, 12, 13, 39, 54). A s 
far as w e are aware, the on ly p u b l i s h e d attempt to find exper imental 
evidence for a difference i n the react iv i ty of x 2 / a n d xAg gave negative 
results (10). W e n o w discuss some data on the sensit ized photo-oxygena
t i o n of cholesterol , w h i c h w e bel ieve provides evidence for involvement 
of b o t h % + a n d xAg. 

T h e dye sensit ized photo-oxygenat ion of cholest-4-en-3/?-ol y ie lds 
on ly t w o products (37, 38), an enone ( I I I ) a n d an epoxy ketone 
( I I ) as i l lustrated. T h e anomalous aspect of these results is that the 
enone/epoxy ketone rat io varies b y a factor of 150 d e p e n d i n g u p o n the 
choice of sensitizer. I n l ight of our p r e d i c t i o n regarding the var ia t ion i n 
the 1%g

+/1Ag rat io w i t h Et, w e were interested i n whether there was a 
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1 HE 

s imilar correlat ion between the p r o d u c t d i s t r ibut ion a n d Et (22, 23). 
T h e results are presented i n F i g u r e 3b. C o m p a r i s o n of C u r v e s a a n d b 
shows that the var ia t ion i n the III/II ratio can be accounted for i n terms 
of a var ia t ion i n the 1 2 / / 1 A J 7 rat io w i t h Et. W i t h h i g h energy sensitizers 
T 2 / is the major species i n i t i a l l y generated, a n d this species apparent ly 
reacts to produce m a i n l y enone (perhaps b y a h y d r o g e n atom abstrac
t i o n ) . Since some 1A!J is also generated b y h i g h energy sensitizer, i t is 
possible that 1 2 / reacts to produce exclusively enone. L o w energy sensi
tizers generate only 1Ag oxygen, a n d this species apparent ly reacts w i t h I 
to f o r m an intermediate of type I V , w h i c h then decomposes to give 
m a i n l y the epoxy ketone. 

M o s t of the sensitizers w e used are k n o w n to abstract h y d r o g e n 
atoms f r o m good donors l ike phenol , a n d it was possible that some of the 
enone p r o d u c t i o n m i g h t arise f r o m h y d r o g e n atom abstract ion b y the 
excited dye. This poss ib i l i ty appears to be e l iminated b y the observat ion 
that w i t h eosin, for example, there was no change i n the p r o d u c t d is t r i 
b u t i o n w h e n the oxygen pressure was v a r i e d f r o m 0.2 to 10 atm. T h e 
results obta ined us ing t r iphenylene (Et = 67 kca l . ) as a sensitizer also 
support this conclus ion. O f a l l the sensitizers used, t r iphenylene is least 
susceptible to photoreduct ion , a n d yet w h e n used as a sensitizer it s t i l l 
gave the 3:1 enone/epoxy ketone ratio expected for a h i g h energy 
sensitizer. 

Since the l i fet ime of 1 2 / i n solut ion is m u c h shorter than 1 A / y , one 
m i g h t expect that a r e d u c t i o n i n the concentrat ion of the acceptor ( I ) 
w o u l d favor reactions i n v o l v i n g 1 A / / . T h e results of an exper imental test 
of this poss ibi l i ty are presented i n T a b l e II . Since methylene b lue is a 
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l o w energy sensitizer capable of generating only 1Ag oxygen, no concen
trat ion effect o n the p r o d u c t d i s t r ibut ion is expected, a n d l i t t le , i f any, is 
observed experimental ly . H o w e v e r , w i t h the h i g h energy sensitizers 
fluorescein a n d eosin, a r e d u c t i o n i n the concentrat ion of I f r o m 10" 2 to 
1 0 " 4 M causes a decrease i n the enone/epoxy ketone rat io f r o m 3/1 to 
about 1/4. If w e assume a s imple react ion m e c h a n i s m i n w h i c h 1 2 / 
molecules are lost, either b y decay to 1Ag or b y a di f fus ion-control led re
act ion w i t h I, our concentrat ion data w o u l d require a 1 2^ + l i fe t ime i n 
solut ion w h i c h is greater than 1 0 ° sec. T h i s appears to be inconsistent 
w i t h the recent observations of O g r y z l o o n the q u e n c h i n g of 1 2 i , + i n the 
gas phase (39 ) . W i t h o u t further invest igat ion of the kinetics of the 
reactions of I w e can only suggest that the ac tua l react ion m e c h a n i s m 
is more c o m p l i c a t e d than the s imple one suggested above. 

T a b l e II. P r o d u c t V a r i a t i o n w i t h C o n c e n t r a t i o n o f Substrate i n the 
Photosensit ized P h o t o - O x y g e n a t i o n o f Cho lest - 4 - en - 3 / ? -o l (I) a 

Sensitizer Concentration of P Ratio of III/IIe 

Methylene 1.3 X l O " 2 1/3* 
1.0 X 10" 4 1/4-1/5 

Fluorescein 1.3 X 10" 2 3 / 1 e 

1.0 X 10" 4 1/3 

Eosin Y 1.3 X 10" 2 3 / 1 d 

8.2 X 10r4 1/1 
4.0 X 10" 4 1/4 
2.5 X 10" 4 1/4 
1.6 X 10" 4 1/4 
8.3 X 10"r> 1/5 

L u m i c h r o m e f 1.0 X 10" 2 6/1 

Riboflavin 1.3 X 10" 2 30/1 * 
5.0 X 10" 4 6/1 
1.0 X 10" 4 1/2 
7.5 X 10" 5 1/5 

° Photo-oxygenation conditions were essentially the same as those used by Nickon, 
except that a 500-watt tungsten lamp was used, and typical runs were 24 hours long. 
b Concentration in moles/liter. 
0 Ratios determined by chromatography and infrared spectroscopy. 
* This value also reported by Nickon (37, 38). 
e Data of Nickon (37,38). 
1 Three-day irradiation. 

Prediction of the Reactivity of Ground State and Singlet Excited 
Molecular Oxygen with Organic Molecules 

T h e v a l i d i t y of the K a u t s k y singlet oxygen m e c h a n i s m seems to be 
conf i rmed b o t h theoret ical ly (21) a n d exper imental ly (5 , 11, 12, 13, 31, 
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53, 54), a n d w e have n o w been able to incorporate certa in aspects of 
the "Teren in-Schenck" mechanism w i t h i n the f r a m e w o r k of the singlet 
oxygen m e c h a n i s m (27). I n v i e w of these interest ing results w e thought 
it w o r t h w h i l e to explore theoret ical ly the reactions be tween organic 
molecules a n d g r o u n d a n d exci ted state oxygen molecules a n d the reverse 
process, decompos i t ion of the oxygenat ion product . F o r this invest igat ion 
w e u t i l i z e the in format ion inherent i n the symmetry properties of the 
orbitals a n d states of the "reactant" a n d " p r o d u c t " molecules to construct 
corre lat ion diagrams for the system. B y us ing such diagrams w e are able 
to make predict ions regarding nature a n d course of reactions (28, 29). 

React ions of Singlet O x y g e n w i t h Con juga ted Dienes. T h e r m o c h e m -
i c a l a n d spectroscopic data can be c o m b i n e d w i t h o r b i t a l correlat ion 
diagrams (17) to construct state corre lat ion diagrams (34) for reactions 
of singlet oxygen w i t h conjugated dienes. W i t h these state corre lat ion 
diagrams w e can account for the exper imental observations a n d der ive 
in format ion on the factors w h i c h contro l the relat ive reactives of * 2 / 
a n d xAg i n other concerted a d d i t i o n reactions. W e i l lustrate the essential 
features of our a p p r o a c h b y consider ing the concerted a d d i t i o n of 
molecular oxygen to a conjugated diene (e.g., cyc lopentadiene, 1,3-cyclo-
hexadiene, f u r a n ) to f o r m a n endoperoxide (geometry of the transi t ion 
state i n d i c a t e d i n F igures 5 a n d 6) (15 ) . T h e state corre lat ion d i a g r a m 
w h i c h forms the basis for unders tanding this react ion is s h o w n i n F i g u r e 
6 a n d was constructed as fo l lows. F i rs t , thermochemica l data ( b o n d 
strengths, resonance, energies, etc.) were used to scale the g r o u n d state 
energy of the reactants relat ive to the g r o u n d state of the product . 
Spectroscopic data were then used to locate the exci ted states of the 
reactants (oxygen + d iene) w i t h respect to their g r o u n d state, a n d l ike 
wise for the product . F i n a l l y , symmetry a n d sp in selection rules were 
used to correlate states of the reactants w i t h those of the p r o d u c t a n d 
thereby construct a " p r i m i t i v e " state corre lat ion d i a g r a m (dot ted curves, 
F i g u r e 6 ) . A l t h o u g h this shows w h i c h i n i t i a l state of the reactants u l t i 
mate ly correlate w i t h a par t i cu lar state of the product , i t does not indicate 
exactly how the states correlate. Barr iers ar is ing f r o m i n t e n d e d crossing 
of levels are, for example, not i n d i c a t e d (17). T o obta in this de ta i led 
in format ion , w e used the orb i ta l corre lat ion d i a g r a m presented schemati
c a l l y i n F i g u r e 5. 

T h e molecular orbitals o n the left side of the d i a g r a m are those of 
the w e a k l y complexed diene a n d 0 2 . T h e o-00, <T00*> fx, Ty, ttx*, a n d TT^* 

are the molecular orbitals of 0 2 a n d ^ i , ^ 2 , i/% a n d ^ 4 are the p i - m o l e c u 
lar orbitals of the diene, a n d the n o d a l pat tern of each orb i ta l is schemati
ca l ly i n d i c a t e d i n the figure. S, S', a n d A , a n d A ' indicate whether the 
orbitals are symmetr ic or ant isymmetr ic w i t h respect to the assumed 
plane of symmetry . 
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Figure 5. Orbital correlation diagram for the concerted 
addition of molecular oxygen to a diene. The molecular 
orbitals of 02 (or00, TTx, ?ry, TT X *, 7ry*, and (T00*) and of the 
diene (d/l9 ana ^ J are given on the left, and the 
molecular orbitals of the product peroxide are on the right. 
The orbitals are arranged vertically in order of increasing 
energy, and nodal patterns of the orbitals are indicated 

schematically 

T h e molecular orbitals of the endoperoxide are i n d i c a t e d o n the 
r ight side of F i g u r e 5, w i t h the orbitals arranged i n the order of energy 
a n d again classified as symmetr ic or ant isymmetr ic . 

Because of the degeneracy of the 7r* orbitals i n the oxygen molecule , 
it is s impler , for purposes of discussion, to consider first the regenerat ion 
of the diene a n d molecular oxygen f r o m the peroxide rather than the 
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reverse process. A c c o r d i n g to the orb i ta l corre lat ion d i a g r a m the g r o u n d 
state conf igurat ion ( c r o o 2 ^ 2 ^ , 2 ^ 2 ^ 2 ^ * 2 ) is expected to increase signif i 
cant ly i n energy as the C — O bonds are b r o k e n because of the increase i n 
the energy of a ± orbitals . It is p r i m a r i l y this same factor w h i c h causes 
the states ar is ing f r o m the conf igurat ion (o-00

2o-+
2o-_27r1/

27rc
27r2/*1(70o*1) to i n 

crease i n i t i a l l y i n energy. Because of interact ion w i t h other higher energy 
states, these states a n d higher l y i n g states u l t imate ly pass t h r o u g h a m a x i 
m u m i n energy a n d finally correlate w i t h the 1 S / a n d X A ^ * states, respec
t ive ly . Incorporat ing the orb i ta l in format ion into the " p r i m i t i v e " state 
corre lat ion yie lds the i m p r o v e d state corre lat ion diagrams g iven b y the 
so l id curves i n F i g u r e 6. 

Figure 6. Schematic of the state correlation diagram for the concerted addi
tion of molecular oxygen to a diene. The electronic configurations for states of 
the (02 + diene) complex are indicated on the left (state of 02 in the complex 
given in brackets). States of the cyclic peroxides with their appropriate elec
tronic configurations are on the right in order of increasing energy. Dashed 
curves indicate the "primitive" correlations obtained by straightforward appli
cation of symmetry and spin restrictions. Solid curves indicate final correlations 
obtained by using the additional information contained in the orbital correlation 

diagram 

A l t h o u g h construct ion of this d i a g r a m was discussed i n terms of 
decompos i t ion of the peroxide, w e can use i t to make several important 
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predict ions regard ing the reverse react ion i n w h i c h molecular oxygen 
adds to a g r o u n d state diene. 

( a ) U n d e r n o r m a l condit ions 3%g~ oxygen is not expected to be 
reactive since this i n i t i a l state of the reactants ( a t r ip le t ) correlates endo-
t h e r m i c a l l y w i t h an excited t r ip le t state of the peroxide . 

( b ) 1Ag oxygen is p r e d i c t e d to b e reactive since this state of the 
complex correlates smoothly a n d exothermical ly w i t h the g r o u n d singlet 
state of the peroxide. 

( c ) T h e l o w l y i n g exci ted states of the complex aris ing f r o m inter
act ion of 0 2 i n its xAg* of 1 S f 7

+ state w i t h the g r o u n d state of the diene 
b o t h correlate w i t h h i g h energy excited singlet states of the peroxide ; 
hence, X A ^ * a n d * 2 / oxygen are p r e d i c t e d to be unreact ive i n this m o d e . 

T h e extension of these considerations to other concerted a d d i t i o n 
reactions is s t ra ight forward. I n general w e find: 

(1 ) B o t h the g r o u n d 3 S / a n d excited % + states of oxygen are u n 
reactive because the states of the complex associated w i t h these states of 
oxygen correlate endothermica l ly w i t h exci ted states of the product . 
Except ions are expected o n l y i f a very stable peroxide or hydroperox ide 
is f o r m e d . 

(2 ) 1Ag is i n general p r e d i c t e d to b e reactive since this state of the 
complex correlates smoothly w i t h the g r o u n d state of the peroxide or 
hydroperox ide . 

I n the f o r m a t i o n of an endoperoxide the exothermici ty is de termined 
p r i m a r i l y b y the difference between the extra energy gained i n f o r m i n g 
t w o (T00 bonds at the expense of a C = C double b o n d a n d a c c o m p a n y i n g 
resonance energy. F r o m this analysis of the energetics w e can under 
stand easily w h y molecules l ike anthracene, tetracene, a n d pentacene 
r e a d i l y f o r m photoperoxides. T h e p u z z l i n g nonreact iv i ty of naphthalene 
a n d phenanthrene (15) can correspondingly be unders tood i n terms of 
the very large loss of resonance energy w h i c h accompanies the format ion 
of trans-annular peroxides of these molecules . 

T h e above considerations a p p l y specif ical ly to concerted a d d i t i o n 
reactions w h e r e the oxygen adduct is presumed to have a singlet g r o u n d 
state. W h e n radicals are p r o d u c e d , however , a somewhat different p i c 
ture emerges. Since the g r o u n d state of a pa i r of radicals (R* -f- H O C , 
for example) w i l l be a tr iplet state, the g r o u n d state of the reactants 
( g r o u n d state acceptor + 3 S / oxygen) can n o w correlate w i t h the 
ground state rather than w i t h a n exci ted state of the products . If the 
energetics are not too unfavorable , w e m a y n o w expect to find reactions 
of this type w h i c h invo lve 3 2 / g r o u n d state oxygen. 

W e m a y also expect to find 1 S f 7
+ react ing i n this m o d e ( r a d i c a l for

m a t i o n ) , p r o v i d e d the r a d i c a l products have l o w l y i n g exci ted singlet 
states. T h i s is a n interest ing contrast to the p r e d i c t e d nonreact iv i ty of 

i n concerted a d d i t i o n reactions. 
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Decompos i t ion o f Endoperoxides . A n i n t r i g u i n g proper ty of some 
endoperoxides is their a b i l i t y to dissociate u p o n heat ing into molecular 
oxygen a n d the parent h y d r o c a r b o n (2, 15). Perhaps even more i n 
t r i g u i n g are the exper imental observations w h i c h suggest that the 0 2 is 
f o r m e d i n an excited electronic state (presumably 1Ag) (25, 52). T o 
unders tand h o w a n d under w h a t condit ions this m i g h t occur, w e have 
used o r b i t a l a n d state correlat ion diagrams to explore possible modes of 
endoperoxide decomposi t ion . F o l l o w i n g procedures o u t l i n e d above, w e 
have constructed the state correlat ion d i a g r a m for the decomposi t ion of 
a s imple endoperoxide ( I ) either b y cleavage of the O — O b o n d to f o r m 
a d i r a d i c a l ( I I ) or b y loss of molecular oxygen w i t h f o r m a t i o n of the 
parent h y d r o c a r b o n ( I I I ) . T h e state a n d o r b i t a l corre lat ion diagrams 
for the latter react ion were g iven i n F igures 5 a n d 6, a n d the orb i ta l 
corre lat ion d i a g r a m for format ion of the d i r a d i c a l f r o m the endoperoxide 
is s h o w n i n F i g u r e 7. 

I n construct ing the complete state corre lat ion d iagram, the g r o u n d 
state electronic conf igurat ion of the d i r a d i c a l was taken to be ( o ± 4 7 r C

2 P 6 ) . 
[ I n the absence of conf igurat ion interact ion the f o l l o w i n g electronic con
figurations ( for s i m p l i c i t y these are a l l denoted as ( O ± 4 T T C

2 P 6 ) ) are 
assumed to be near ly degenerate i n energy: 1's(cr±

4Trc
2Pxl

2Pyi
1PX2

2Py2
1), 

i ' V / r 4<rr 2 P 2 P ! P 2 P 2 ^ 1.3/^. 4^ 2 p i p 2D 2 p 1 ^ 1 ,3 /^ 4_ 2 p IV _ 

2 P a ! 2
1 P y 2

1 ) , where for example PX1 is an ^-directed 2P-orb i ta l o n oxygen 
center 1.] W h i l e i t m i g h t at first seem strange to suggest this electronic 
conf igurat ion for the g r o u n d state of the d i r a d i c a l (oxygen orbitals o n l y 
par t ia l ly filled), i t must be remembered that the order ing of these orb i ta l 
energies presented i n F i g u r e 7 is only appropr ia te to a s i tuat ion i n w h i c h 
a l l atoms r e m a i n essentially neutra l . If electrons were r e m o v e d f r o m 
w h a t appears to be a higher energy 7r c-orbital, a n d p l a c e d i n the p a r t i a l l y 
filled oxygen p-orbitals , the oxygen atoms w o u l d develop a net negative 
charge, a n d the electronegativity of the oxygen atoms w o u l d be greatly 
decreased (perhaps b y as m u c h as 13 e.v. per a d d e d extra e lectron) (44). 
T h e electronegativity of the posi t ive ly charged c a r b o n atoms w o u l d 
correspondingly be increased, a n d the relat ive order ing of the oxygen 
p - a n d ethylenic 7r-orbitals w o u l d be inver ted (30). A s a consequence of 
our choice of this electronic conf igurat ion the g r o u n d state of the d i r a d i c a l 
( p r o b a b l y a t r iplet state) is expected to be near ly degenerate i n energy 
w i t h a n u m b e r of exci ted singlet a n d tr iplet states, as i n d i c a t e d i n the 
State correlat ion d i a g r a m i n F i g u r e 8. 

T h e comple ted state corre lat ion d i a g r a m g iven i n F i g u r e 8 n o w pro

vides us w i t h the in format ion needed to examine the t w o modes b y w h i c h 

endoperoxides general ly decompose ( 1 5 ) . O n the basis of this d i a g r a m 

w e pred ic t the f o l l o w i n g . 
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Figure 7. Schematic of the orbital correlation diagram for 
the formation of a diradical (II) from a cyclic peroxide (I). 
Orbitab (nodal patterns indicated schematically) are ar
ranged vertically in order of increasing energy and classified 

with respect to an assumed plane of symmetry 

( a ) T h e r m a l decomposi t ion l eading to d i r a d i c a l f o r m a t i o n w i l l be 
f a v o r e d over thermal dissociat ion into parent h y d r o c a r b o n a n d molecu lar 
oxygen because of the lower ac t ivat ion energy ( A E 3 as c o m p a r e d w i t h A E i 
or A J E 2 ) . 

( b ) T h e first excited singlet a n d tr iplet states of the endoperoxide 
w i l l decompose b y cleavage of O — O b o n d since these states correlate 
smoothly a n d exothermical ly w i t h l o w l y i n g states of the d i r a d i c a l . 
D e c o m p o s i t i o n into parent h y d r o c a r b o n a n d molecular oxygen is pre
vented b y the appearance of energy barriers i n the excited state potent ia l 
curves. 
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( c ) T h e t h i r d excited singlet state, however , is expected to dissociate 
into parent h y d r o c a r b o n a n d xXg

+ oxygen. 
I n accord w i t h these theoret ical predict ions most s imple endoper-

oxides are exper imental ly f o u n d to be thermal ly unstable w i t h respect to 
d i r a d i c a l format ion (15). Fur thermore , photochemica l studies indicate 
that u p o n excitat ion to l o w l y i n g excited singlet states, s imple peroxides 
dissociate into radicals , whereas higher energy excitat ion apparent ly leads 
to the format ion of molecular oxygen ?) (4). 

A l t h o u g h the above discussion deals w i t h a specific endoperoxide, 
the results can be extended to the preferred m o d e of decomposi t ion of 
polyacenes endoperoxide. I n the polyacene series, the energy necessary 
to f o r m the d i r a d i c a l f r o m the endoperoxide w i l l r e m a i n essentially con
stant ( r o u g h l y e q u a l to the strength of the O — O b o n d i n the p e r o x i d e ) . 
T h e energy r e q u i r e d to regenerate the parent h y d r o c a r b o n a n d molecular 
oxygen f r o m the endoperoxide w i l l , however , be determined p r i m a r i l y 

Figure 8. Schematic of the state correlation diagram for the (diene + 02) 
peroxide diradical inter conversions. States of the diene-02 complex 

are on the left [state of molecular oxygen is specifically noted for each 
state~\. States of the peroxide are depicted in the middle. The nearly de
generate set of low lying singlet and triplet states of the diradical are shown 
on the right. The states are arranged in order of increasing energy, and the 

electronic configuration for each state is indicated 
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b y the amount of resonance energy ga ined i n format ion of the parent 
hydrocarbon— i . e . , the larger the resonance energy ga ined b y the parent 
h y d r o c a r b o n , the easier i t becomes for the peroxide to decompose b y 
this mode. O n the basis of these energetic considerations w e predic t that 
anthracene 9,10-endoperoxide should decompose thermal ly to the d i r a d i 
cal . O n the other h a n d , decompos i t ion of 9-phenyl- , 9 ,10-diphenylanthra-
cene a n d tetraphenyltetracene ( rubrene) peroxide s h o u l d generate 
molecular oxygen since the resul t ing ga in i n resonance energy b y the 
h y d r o c a r b o n (>—30 kca l . ) is sufficiently large to make this the preferred 
m o d e of decomposi t ion . T h e state corre lat ion d i a g r a m further suggests 
that the molecular oxygen p r o d u c e d b y this decomposi t ion s h o u l d be i n 
a n e lectronical ly excited state. I n apparent conf irmat ion of these 
theoret ical predict ions w e note that the thermal decomposi t ion of 9,10-
diphenylanthracene peroxide, i n the presence of tetramethylethylene, 
y ie lds products characterist ic of reactions of tetramethylethylene w i t h 
xAg oxygen (52); further, the thermal decomposi t ion of rubrene endo
peroxide is acco mpanied b y a br ight chemiluminescence , w h i c h , accord ing 
to the K h a n a n d K a s h a theory of chemiluminescence , suggests the involve 
ment of 1Ag oxygen (25). 

T h e results of this p r e l i m i n a r y theoret ical invest igat ion are suffi
c ient ly encouraging to justi fy a m o r e deta i led s tudy of the reactions of 
oxygen w i t h organic acceptors, a n d w o r k a long these lines is i n progress. 
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Discussion 

K . We i , A . D . Broadbent , K . E r v i n , W. S. Gleason, J . C . M a n i , and 

J . N . P i t t s , J r . ( U n i v e r s i t y of C a l i f o r n i a , R ivers ide , C a l i f . ) : T h e photo-
oxidat ion of d r y l i q u i d benzene has been s h o w n to give trans-trans-2,4-
h e x a d i e n e - l , 6 - d i a l ( m u c o n d i a l d e h y d e ) a n d 2,4,6,8,10-dodecapentaene-
1,12-dial ( p r o b a b l y i n the all-trans conf igurat ion) (10). I n a d d i t i o n , 
p h e n o l has n o w been ident i f ied as a major p r o d u c t of this react ion. 

T h e dependence of the q u a n t u m y i e l d of the dodecapentaenedia l on 
the concentrat ion of oxygen dissolved i n the benzene a n d o n the w a v e 
length of the inc ident rad ia t ion indicate that a t r ip le t state of benzene is 
largely responsible at least for the format ion of this c o m p o u n d . O n 
i r r a d i a t i o n at 2537 A . the i n i t i a l rate of format ion of dodecapentaenedia l 
r a p i d l y increases as the i n i t i a l oxygen concentrat ion increases b u t soon 
reaches a m a x i m u m (at 8 X 1 0 " 4 M 0 2 ) a n d then gradua l ly decreases. 
T h i s result can o n l y arise i f a t r iplet state of benzene is the m a i n exci ted 
state l e a d i n g to the product . T h e f o r m a t i o n of dodecapentaenedia l occurs 
r e a d i l y o n i r rad ia t ion of oxygen-saturated benzene at 3130 A . , thus sup
p o r t i n g the proposa l that a t r iplet state of benzene is a n act ive in te rmedi 
ate. O x y g e n is k n o w n to extend the l o n g w a v e absorpt ion of benzene 
because of enhancement of the s p i n - f o r b i d d e n T1 <- S G t ransi t ion (2, 9). 

L o w concentrations of acetone, 2-pentene, a n d cyclohexene cause 
a substantial decrease i n the q u a n t u m y i e l d of dodecapentaenedial . A 
l inear re lat ionship was f o u n d between 1/$ a n d acetone concentrat ion, 
suggesting that acetone quenches o n l y singlet benzene or t r iplet benzene. 
If the latter is assumed to be q u e n c h e d b y acetone because of its longer 
l i fe t ime, it must be the exci ted state responsible for the ox idat ion to the 
dodecapentaenedia l . 

D i r e c t react ion of t r iplet benzene a n d oxygen, energy transfer be
t w e e n t r ip le t benzene a n d oxygen g i v i n g exci ted singlet oxygen mole
cules, a n d i somer izat ion of benzene f o l l o w e d b y react ion w i t h oxygen 
are a l l processes w h i c h give s imi lar relat ionships for the rate of f o r m a t i o n 
of dodecapentaenedia l b u t different mechanisms. T h e q u a n t u m y i e l d 
studies p r o v i d e no in format ion of the ac tua l mechanisms. 

T h e react ive species i n sensit ized photo-oxidations appears to be 
molecular oxygen i n an excited singlet state (3, 4, 5, 6). T o test whether 
singlet oxygen reacts w i t h benzene, it has been generated b y the act ion 
of b r o m i n e o n a lkal ine h y d r o g e n peroxide (8). It is necessary to isolate 
the benzene f r o m the aqueous peroxide since these react at 0°—10 ° C . to 
give p h e n o l a n d other products s imi lar to those f r o m the photo-oxidat ion . 
I n i t i a l qual i ta t ive results indicate that benzene is not readi ly o x i d i z e d b y 
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singlet oxygen. T o demonstrate that singlet oxygen is p r o d u c e d a n d to 
o b t a i n some quant i ta t ive data for benzene, m o d e l compounds are cur
rent ly b e i n g examined. 2 ,5 -Diphenyl -3 ,4 -benzofuran has been used for 
this purpose ( 1 ) , b u t despite its h i g h react iv i ty (11) the react ion w i t h 
g r o u n d state oxygen i n the dark renders it unsuitable ( 7 ) . O n passing 
oxygen f r o m the bromine/peroxide react ion t h r o u g h a methanol ic solu
t i o n of 2 ,5 -dimethyl furan, b o t h 2-methoxy- a n d 2-hydroxy-2 ,5-dimethyl-5-
h y d r o p e r o x y d i h y d r o f u r a n are p r o d u c e d . O r d i n a r y oxygen has no effect. 
T h e lack of react ion i n benzene m a y be caused b y poor m i x i n g of gas a n d 
l i q u i d . 
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A . M . T r o z z o l o ( B e l l Te lephone L a b o r a t o r i e s ) : T h e benzi l -sens i t ized 
photo-oxygenat ion of 1,3-cyclohexadiene i n pentane-ether solut ion, w i t h 
3500-A. l ight gave the endoperoxide, 5 ,6-dioxabicyclo [2,2,2] 2-octene. 
Benzophenone was also used as the sensitizer i n this study. 

N o dimers of cyclohexadiene were detected as products , a l t h o u g h u n d e r 
the same condit ions i n the absence of oxygen, d i m e r f o r m a t i o n is the 
m a i n react ion process. T h e format ion of endoperoxide is interpreted as 
i n d i c a t i n g that singlet oxygen is b e i n g f o r m e d b y q u e n c h i n g of the n-?r* 
t r iplet state of the sensitizer. T h e absence of dimers suggests that singlet 
oxygen format ion competes effectively w i t h energy transfer f r o m sensi
t izer to the olefin. Previous sensit ized photo-oxygenations used TT-TT* 
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168 O X I D A T I O N O F O R G A N I C C O M P O U N D S I I I 

tr iplets . T h e results of this s tudy show that also n-?r* c a r b o n y l tr iplets , 
even t h o u g h short l i v e d , can produce singlet oxygen i n sensit ized photo-
oxygenations. O t h e r olefins can also be photo-oxygenated u s i n g n-?r* 
tr iplets as sensitizers. It is very probable that the singlet 0 2 i n i t i a l l y 
p r o d u c e d f r o m these species w o u l d have a substant ial * 2 / contr ibut ion . 

T . M a t s u u r a ( U n i v e r s i t y of K y o t o ) : I w i s h to d r a w attention to 
the re lat ionship be tween ox idat ion w i t h singlet oxygen a n d b i o l o g i c a l 
ox idat ion . It has been repor ted that q u e r c e t i n ( I a ) is enzymat i ca l ly con
ver ted to a d e p s i d e ( I I a ) a n d carbon monoxide b y the act ion of a d i -
oxygenase. W e f o u n d recently that the photosensi t ized oxygenat ion of 
3 - h y d r o x y f l a v o n e ( I b ) , f o l l o w e d b y m e t h y l a t i o n of the products , gives a 
corresponding d e p s i d e ( I I b ) i n a 4 4 % y i e l d . W e also f o u n d that carbon 
m o n o x i d e ( 8 8 % ) a n d carbon d iox ide ( 1 8 % ) are l iberated d u r i n g oxygena
t ion . A s imi lar result was obta ined w i t h 5,7,3 / ,4 / -tetramethylquercetin(IIc) . 
T h i s react ion represents a m o d e l for the enzymat ic react ion. W e propose 
possible mechanisms for b o t h enzymat ic a n d c h e m i c a l reactions i n v o l v i n g 
a hydroperox ide intermediate as s h o w n b e l o w . [ F o r more details see, 
T . M a t s u u r a , H . M a t s u s h i m a , H . Sakamoto, /. A m . Chem. Soc. 89, 6370 
(1967) . ] 

Ha R = O H , R' = H 
l ib R = H , R' = Me 
lie R = OMe, R' = Me 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
07

1

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



72 

Biochemical Oxidations 

SEYMOUR KAUFMAN 

National Institutes of Health, Bethesda, M d . 20014 

Oxygenases are enzymes which catalyze those biological 
oxidations which occur by addition of molecular oxygen to 
the organic molecule being oxidized. In reactions catalyzed 
by monooxygenases, the specific electron-donating cofactor 
utilized varies from one enzyme to another. Research on 
oxygenases has focused on cofactor requirements of the 
various oxygenases, the flow of electrons during the reaction, 
and the mechanism of the oxygenation step. 

T t is n o w w e l l established that organic compounds can be o x i d i z e d b y 
A organisms i n t w o different ways . T h e most c o m m o n m o d e of b i o l o g i 
ca l ox idat ion is via dehydrogenat ion reactions. A l m o s t a l l of the oxidat ive 
steps i n carbohydrate , fat, a n d prote in metabol i sm proceed b y this pa th
w a y . T w e l v e years ago, it was s h o w n b y M a s o n a n d independent ly b y 
H a y a i s h i that a second type of b i o l o g i c a l oxidat ive react ion can occur : 
a d d i t i o n of molecular oxygen onto the organic molecule b e i n g o x i d i z e d . 
T h e enzymes ca ta lyz ing this type of react ion have been ca l l ed m i x e d 
f u n c t i o n oxidases or oxygenases. Oxygenases have been further d i v i d e d 
into t w o sub-categories: monooxygenases a n d dioxygenases, d e p e n d i n g 
o n whether one or t w o atoms of oxygen are incorporated into the organic 
molecule . 

T h e reactions ca ta lyzed b y monooxygenases can be descr ibed b y 
the f o l l o w i n g general equat ion where R H stands for the organic molecule 
b e i n g o x i d i z e d , a n d X H 2 is an electron d o n o r : 

R H + 0 2 + X H 2 -> R O H + H 2 0 + X 

T h e specific electron donor u t i l i z e d i n these reactions varies f r o m 
one enzyme to another. R e d u c e d p y r i d i n e nucleotides, te t rahydropter i -
dines, a n d ascorbate have a l l been s h o w n to f u n c t i o n as e lectron-donat ing 
cofactors w i t h different mono-oxygenases. These cofactor requirements 
are usua l ly specific. Phenyla lan ine hydroxylase , for example, ut i l izes a 
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72. K A U F M A N Biological Oxidation 171 

te t rahydropter idine a n d w i l l not f u n c t i o n w i t h ascorbate or r e d u c e d 
p y r i d i n e nucleotides. T h e reason for this cofactor specif ic i ty is not k n o w n . 

It is possible to discern three phases of research o n oxygenases. I n 
the first phase, the m a i n effort was d i rec ted t o w a r d del ineat ing the 
cofactor requirements of the various oxygenases. D u r i n g this p e r i o d n e w 
coenzymes, or n e w roles for o l d coenzymes, were uncovered . I n the 
second phase, attempts were made to trace the flow of electrons f r o m the 
electron donor to the enzyme itself. F o r m i c r o s o m a l a n d m i t o c h o n d r i a l 
oxygenases, the flow of electrons m a y involve a complex series of inter
m e d i a r y electron carriers. I n the t h i r d phase, attempts are b e i n g m a d e 
to s tudy the mechanism of the oxygenat ion step. I n the f o l l o w i n g papers, 
a l l three areas of research i n this field are touched, 
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The Mechanism of Action of Dopamine 
β-Hydroxylase 

SEYMOUR K A U F M A N , WILLIAM F. BRIDGERS, 1 and JOSEPH BARON 2 

Laboratory of General and Comparative Biochemistry, National Institute of 
Mental Health, U . S. Department of Health, Education, and Welfare, Public 
Health Service, National Institutes of Health, Bethesda, Md. 20014 

Dopamine β-hydroxylase catalyzes the side-chain hydrox-
ylation of dopamine and other phenylethylamine deriva
tives. Ascorbic acid serves as a specific electron-donating 
cofactor. The enzyme from bovine adrenal glands contains 
Cu2+ and a smaller amount of Cu+. When the enzyme 
oxidizes ascorbate to dehydroascorbate, most of the Cu2+ 

is reduced to Cu+. Added substrate is hydroxylated, and 
Cu+ is reoxidized to Cu2+. This indicates that most of the 
protein-bound Cu2+ undergoes cyclic reduction and oxidation 
during hydroxylation. The results also rule out an oxygen
-carrier function for ascorbate. The possibility that α β
-substituted hydroperoxide of the substrate is formed as an 
intermediate in the reaction has been examined with the 
use of β,β'-tritium-labelled substrate. The results indicate 
that such an intermediate is unlikely. 

"p\opamine ^-hydroxylase catalyzes the hydroxylation of dopamine 
( 3,4-dihydroxyphenylethylamine ) to norepinephrine according to 

Reaction 1 (14). 

Dopamine + 0 2 + ascorbate —» norepinephrine + H 2 0 + dehydroascorbate 
(1) 

With catalytic amounts of enzyme, the hydroxylation reaction is 
specific for derivatives of ascorbate (14). The enzyme is relatively non
specific for the substrate; the minimum structural requirements appear 
to be a benzene ring with a two-carbon side chain that terminates in an 
amino group (2, 3, 6, 15). The enzyme activity is stimulated markedly 

1 Present address: Department of Medicine, University of Miami School of Medicine, 
Miami, Fla. 33136. 
2 Present address: University of Chicago Medical School, Chicago, Ill. 
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73. K A U F M A N E T A L . Dopamine ^-Hydroxylase 173 

b y certa in d i c a r b o x y l i c acids such as fumarate a n d a-ketoglutarate (14). 
Recent ly , other hydroxylases have been reported to show a s imi lar d u a l 
requirement for ascorbate a n d a d i carboxy l i c a c i d (1, 7, 8, 13). 

D o p a m i n e /^-hydroxylase has been obta ined i n essentially pure f o r m 
f r o m b o v i n e adrenal glands (4). It has a molecular we ight of approx i 
mate ly 290,000. A l t h o u g h the pro te in is colorless, meta l analysis s h o w e d 
that it is a copper prote in conta in ing be tween 0.65 a n d 1.0 jugram of 
copper per m g . of prote in ( 4 - 7 moles of copper/mole p r o t e i n ) . Par t of 
the copper is present as C u + a n d part as C u 2 + . A l t h o u g h the amount of 
C u + varies f r o m one enzyme preparat ion to another, the amount of 
C u 2 + is re la t ive ly constant a n d is e q u a l to about t w o moles per mole of 
enzyme. 

T h e copper is essential for enzyme act ivi ty . It can be r e m o v e d b y 
treat ing the enzyme w i t h cyanide a n d a m m o n i u m sulfate, resul t ing i n a n 
apoenzyme w i t h o u t detectable hydroxylase act ivi ty . C o p p e r is the on ly 
cat ion tested w h i c h can restore act iv i ty to the apoenzyme. 

I n the absence of substrate, the enzyme can r a p i d l y oxidize an 
equivalent amount of ascorbate to dehydroascorbate . T h e other p r o d u c t 
of this react ion is a r e d u c e d f o r m of the enzyme i n w h i c h most of the 
C u 2 + has been r e d u c e d to C u + . T h e r e d u c t i o n of the enzyme b y ascorbate 
can take place anaerobical ly . W h e n the r e d u c e d enzyme is exposed to 
substrate a n d oxygen i n the absence of ascorbate, part of the C u + is 
r e o x i d i z e d to C u 2 + , a n d an equivalent amount of substrate is converted 
to h y d r o x y l a t e d product . T h e valence changes i n the p r o t e i n - b o u n d 
copper have been observed w i t h b o t h a colorometr ic m e t h o d (4) a n d 
w i t h E S R measurements ( 5 ) . 

B a s e d o n these results, the h y d r o x y l a t i o n react ion has been f o r m u 
lated (4, 5) as s h o w n i n React ions 2, 3, a n d 4, w h e r e R H stands for 
substrate a n d R O H for h y d r o x y l a t e d product . 

E - ( C u 2 + ) 2 + ascorbate —» E - ( C u + ) 2 + dehydroascorbate + 2 H + (2) 

T h e scheme is u n d o u b t e d l y overs impl i f ied . It is possible, for ex
ample , that r e d u c t i o n of the enzyme b y ascorbate involves the format ion 
of semidehydroascorbate a l though dehydroascorbate is the on ly p r o d u c t 
that has so far been detected. It is also possible that R e a c t i o n 3, the 
c o m b i n a t i o n of oxygen w i t h the e n z y m e - b o u n d copper , does not occur 
i n the absence of substrate. It is of interest i n this regard that the reduc
t ion of the enzyme b y ascorbate occurs r a p i d l y i n the absence of substrate. 
T h i s is i n contrast to results obta ined w i t h sal icylate hydroxylase , w h e r e 
r a p i d r e d u c t i o n of the e n z y m e - b o u n d flavin b y D P N H requires the 
presence of substrate ( 9 ) . 

E - ( C u + ) 2 + 0 2 <^ E - ( C u + ) 2 - 0 2 

E - ( C u + ) 2 - 0 2 + R H + 2 H + -> E - ( C u 2 + ) 2 + R O H + H 2 Q 

(3) 

(4) 
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Reactions 2, 3, a n d 4 te l l us l i t t le about h o w oxygen is act ivated 
d u r i n g the h y d r o x y l a t i o n react ion, a n d at the moment one can o n l y 
speculate about the details. T h e scheme a n d the results o n w h i c h it is 
based do, however , ru le out several general types of h y d r o x y l a t i o n 
mechanism. T h e fact that the enzyme can be r e d u c e d anaerobica l ly b y 
ascorbate to a f o r m w h i c h act ively supports substrate h y d r o x y l a t i o n i n 
the absence of ascorbate rules out any m e c h a n i s m for this enzyme-
cata lyzed react ion i n w h i c h the ascorbate funct ions as an oxygen carrier. 
S u c h a role has been postulated for te trahydropter idines (16), w h i c h 
can serve as specific e lectron-donat ing cofactors (just as ascorbate does 
w i t h d o p a m i n e /^-hydroxylase) i n cer ta in aromatic h y d r o x y l a t i o n reac
tions (10,12). 

W e have i n the past considered another type of h y d r o x y l a t i o n mecha
n i s m (React ions 5 a n d 6) that involves the format ion of a hydroperox ide 
of the substrate as an intermediate , f o l l o w e d b y r e d u c t i o n of the peroxide 
to the h y d r o x y l a t e d p r o d u c t (11). A s imi lar m e c h a n i s m i n v o l v i n g the 
format ion of a transannular peroxide of the substrate has also been pro
posed recently for aromatic hydroxyla t ions (18). 

I n the l ight of the results discussed earlier o n the r e d u c t i o n of the enzyme 
b y ascorbate, this o l d scheme w o u l d have to be m o d e r n i z e d b y r e p l a c i n g 
the ascorbate i n Reac t ion 6 w i t h the r e d u c e d enzyme, E - ( C u + ) 2 . I n 
this mechanism, it is assumed that the o n l y role of the e n z y m e - b o u n d 
copper is to a l l o w transfer of electrons f r o m ascorbate to the h y d r o 
peroxide of the substrate. 

W e have t r i ed to detect the f o r m a t i o n of a h y d r o p e r o x i d e of the 
substrate i n the absence of the over-a l l react ion b y us ing a substrate 
l a b e l l e d w i t h t r i t i u m i n the /? posit ions. 

If Reac t ion 7 occurred, t r i t i u m s h o u l d be released into the m e d i u m i n the 
absence of ascorbate. Sufficient enzyme was used i n these experiments 
to detect R e a c t i o n 7 even if the hydroperox ide f o r m e d d i d not exceed 
the amount of enzyme present. 

Before experiments i n the absence of ascorbate were p e r f o r m e d , the 
extent of d i s c r i m i n a t i o n against the t r i t i u m - l a b e l l e d substrate d u r i n g the 
h y d r o x y l a t i o n react ion was est imated. T h e h y d r o x y l a t i o n of / ^ ' - t r i t i u m -
l a b e l l e d tyramine was s tudied as a f u n c t i o n of t ime. T h e react ion was 
f o l l o w e d b y measur ing the amount of oc topamine (1- [ p - h y d r o x y p h e n y l ] -

R H + 0 2 -> R O O H 

R O O H + ascorbate - » R O H + dehydroascorbate + H 2 0 

(5) 

(6) 

(7) 
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73. K A U F M A N E T A L . Dopamine ^-Hydroxylase 175 

2-aminoethanol) f o r m e d a n d the amount of t r i t ia ted water released. T h e 

results ( T a b l e I ) indicate that the isotope effect is about 1.8. 

T h e results of experiments designed to detect R e a c t i o n 7 are s h o w n 

i n T a b l e II . A b o u t 0 .2% of the t r i t i u m i n i t i a l l y present i n the substrate 

was volat i le under condit ions of l y o p h i l i z a t i o n . I n the absence of ascor

bate, no enzyme-dependent release of t r i t i u m was detectable. I n the 

presence of ascorbate—i.e., w h e n the over-a l l h y d r o x y l a t i o n rac t ion took 

T a b l e I. T i m e - C o u r s e of the Convers ion of T y r a m i n e to Octopamine" 

Incubation 
Time, 
min. 

5 
10 
20 
40 

Octopamine 
Formed, 
pmoles 

0.111 
0.219 
0.414 
0.685 

Tritium Release, 
CPM/0.05 ml. 

Found 

258 
498 
913 

1754 

Expected 

470 
928 

1760 
2900 

Isotope 
Effect 

1.82 
1.86 
1.92 
1.65 

a A l l tubes contained the following components (in /umoles unless stated otherwise): 
potassium phosphate, p H 6.5, 100; ascorbate, 6.0; fumarate, 50; tyramine-/3/3'-3H, 
2.0, specific activity 1.15 X 105 CPM//umole; catalase, 300 units, dopamine j8-hydrox-
ylase (4). Final volume, 0.68 ml. at 2 5 ° C . Octopamine determined by a minor 
modification of a published procedure (17). A 0.05 ml. sample of water was obtained 
by lyophilization and dissolved in 10 ml. of Bray's scintillation mixture. Radioactivity 
determined in a Packard liquid scintillation spectrometer; total counts collected were 
sufficient to yield a 5% coefficient of variation. The expected tritium release was 
calculated from the octopamine formed, assuming that the amount of tritium was the 
same in both /3 positions of the tyramine. The results for the amount of tritium 
released have teen corrected for the amount of exchangeable tritium initially present 
in the tyramine. 

T a b l e II. R e a c t i o n of Tyramine-£,/?'-3H w i t h 
Dopamine / J - H y d r o x y l a s e a 

Tritium Released 

Experiment 

1 
2 
3 
4 
5 
6 

Enzyme 
Added, 

mg. 

0 
0.884 (native) 
1.37 (boiled) 
1.37 (native) 
0.069 (boiled) 
0.069 (native) 

Ascorbate 

+ 
+ 

CPM 

3.20 X 10 3 

3.25 X 10 3 

3.20 X 10 3 

3.11 X 10 3 

3.11 X 10 3 

7.85 X 10 5 

0.18 
0.18 
0.18 
0.17 
0.17 

43.0 

• Complete reaction mixtures contained the following components (in /umoles): potas
sium phosphate, p H 6.5, 100; fumarate, 50; catalase, 300 units, tyramine, /3-/3'-3H, 
0.54, specific activity, 3.36 X 106 CPM/^mole. Ascorbate (6.0 /umoles) and dopamine 
0-hydroxylase (4) were added where indicated. Final volume, 0.68 ml.; incubation 
time, 20 min. at 2 5 ° C . Reactions were stopped by freezing. A 0.1-ml. sample of 
water was obtained by lyophilization and dissolved in 10 ml. of Bray's scintillation 
mixture. Radioactivity determined in a Packard liquid scintillation spectrometer; 
total counts collected were sufficient to yield 5% coefficient of variation. 
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place ( E x p e r i m e n t 6), 4 3 % of the radioac t iv i ty was released into the 
m e d i u m . Since a 5% difference i n radioac t iv i ty be tween Exper iments 1 
a n d 2 a n d Exper iments 3 a n d 4, c o u l d have been measured, these experi 
ments were sensitive enough to detect a p a r t i a l react ion ( i n v o l v i n g sub
strate a n d oxygen i n the absence of ascorbate) o c c u r r i n g at 0 .01% of 
the catalyt ic rate observed i n E x p e r i m e n t 6. 

If a ^-subst i tuted hydroperox ide of the substrate h a d been f o r m e d 
i n amounts equa l to the amount of enzyme present, the expected amount 
of t r i t i u m released i n the presence of native enzyme ( E x p e r i m e n t 4) 
s h o u l d have exceeded that f o u n d i n its absence ( E x p e r i m e n t 3) b y about 
4000 C P M / 0 . 1 m l . 

These results show that i t is u n l i k e l y that the h y d r o x y l a t i o n react ion 
ca ta lyzed b y d o p a m i n e ^-hydroxylase occurs as d e p i c t e d i n React ions 5 
a n d 6. A ^-subst i tuted hydroperox ide of the substrate c o u l d s t i l l be i n 
v o l v e d i n the m e c h a n i s m if the formation of the hydroperox ide r e q u i r e d 
the p a r t i c i p a t i o n of ascorbate. 
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Reaction Mechanism of FAD-Containing 
Monooxygenases 

SHOZO YAMAMOTO, YOSHITAKA MAKI, TERUKO NAKAZAWA, 
YASUMICHI KAJITA, HIROSHI TAKEDA, MITSUHIRO NOZAKI, 
and OSAMU HAYAISHI 

Department of Medica l Chemistry, Kyoto University Faculty of Medicine, 
Kyoto, Japan 

Imidazoleacetate and L-lysine monooxygenases from pseudo-
monads were obtained in crystalline form. Both enzymes 
were established to contain FAD probably as a sole cofactor. 
Available evidence indicates that the reaction catalyzed by 
these enzymes involves the reduction of FAD, the mono-
oxygenation of substrate, and the reoxidation of reduced 
FAD. The mechanism of activating molecular oxygen by 
these FAD-containing monooxygenases is discussed. 

TiJ~onooxygenase ( m i x e d f u n c t i o n oxidase) catalyzes the incorpora t ion 
of one atom of molecular oxygen into substrate a n d the r e d u c t i o n 

of the other a tom to water . F o r the r e d u c t i o n of the oxygen atom, some 
monooxygenases requi re an exogenous reductant such as r e d u c e d p y r i 
d ine nucleot ide a n d ascorbate, whereas others consume endogenous 
h y d r o g e n atoms of substrate. Thus , the monooxygenase react ion involves 
b o t h the ox idat ion (dehydrogenat ion) of a h y d r o g e n donor a n d the 
oxygenat ion of substrate. 

T o c lar i fy the react ion m e c h a n i s m of monooxygenase, w e have re
cent ly p u r i f i e d t w o monooxygenases f r o m pseudomonads. Imidazole 
acetate monooxygenase (5 ) a n d L- lys ine monooxygenase (10) were ob
ta ined i n crystal l ine f o r m , a n d b o t h were s h o w n to be f lavoproteins. T h e 
former requires an exogenous h y d r o g e n donor , b u t the latter ut i l izes the 
h y d r o g e n atoms of L- lys ine . 

This, paper describes some of the results of our investigations of the 
t w o F A D ( f lav in adenine d i n u c l e o t i d e ) - c o n t a i n i n g monooxygenases. W e 
also discuss the m e c h a n i s m of ac t ivat ion of molecular oxygen b y these 
enzymes. 

177 
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178 O X I D A T I O N O F O R G A N I C C O M P O U N D S III 

Imidazole acetate Monooxygenase 

Imidazoleacetate monooxygenase was p u r i f i e d about 250-fold f r o m 
a cell-free extract of a p s e u d o m o n a d a n d was obta ined i n crystal l ine f o r m 
( F i g u r e 1 ) . T h e specific ac t iv i ty of the crystal l ine enzyme was 25.0 
/xmoles/min./mg. prote in , a n d o n the basis of a molecular we ight of 
90,000 its molecular ac t iv i ty was est imated to be 2000 at 2 4 ° C . 

Figure 1. Crystalline imidazoleacetate 
monooxygenase 

T h e enzyme catalyzes the incorpora t ion of one a tom of oxygen into 
imidazoleacetate , a n d the a c c u m u l a t i o n of imidazoloneacetate was ob
served. T h e react ion p r o d u c t was unstable a n d decomposed spontane
ously. N A D H ( n i c o t i n a m i d e adenine d inuc le tot ide hydra te ) was 
consumed as a h y d r o g e n donor . T h e enzyme assay was carr ied out 
either b y the spectrophotometric measurement of N A D H ox idat ion or 

H C = C — C H 2 C O O H H O * — C = C — C H 2 C O O H 

I I + 0% + N A D H + H* I I + NAD* + H a O * 
N N H 2 N N H 

V w 
C C 
H H 

b y the po larographic determinat ion of oxygen consumpt ion . Km values 
for imidazoleacetate , N A D H , a n d oxygen were est imated to be 0.3, 0.01, 
a n d 0.02 m M , respect ively. 

T h e crystal l ine enzyme was y e l l o w , a n d its absorpt ion spectrum is 
presented i n F i g u r e 2. T h e prosthetic group was ident i f ied as F A D , one 
mole of w h i c h was est imated per mole of the enzyme prote in . T h e 
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74. Y A M A M O T O E T A L . FAD-Containing Monooxygenases 179 

1.0 

250 350 450 
Wavelength, m/i 

Figure 2. Absorption spectrum of imida
zoleacetate monooxygenase. Protein, 0.45% 
for visible region and 0.045% for ultra

violet region 

enzyme ca ta lyzed the reduct ion of several dyes w i t h N A D H u n d e r 
anaerobic condit ions ; 2 ,6 -d ichlorophenol indophenol , F A D , F M N ( r ibo-
flavine 5 ' -phosphate) , a n d ferr icyanide . I n the absence of imidazoleace
tate the enzyme c o u l d ox id ize N A D H at on ly 0 .5% of the rate i n its 
presence. Km values of the N A D H oxidase ac t iv i ty for N A D H a n d oxygen 
were est imated to be 0.3 a n d 0.02 mM, respectively. 

Analyses of the enzyme f a i l e d to detect significant amounts of i r o n 
a n d copper ( T a b l e I ) , a n d most meta l chelat ing agents tested d i d not 
show significant i n h i b i t i o n of the enzyme act iv i ty (11). 

T a b l e I. Est imat ions o f I ron and Copper of Imidazoleacetate 
a n d L - L y s i n e Monooxygenases, /miole 

Enzyme Iron" Coppera 

Imidazoleacetate monooxygenase (0.120) 0.001 0.000 

L - L y s i n e monooxygenase (0.103) 0.000 0.003 

a Dry ashing of enzyme protein was carried out. Iron was estimated by o-phenanthro-
line method and copper by sodium diethyldithiocarbamate or dithizone method. 

R e d u c t i o n of the e n z y m e - b o u n d F A D was observed on a d d i n g 
s o d i u m di th ioni te at p H 10.5 ( F i g u r e 3 ) . F A D reduct ion was also ob
served on a d d i n g N A D H b o t h i n the presence of imidazoleacetate a n d i n 
its absence ( F i g u r e 3 ) . A n absorpt ion spectrum characterist ic of the 
s e m i q u i n o i d f o r m of F A D appeared w h e n the enzyme was hal f r e d u c e d 
w i t h s o d i u m di th ioni te but not w i t h N A D H . 

W h e n an equimolar amount of N A D H was anaerobica l ly a d d e d to 
the enzyme i n the presence of imidazoleacetate , the r e d u c t i o n of F A D 
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180 O X I D A T I O N O F O R G A N I C C O M P O U N D S III 

was complete a n d immediate . A i r was then i n t r o d u c e d to reoxidize F A D , 
a n d the amount of imidazoleacetate was measured. O n a d d i n g N A D H 
(45 m/*moles), F A D (44 m^moles) was reduced , a n d o n the reoxidat ion 
of F A D , imidazoleacetate (42 m/xmoles) was consumed. 

_ i i ' ^ 1 i 
400 500 400 500 

Wavelength, m/i 

Figure 3. Reduction of imidazoleacetate monooxygenase with so
dium dithionite at pH 10.5 (left) and with NADH (right) 

L-Lysine Monooxygenase 

L - L y s i n e monooxygenase f r o m a p s e u d o m o n a d was pur i f i ed approx i 
mate ly 100-fold, a n d the enzyme was crys ta l l ized (10) ( F i g u r e 4 ) . Its 
specific ac t iv i ty was 10.5 /mioles/min./mg. prote in . T h e molecular w e i g h t 
was est imated to be 191,000 a n d the molecular ac t iv i ty was ca lcula ted to 
be 2082 at 3 4 ° C . 

T h e enzyme catalyzes the incorporat ion of one a tom of oxygen into 
L - l y s i n e , a n d 8-aminonorvaleramide is f o r m e d concomitant ly w i t h the 
evolut ion of carbon diox ide . E n z y m e act iv i ty was est imated b y the 
polarographic determinat ion of oxygen consumpt ion . T h e concentrat ion 
curve of L - l y s i n e was s igmoida l , a n d 0.18 m M L - l y s i n e was r e q u i r e d for 
the hal f m a x i m a l ve loc i ty of the enzyme. 

C H 2 N H 2 C H 2 N H 2 

( C H 2 ) 3 + 0 * 2 ( C H 2 ) 3 + C O , + H 2 0 * 

C H — N H 2 C — N H 2 

C O O H O * 
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74. Y A M A M O T O E T A L . FAD-Containing Monooxygenases 181 

T h e enzyme was also s h o w n to conta in F A D . T h e absorpt ion 
spectrum is s h o w n i n F i g u r e 5. T w o moles of F A D were est imated per 
mole of enzyme prote in . T h e enzyme ca ta lyzed the r e d u c t i o n of 2,6-
d i c h l o r o p h e n o l i n d o p h e n o l i n the presence of phenazine methosulfate. 

Analyses of the enzyme s h o w e d no i r o n , copper , or other meta l 
present i n significant quantit ies ( T a b l e I ) . M o s t meta l che la t ing agents 
tested were not i n h i b i t o r y to the enzyme (11). 

Figure 4. Crystalline L-lysine monooxy
genase 

0 L-J I I I 
250 350 450 

Wavelength, m/i 

Figure 5. Absorption spectrum of ^-lysine 
monooxygenase. Protein, 0.62% for visible 

region and 0.048% for ultraviolet region 
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182 O X I D A T I O N O F O R G A N I C C O M P O U N D S III 

T h e e n z y m e - b o u n d F A D c o u l d be r e d u c e d b y a d d i n g s o d i u m d i 
thionite . F i g u r e 6 presents the spectral change of F A D at p H 7.0, a n d an 
absorpt ion of s e m i q u i n o i d of F A D appeared d u r i n g the reduct ion . W h e n 
the enzyme was i n c u b a t e d w i t h L - lys ine under the anaerobic condit ions , 
F A D was r e d u c e d at a rate w h i c h d e p e n d e d o n the concentrat ion of 
L - lys ine . W i t h 0.1 m M L - lys ine the r e d u c t i o n o c c u r r e d very s l o w l y as 
presented i n F i g u r e 6. 

o 

o 0.5 
o 

• 
A A 

\ 
1 1 i * ^ ^ 

400 500 400 
Wavelength, m/i 

500 

Figure 6. Reduction of L-lysine monooxygenase with sodium di
thionite at pH 7.0 (left) and with L-lysine at 0.1 mM. Numbers in

dicate the incubation time in hours (right) 

A stoichiometric amount (0.1 m M ) each of e n z y m e - b o u n d F A D a n d 
4 1 C - u - L - l y s i n e ( u = u n i f o r m l y labe l l ed) was i n c u b a t e d anaerobica l ly 
u n t i l F A D was f u l l y reduced . A f t e r deprote in izat ion the react ion mixture 
was subjected to h i g h voltage paper electrophoresis a n d paper chroma
tography. M o s t of the radioac t iv i ty appeared at the area corresponding 
to p i p e r i d i n e 2-carboxyl ic a c i d (a -keto -c -aminocaproic a c i d ) ( F i g u r e 7 ) , 
a n d a significant amount of carbon d iox ide was not detected. W h e n the 
react ion mixture was aerated to reoxidize F A D a n d then deprote in ized , the 
radioac t iv i ty was also f o u n d at the pos i t ion of p i p e r i d i n e 2-carboxyl ic ac id . 

Discussion 

B y incorpora t ing one atom of molecular oxygen into substrate, 
monooxygenases catalyze a var iety of react ions—namely , h y d r o x y l a t i o n , 
dea lkyla t ion , epoxide a n d N - o x i d e format ion , desaturat ion, aromat izat ion 
of steroid, a n d a c i d a m i d e format ion . T h e p a r t i c i p a t i o n of a flavin 
cofactor has been reported for each type of monooxygenase react ion. 
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74. Y A M A M O T O E T A L . FAD-Containing Monooxygenases 183 

A n electron transport system is associated w i t h several monooxy
genase reactions. T h e steroid l l / ? - h y d r o x y l a t i n g system of adrenal m i t o 
c h o n d r i a consists of a flavoprotein, non-heme i r o n p r o t e i n a n d h o m o p r o -
te in ( 3 ) . F a t t y a c y l A C P desaturase f r o m E u g l e n a requires a flavoprotein 
a n d non-heme i r o n pro te in (6). I n these monooxygenat ion systems F A D 
as a flavoprotein is a component of an electron transport system. H o w 
ever, imidazoleacetate a n d L - l y s i n e monooxygenases, together w i t h 
sal icylate a n d p-hydroxybenzoate hydroxylases , appear to conta in F A D 
as a sole cofactor since i r o n a n d copper were not detected i n significant 
quanti t ies i n these enzymes (11, 12). 

W h e n F A D of imidazoleacetate monooxygenase was f u l l y r e d u c e d 
w i t h N A D H i n the presence of imidazoleacetate a n d r e o x i d i z e d b y aera
t ion , a n e q u i m o l a r amount of imidazoleacetate was consumed p r o b a b l y 
to f o r m imidazoloneacetate . A n analogous result has been obta ined w i t h 
sal icylate hydroxylase (9, 13). These findings indicate that the r e d u c e d 
f o r m of e n z y m e - b o u n d F A D serves as a h y d r o g e n donor i n the h y d r o x y l a 
t i o n of substrate a n d reduces one atom of oxygen to water . W h e n a s imi lar 
experiment was carr ied out w i t h L - l y s i n e monooxygenase a n d 1 4 C - L - l y s i n e , 
the rad ioac t iv i ty was 

R 

C H 2 F A D 
I 

C H — N H 2 

1 
C O O H 

Lysine 

R 
I 

C H 

C — N H 2 

C O O H 

N H o + 

R 

C H 2 

or | 
C = N H 

C O O H 

I H 2 0 

R 

C H 2 

c = o " 

C O O H 

R 

0 2 C H 2 

C — N H 2 

II 
O 

8-Aminonor-
valeramide 

+ c a 2 

R: H 2 N — ( C H 2 ) 3 — 
Piperidine 

2-carboxylate 
a-Keto-e-

aminocaproate 

f o u n d at the area corresponding to p i p e r i d i n e 2-carboxyl ic a c i d b u t 
l i t t le at the pos i t ion of 8-aminonorvaleramide. U n d e r the exper imental 
condit ions , F A D was r e d u c e d very s lowly , a n d a rather l o n g i n c u b a t i o n 
t i m e was r e q u i r e d for its f u l l reduct ion . If a n intermediate f o r m e d b y 
the dehydrogenat ion of L - l y s i n e is unstable a n d readi ly h y d r o l y z e d , after 
the l o n g i n c u b a t i o n t ime the intermediate m a y be h y d r o l y z e d to p i p e r i 
d ine 2-carboxyl ic a c i d , w h i c h is not susceptible to monooxygenat ion . 
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c.p.m. 
-6000 

-4000 

-2000 

, , - T H r 

+ 

O C D O O 
8-Aminonor- L-Lysine 8-Amino- Piperidine 2-
valeramide valerate carboxylate 

Figure 7. Formation of piperidine 2-carboxylic acid. The enzyme-
bound FAD (0.1 mM) and nC-u-L-lysine (0.1 mM, 1,000,000 c.p.m.) 
were incubated anaerobically for 7 hours. After deproteinization by 
adding perchloric acid, an aliquot of the reaction mixture was subjected 
to high voltage paper electrophoresis (2000 volts) at pH 3.4 for 1 hour 

A l t h o u g h the ident i f icat ion of the 1 4 C - l a b e l e d p r o d u c t as p i p e r i d i n e 
2-carboxyl ic a c i d has not been establ ished a n d the m e c h a n i s m of its for
m a t i o n has not been c lear ly e luc idated, the f o r m a t i o n of the a-keto a c i d 
m a y suggest the intermediate f o r m a t i o n of dehydrogenated L - lys ine 
concomitant w i t h the r e d u c t i o n of F A D . 

T h e f u n c t i o n of meta l i o n i n act ivat ing molecular oxygen has l o n g 
been invest igated a n d discussed. Several dioxygenases have been estab
l i shed to conta in i r o n w h i c h has been postulated to mediate the ac t ivat ion 
of molecular oxygen (7, 8). T h i s is also the case w i t h the copper con
ta ined i n phenolase (2) a n d d o p a m i n e /3-hydroxylase (1). A s descr ibed 
above, however , i r o n a n d copper appear to be absent i n some mono
oxygenases, a n d F A D seems to be a sole cofactor of these enzymes. 
Therefore , i n the absence of meta l i o n , considerat ion of the m e c h a n i s m 
of ac t ivat ing molecular oxygen suggests an a d d i t i o n a l f u n c t i o n of r e d u c e d 
flavin i n a d d i t i o n to its ac t ion as an electron carrier. T h e spontaneous 
ox idat ion of r e d u c e d flavin l eading to a very reactive hydroperox ide has 
been reported b y M a g e r a n d Berends (4). T h i s hydroperox ide is sup
posed to arise b y a react ion be tween a s e m i q u i n o i d f o r m of flavin a n d 
molecular oxygen. W h e t h e r or not such a hydroperox ide part ic ipates i n 
the enzymat ic ac t ivat ion of molecular oxygen w i l l require evidence ob
ta ined f r o m experiments w i t h F A D - c o n t a i n i n g monooxygenases. 

T h e s e m i q u i n o i d f o r m of F A D was observed spectrophotometr ica l ly 
w h e n the enzymes were r e d u c e d w i t h s o d i u m di th ioni te . H o w e v e r , such 
a species c o u l d not be detected o n r e d u c t i o n w i t h substrate, a n d i t has 
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74. Y A M A M O T O E T A L . FAD-Containing Monooxygenases 185 

not been established whether a semiquinone of F A D is i n v o l v e d i n the 
catalyses of these enzymes. 
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Oxidation of Iron(II) Chloride in 
Nonaqueous Solvents 

G E O R G E S. HAMMOND and CHIN-HUA S. WU 

Gates and Crel l in Laboratories of Chemistry, California Institute of Technology, 
Pasadena, Calif . 91109 

Autoxidation of iron(II) chloride in nonaqueous solvents is 
much faster than in water. The rate is first order in oxygen, 
and under controlled conditions, second order in iron(II). 
Various additives have powerful catalytic or inhibitory 
effects. The inhibition by iron(III) disappears in the pres
ence of excess lithium chloride, so inhibition is attributed 
to competition between iron(II) and iron(III) for chloride 
ions. Induced autoxidation of benzoin to benzil has the 
same rate-limiting step as the autoxidation of iron(II) with
out cosubstrate. The data can be accommodated by a 
mechanism in which the rate-limiting step is production of 
iron(IV) by dissociation of a binuclear complex having the 
composition Cl2FeOOFeCl2. In the presence of excess 
lithium chloride, intermediates containing more chloride 
bound to iron become involved. 

A n u m b e r of workers (8, 13, 14, 15, 20, 21, 22, 23, 33, 34, 35) have 
reported studies of the rates of air ox idat ion of i r o n ( I I ) to i r o n ( I I I ) 

i n aqueous solut ion a n d have discussed the mechanis t ic impl ica t ions of 
the k inet ic studies. O n l y P o u n d (28) has reported the results of a pre
l i m i n a r y s tudy of the react ion i n nonaqueous solvents. W e have invest i 
gated the react ion i n organic solvents because the faster rates are more 
convenient to f o l l o w a n d because a w i d e r range of organic cosubstrates 
can be i n c l u d e d . T h e ul t imate a i m of this s tudy is to increase our under
s tanding of the various catalyt ic a n d i n h i b i t o r y roles p l a y e d b y meta l l i c 
compounds i n autoxidations. 

Experimental 

M a t e r i a l s . I r o n ( I I ) ch lor ide d i h y d r a t e was p u r i f i e d b y a s l ight v a r i 
a t ion of the procedure descr ibed b y M o e l l e r (25). Reagent grade 

186 
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75. H A M M O N D A N D w u Iron(II) Chloride 187 

F e C l 2 • 2 H 2 0 (100 g r a m s ) , water (40 m l . ) , 5 grams i r o n p o w d e r , and 
5 m l . 62V H C 1 were heated u n d e r ni trogen at 120 °C . for one hour . T h e 
hot suspension was filtered, a n d the filtrate was cooled, first at r o o m 
temperature a n d then at ice temperature, a n d the green crystals of 
F e C l 2 • 4 H 2 0 were r e m o v e d b y filtration. A l l of the last three operations 
were carr ied out i n a ni trogen box. T h e crystals were d r i e d to constant 
weight over phosphorus pentoxide i n a v a c u u m desiccator. T h e i v o r y -
co lored d ihydra te was obta ined a n d stored i n vacuum-sea led ampoules 
conta in ing 2 - 3 grams. W h e n ampoules were opened for use, the contents 
were transferrea to screw-cap vials a n d stored i n a v a c u u m desiccator. 
V a r i o u s samples were a n a l y z e d for i r o n ( I I ) b y dichromate t i t ra t ion (17). 
Samples stored as descr ibed s h o w e d a m a x i m u m loss i n titer of 1 % over 
five-month periods. A n a l y s i s : ca lcula ted for F e C l 2 • 2 H 2 0 , F e ( I I ) , 34.31. 
F o u n d , 34.10-34.87. M e t h a n o l was first treated w i t h a l u m i n u m amalgam 
(32) a n d then d i s t i l l ed . Tests for c a r b o n y l compounds w i t h a lkal ine mer
cur ic cyanide (12) showed the presence of less t h a n 0 .002% of such 
materials . E t h a n o l was pur i f i ed i n the same w a y as methanol . T h e former 
was f o u n d to conta in less than 0 .005% c a r b o n y l compounds . E t h y l e n e 
g l y c o l was p u r i f i e d b y d is t i l la t ion f r o m s o d i u m (36). P y r i d i n e , p u r i f i e d b y 
d is t i l l a t ion over pellets of potass ium h y d r o x i d e , was s u p p l i e d b y James 
Waters . D i m e t h y l sulfoxide, p u r i f i e d b y d is t i l l a t ion a n d stored over 
molecular sieves, was p r o v i d e d b y Rober t C . N e u m a n , Jr. Reagent grade 
p i p e r i d i n e was d r i e d over s o d i u m a n d d i s t i l l e d ; the f rac t ion b o i l i n g at 
105 ° C . was col lected for use. Acetylacetone was p u r i f i e d b y treatment 
w i t h s o d i u m h y d r o x i d e a n d d is t i l l a t ion (6, 7 ) . T h e f rac t ion col lected for 
use b o i l e d at 1 3 3 ° - 1 3 4 ° C . a n d i n i t i a l l y h a d n D

2 5 = 1.4525; the va lue 
changed to n D

2 5 = 1.4512 after a f e w days. D i p i v a l o y l m e t h a n e (18), 
p u r i f i e d b y preparat ive vapor chromatography, was p r o v i d e d b y D o n a l d 
P a s k o v i c h . O t h e r materials were reagent grade chemicals used as d r a w n 
f r o m the stockroom. 

K i n e t i c Procedures. T h e vo lumetr i c oxygen m o n i t o r i n g apparatus 
has been descr ibed b y Boozer (2). T h e pressure of oxygen can be kept 
w i t h i n =b2 m m . H g . T h e gas buret reads w i t h a prec i s ion ± 0 . 0 1 m l . 
T h e 0 2 uptake is independent of s t i r r ing speed, a n d the poss ib i l i ty of 
photocatalysis has been r u l e d out b y dark experiments. T h e react ion 
vessel consists of a thermojacketed flask whose s idearm is e q u i p p e d w i t h 
a snug ground-glass chamber seat for i r o n ( I I ) sample. I r o n ch lor ide is 
w e i g h e d i n a s m a l l P t boat, p l a c e d i n the seat, then the chamber is 
c losed. U n d e r these circumstances, the sample is protected f r o m solvent 
v a p o r d u r i n g degassing. T h e react ion mixture is degassed, saturated 
w i t h 1 a tm. oxygen or air. O w i n g to the v o l a t i l i t y of methanol , i t is 
important to establish the near e q u i l i b r i u m between the oxygen gas a n d 
the l i q u i d before the zero t ime is m a r k e d . A p e r i o d of 15 to 20 minutes 
s h o u l d be a l l o w e d . T h e n the i r o n sample is a d d e d . W i t h i n one to t w o 
minutes , a homogeneous react ion mixture results, a n d at this t ime the 
zero po in t of a r u n is m a r k e d . 

A n a l y t i c a l Methods. I R O N ( I I ) A N D I R O N ( I I I ) . M e t h a n o l i c solutions 
of v a r y i n g concentrations of i r o n ( I I ) a n d i r o n ( I I I ) were made . Spectro-
photometr ic analyses were p e r f o r m e d a n d ca l ibra ted a c c o r d i n g to the 
reported procedure (10, 37). T h e y b o t h obey B e e r s L a w . I n a k ine t i c 
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r u n an a l iquot was r e m o v e d a n d q u e n c h e d b y d i l u t i o n w i t h methanol . 
T o t a l i r o n concentrat ion was first obta ined b y r e d u c i n g the i r o n ( I I I ) b y 
h y d r o x y l a m i n e h y d r o c h l o r i d e . T h e i r o n ( I I ) o-phenanthrol ine complex 
was then deve loped at p H 2.9, a n d the opt i ca l densi ty at 5100 A . was 
measured. T h e same procedure w i t h o u t r e d u c t i o n gave i r o n ( I I ) [cor
rec t ion was made for absorbance o w i n g to i rpn( I I I ) o -phenanthro l ine ] . 
B y thiocyanate co lor imetry at 4780 A . a n d p H 1.5, the i r o n ( I I I ) concen
trat ion was determined. T h e sum of the i r o n ( I I ) a n d i r o n ( I I I ) con
centrations was i n good agreement w i t h the assay for total i r o n . 

B E N Z O I N A N D B E N Z I L . Beer's L a w was o b e y e d b y a methanol ic solu
t i o n of b e n z o i n a n d b e n z i l at wavelengths 2500 to 2900 A . T h e re lat ion
ship c = cN • M N + cL • M L was established for a series of solutions 
conta in ing these t w o c o m p o u n d s i n different proport ions . T h e values of 
c, €N, cL are respect ively the ext inct ion coefficients of the mixture , benzo in , 
a n d b e n z i l ; M N a n d M L are the mole fractions of b e n z o i n a n d b e n z i l . I n 
the k inet ic w o r k the o p t i c a l density measured was corrected for the 
contr ibut ions b y i r o n ( I I a n d I I I ) species w h i c h were de termined inde
pendent ly . T h e opt i ca l density was measured at more than one w a v e 
length ( u s u a l l y 2700, 2800, 2600 A . ) , a n d the results were r e p r o d u c i b l e 
a n d agreed w i t h i n ± 2 % error. A C a r y m o d e l 11 spectrophotometer was 
used for this analysis. 

Detec t ion and De te rm ina t ion of A ldehyde . T h e amount of formalde
h y d e i n methanol i c react ion mixture was est imated quant i ta t ive ly accord
i n g to the procedure b y Kol thof f (16). A series of solutions conta in ing 
v a r y i n g amounts (5 X 10" 5 to 5 X 1 0 " 4 M ) of f o r m a l d e h y d e as w e l l as 
the u n k n o w n sample, w i t h p H adjusted to 3 b y phosphate-c i t r ic a c i d 
buffer, was treated w i t h 1.5 X 1 0 " 3 M Schiff's reagent (31). T h i r t y 
minutes later, the o p t i c a l densi ty at 5500 A . was de termined b y a C o l e m a n 
Junior spectrometer. T h e u n k n o w n concentrat ion of f o r m a l d e h y d e was 
est imated b y interpola t ing the k n o w n values. T h i s procedure was re
p r o d u c i b l e for autoxidat ion of ferrous ch lor ide i n methanol . H o w e v e r , 
i n the presence of a reactive cosubstrate, such as benzo in , the color 
became unstable, a n d the analysis was o n l y semiquanti tat ive . It was 
possible to determine acetaldehyde quant i ta t ive ly i n ethanol ic react ion 
mixtures b y v a p o r chromatography us ing a decylphthala te c o l u m n at 
6 6 ° - 6 8 ° C . 

Detec t ion and D e t e r m i n a t i o n of H y d r o g e n Perox ide . T i t a n y l sulfate 
so lut ion (30) was used for qual i ta t ive detect ion of h y d r o g e n peroxide . 
C o n t r o l measurements s h o w e d that the sensit ivity l i m i t was 1 X 1 0 " 4 M . 
Iodometry w i t h starch indica tor was also used to detect h y d r o g e n per
oxide. Kol thofFs (17) procedure was f o l l o w e d str ict ly w i t h respect to 
the exclusion of a ir ox idat ion a n d correct ion for b lank . 

Results 

Rates were f o l l o w e d b y m o n i t o r i n g oxygen uptake at constant pres
sure. I n the earl ier stages of this w o r k , so l id i r o n ( I I ) samples were 
contaminated b y i r o n ( I I I ) o w i n g to a s l ight preox idat ion at the surface 
d u r i n g degassing a n d t h e r m a l e q u i l i b r a t i o n . C a r e f u l d u p l i c a t i o n of ex-
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75. H A M M O N D A N D w u Iron(II) Chloride 189 

periments gave r e p r o d u c i b l e results a n d a l l o w e d semiquant i tat ive obser
v a t i o n of the effects of various addit ives . I n the later exper imenta l stages, 
b y u s i n g a specia l ly des igned react ion vessel, preox idat ion was e l iminated . 
D a t a f r o m these runs gave reasonably accurate values of the true i n i t i a l 
ox idat ion rates. I n the tables relat ive reactivit ies are c i t ed w h e n data 
are c o m p a r e d that are on ly accurate to the order of m a g n i t u d e . 

Solvent Effects. A major a i m of our s tudy was to learn about the 
effects of l igands (solvents a n d ch lor ide ions) o n the react iv i ty of i r o n ( I I ) 
w i t h molecular oxygen. T a b l e I shows that the rate of ox idat ion of 
i r o n ( I I ) is three to 1000 t imes as fast i n these organic solvents as i n 
water . T h i s increase i n rate, as w e l l as the large difference be tween 
m e t h a n o l a n d ethanol , can be in fer red or seen f r o m previous reports. 

L i g a n d effects i n water have been a t t r ibuted to their effects o n 
b i n d i n g i r o n ( I I I ) (8, 13, 14, 15, 33, 34, 35). H o w e v e r , w e shal l show 
that the accelerat ion of i r o n ( I I ) ox idat ion b y ch lor ide i o n i n methanol 
so lut ion is caused most ly b y its effect o n i r o n ( I I ) rather than o n i r o n ( I I I ) . 
A s a corol lary w e suggest that solvent effects are also largely associated 
w i t h l i g a n d effects o n the react iv i ty of i r o n ( I I ) . 

Tab le I. O x i d a t i o n o f I ron (II) Ch lo r i de i n V a r i o u s 
Solvents at 39.8 ± 0.2°C. 

[Fe(W]0, Relative0 AFe(II) 
Solvent M Ro A O , 

Water 0.176 <0.02 4 
Ethylene glycol 0.136 0.06 -Methyl alcohol 0.145 1.0 3 
Dimethyl sulfoxide 0.123 2.6 2 
E t h y l alcohol 0.176 20.0 —4 

° Ratios of initial rates. 

Some oxidations of m e t h a n o l a n d d i m e t h y l sulfoxide were appar
ent ly i n d u c e d b y the ox idat ion of i r o n ( I I ) . T h e theoret ical va lue for 
A F e ( I I ) / A 0 2 is 4.0 i f on ly i r o n is o x i d i z e d . T a b l e I shows that u p to 
t w i c e as m u c h oxygen was consumed i n the i n d i c a t e d solvents. S ince 
the sulfoxide was more easi ly at tacked than methanol , their oxidat ions 
p r o b a b l y are not associated w i t h a free r a d i c a l mechanism, a l though the 
oxidations of alcohols gave aldehydes. 

O u r further studies began i n ethanol as solvent, b u t these results, 
s u m m a r i z e d first b e l o w , are on ly semiquanti tat ive . O u r best data were 
obta ined i n m e t h a n o l w h e r e s lower rates of o x i d a t i o n w e r e m o r e con
venient ly s tudied. 

O x i d a t i o n i n E t h a n o l . T h e data best fitted a second-order rate l a w 
i n i r o n ( I I ) a n d first-order rate l a w i n oxygen. T h i s was consistent w i t h 
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190 O X I D A T I O N O F O R G A N I C C O M P O U N D S I H 

Pound's (28) report . T h e rat io of A F e ( I I ) / A 0 2 was 3.9 to 4.0. A c e t a l d e -
h y d e was detected i n the p r o d u c t b y v a p o r chromatography a l though 
o n l y one-sixth the amount expected o n the basis of excess oxygen con
s u m p t i o n was f o u n d . N o acetic a c i d a n d h y d r o g e n peroxide c o u l d be 
detected. 

A p r e l i m i n a r y survey was made of the effects of addit ives such as 
acetylacetone ( H A A ) , d i p i v a l o y l m e t h a n e ( H D P M ) , a n d p i p e r i d i n e 
( C 5 H 1 1 N ) . T a b l e I I shows that the neut ra l /?-diketones have no effect 
o n the rates, b u t m a r k e d accelerat ion accompanies the a d d i t i o n of b o t h 
a diketone a n d base. Base alone also accelerates the rate; however , the 
quant i ta t ive significance of the effect is not obvious because the mix ture 
became heterogeneous d u r i n g the react ion. 

Tab le II. Effects o f C h e l a t i n g L igands on O x i d a t i o n of 
I ron (II) Ch lo r i de i n E t h a n o l 

lFeCl2]0, [Additives], Relative0 AFe(II)b 

M T, °C. M A O , 

0.18 c 39.6 None 1.00 4.0 
0.18 39.6 H A A 0.20 1.04 3.2 
0.18 39.6 H A A 0.39 0.96 3.1 
0.18 39.6 H A A 0.97 0.96 2.6 
0.20 39.6 H D P M 0.20 1.04 4.0 
0.20 39.6 H D P M 0.20 1.04 3.7 
0.13 29.6 H A A + 0.23 1.87 2.3 

C 5 H n N 0.27 
0.12 29.6 H D P M + 0.30 1.52 2.3 

C 5 H n N 0.28 
0.15 29.6 H D P M + 0.30 4.48 2.3 

C 5 H n N 0.28 
0.11* 29.6 C , H n N 0.25 2.17 3.6 

0 Relative initial rate. 
6 AFe(II)/A02 represents the stoichiometry at the time oxidation of iron (II) to 
iron (III) was essentially complete. 
0 Experimental accuracy ± 10%. 
d Heterogeneous throughout the reaction. 

E x c e p t for H D P M , a l l the addit ives decrease the s toichiometr ic 
rat io. O x i d a t i o n i n the presence of C 5 H U N a n d H D P M leads to p r e c i p i 
ta t ion of bis ( d i p i v a l o y l m e t h a n a t o ) i ron ( I I I ) ethoxide (38), a n d a smal l 
amount of acetaldehyde (0 .2 -0 .5y) was also detected. Tests for per
oxides were negative. Consequent ly , w e bel ieve that the che la t ing agents 
themselves ( H A A , A A " , a n d D P M " ) are o x i d i z e d b y some transient 
i n v o l v e d i n the react ion. 

O x i d a t i o n i n Acety lacetone . S ince i r o n ( I I ) ch lor ide is not v e r y 
soluble i n the neutra l diketone, heterogeneous mixtures were used. A s 
the react ion proceeded the mixtures became homogeneous a n d d e v e l o p e d 
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75. H A M M O N D A N D w u Iron(H) Chloride 191 

the deep r e d color characterist ic of F e ( A A ) 3 . I n i t i a l ox idat ion rates were 
s lower at 39.6 ° C . t h a n were reactions i n any except the most d i lu te 
solutions i n ethanol . T h e stoichiometric rat io was 1.51-1.76; the rate is 
p r o p o r t i o n a l to the p a r t i a l pressure of oxygen. T h e l o w rates of react ion 
a n d l o w so lub i l i ty indicate that so lvolyt ic dissociat ion of i r o n ( I I ) ch lor ide 
(React ions 1 a n d 2) is l i m i t e d even i n a solvent that can p r o v i d e a 
p o w e r f u l chelat ing anion . 

Consequent ly , w e w o u l d also expect solvolysis to be l i m i t e d i n 
m o n o h y d r i c alcohols that are weaker acids a n d can p r o v i d e on ly mono-
dentate l igands. 

T h e fact that values of A F e ( I I ) / A 0 2 are persistently less t h a n 2.1, 
averaging 1.7, indicates the s toichiometr ic factor of 2.0 is not a l i m i t as 
m i g h t have been in ferred f r o m the measurements i n ethanol conta in ing 
H A A . Acety lacetone apparent ly behaves as a cosubstrate i n m u c h the 
same w a y as b e n z o i n (vide infra) or hydrazobenzene (38) b u t w i t h lower 
react ivi ty . 

O x i d a t i o n of i r o n ( I I ) ch lor ide was immeasurab ly s low i n H D P M 
at 4 0 ° C . a n d proceeded at a s low b u t detectable rate at 7 0 ° C . I n one 
experiment carr ied to comple t ion at the h igher temperature, the measured 
va lue of A F e ( I I ) / A 0 2 was 2.91. T h e system has not been s tudied further . 

O x i d a t i o n i n M e t h a n o l . S T O I C H I O M E T R Y . F o r near ly a l l the k inet ic 
runs A F e ( I I ) was a n a l y z e d ( J O , 37) o n l y at the e n d of the react ion. 
Therefore , the s toichiometr ic factor A F e ( I I ) / A 0 2 ( S F ) ac tual ly is an 
average va lue over the react ion p e r i o d . It was a lways f o u n d to be i n 
the range of 3.0 ± 0.2 despite the a d d i t i o n of accelerator ( L i C l , etc.) 
or i n h i b i t o r ( F e C l 3 , etc.) a n d regardless of the degree of comple t ion of 
the react ion (20 to 8 0 % ). T h i s impl ies that the S F does not v a r y m u c h 
under the condit ions of this invest igat ion. T o assure that the rate based 
o n A 0 2 is significant, attempts hade been m a d e to determine A F e ( I I ) 
a n d A 0 2 s imultaneously. T w o runs were m a d e ; one began w i t h metha
nol i c i r o n ( I I ) ch lor ide ( 0 . 1 4 5 M ) , a n d the other began w i t h a mix ture 
of methanol ic i r o n ( I I ) ch lor ide ( 0 . 1 4 5 M ) a n d i r o n ( I I I ) ch lor ide 
( 0 . 0 7 M ) . B o t h were carr ied to 4 5 % conversion. There was s m a l l de
crease i n the S F d u r i n g the first 1 0 % of react ion, b u t later the factor 
r e m a i n e d constant (3.0 =b 0.2) . Since i n i t i a l a d d i t i o n of a substantial 
amount of i r o n ( I I I ) ch lor ide does not change the stoichiometry appre
c iab ly , the i n i t i a l , apparent decrease i n S F is a t t r ibuted to inherent i n 
accuracy of vo lumetr i c data at the b e g i n n i n g of the r u n . I n d u c e d ox ida
t i o n b y i r o n ( I I I ) species must be re la t ive ly un impor tant i n this s tudy; 
otherwise the S F w o u l d have changed throughout the course of a r u n . 

F e C l 2 + H A A C l F e ( A A ) + H + + C l " 

C l F e ( A A ) + H A A ^ F e ( A A ) 2 + H + + C l " 

(1) 

(2) 
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I n the analysis of our data to test rate laws a n d to calculate pseudo-
rate constants, the va lue of (A0 2 )oo is needed. W e used the exper imenta l 
va lue of the S F since i t does not v a r y s ignif icantly f r o m r u n to r u n . 

K I N E T I C O R D E R . T h e rate is first order w i t h respect to oxygen, as 
was demonstrated b y runs i n w h i c h air replaced oxygen as the atmos
phere i n contact w i t h the react ion mixture . T h e react ion order, n , w i t h 
respect to i r o n ( I I ) was first est imated b y compar i son of i n i t i a l rates 
a n d b y a p p l i c a t i o n of the fract ional - l i fe t ime m e t h o d (11). A va lue of 
n = 1.98 was ca lcula ted f r o m the i n i t i a l rates of a n u m b e r of runs m a d e 
under comparable i n i t i a l condi t ions ; values of n est imated i n several runs 
u s i n g t1/3 a n d t1/2 i n the fract ional - l i fe t ime m e t h o d ranged f r o m 1.7 to 2.2. 
N o n e of the estimates is rea l ly precise. If the data for runs f o l l o w e d to 
h i g h convers ion are p lo t ted a c c o r d i n g to the integra l f o r m of the second-
order l a w , the rates f a l l off at h i g h conversion. T h e result m i g h t indicate 
that the dependence o n i r o n ( I I ) is more than second order or that the 
react ion is auto inhib i tory . F o r reasons that w i l l become clear, w e prefer 
the latter explanat ion. 

E F F E C T S O F M I S C E L L A N E O U S A D D I T I V E S . T h e rates are not s ignif icantly 

changed b y a d d i n g 0.1 to 0 . 2 M perch lor i c a n d p-toluenesulfonic a c i d 
a l though there is m a r k e d accelerat ion i n the presence of 2 M acetic a c i d . 
T h e rates are not affected b y a d d i n g a s m a l l amount of water . A smal l , 
b u t significant, accelerat ion (1.5 t imes) i n the presence of 0 . 3 M phos
p h o r i c a c i d is reminiscent of the influence of phosphate i n aqueous 
solut ion a n d is p r o b a b l y a l i g a n d effect s imi lar to that of ch lor ide (vide 
infra). W e interpret the absence of major effects of acids as i n d i c a t i n g 
that i n neutra l m e d i a solvolysis a c c o r d i n g to E q u a t i o n 3 is negl ig ib le . 

F e C l 2 + C H 3 O H ±̂ F e C l ( O C H 3 ) + CI" + H + (3) 

T e r t i a r y amines great ly accelerate the reactions. T h e effect is c o m 
plex since the amines w i l l b i n d i r o n as l igands a n d also decrease p r o t o n 
ac t iv i ty i n the m e d i u m . T h a t the latter effect must be of major s ignif i 
cance is demonstrated b y c o m p a r i n g the effects of p y r i d i n e a n d 2,6-
lu t id ine . T h e latter exerts a more p o w e r f u l catalysis effect despite the 
fact that steric h indrance weakens its l i g a n d effect. Consequent ly , w e 
infer that solvolysis to p r o d u c e species such as F e C l ( O C H 3 ) a n d 
F e ( O C H 3 ) 2 is extensive i n the presence of bases a n d that the alkoxides 
must be more reactive than F e C l 2 as substrates. T h e rate i n the presence 
of 0AM p i p e r i d i n e was immeasurab ly fast. T h e p o w e r f u l accelerat ion is 
a t t r ibuted to the h i g h bas ic i ty of p i p e r i d i n e ( p K & = 2.80 i n 5 0 % ethanol ) 
c o m p a r e d w i t h p y r i d i n e ( p K & == 9.62) a n d 2 ,6- lut idine ( p K b = 8.23). 

E F F E C T S O F I R O N ( I I I ) A N D L I T H I U M C H L O R I D E . A m o n g mechanisms 

considered d u r i n g our w o r k were several i n w h i c h intermediate oxidants 
are e q u i l i b r a t e d w i t h i r o n ( I I I ) . W e considered that the decrease i n rates 
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75. H A M M O N D A N D w u Iron(II) Chloride 193 

d u r i n g the latter part of the reactions m i g h t be caused b y a c c u m u l a t i o n 
of tr ivalent i r o n . Consequent ly , runs were carr ied out i n w h i c h ferr ic 
ch lor ide or samples d r a w n f r o m oxidat ion mixtures w e r e a d d e d i n i t i a l l y . 
B o t h forms of i r o n ( H I ) i n h i b i t oxidat ion, so the ox idat ion of i r o n ( I I ) 
under the condit ions of most of our experiments is auto inhib i tory . H o w 
ever, the effect seems to be associated w i t h the behavior of i r o n ( I I I ) as 
a L e w i s a c i d , not to revers ib i l i ty of some oxidat ion step. O t h e r L e w i s 
acids, m e r c u r i c ch lor ide a n d z i n c chlor ide , are also p o w e r f u l inhib i tors . 
O n the other h a n d , l i t h i u m chlor ide a n d c a l c i u m chlor ide are catalysts. 
W e infer that the react iv i ty of i r o n ( I I ) is sensitive to the amount of 
ch lor ide i o n b o u n d to the meta l i o n a n d that the auto inhib i tory effect is 
caused b y b i n d i n g of ch lor ide b y the react ion product . D a t a are sum
m a r i z e d i n T a b l e I I I , a n d plots of t y p i c a l runs are s h o w n i n F i g u r e 1. 

Tab le I I I . Effects of Chlor ides on O x i d a t i o n of F e C l 2 

i n M e t h a n o l at 29.5 °C. a n d 1 A t m . 0 2 

[FeCl2]0, [Additives'], 
M M V x 10* 

0.143 none 3.5 
0.145 0.420 L i C l 11.2 
0.148 0.216 C a C l 2 11.2 
0.144 0.217 H g C l 2 0.19 
0.147 0.264 Z n C l 2 0.32 
0.146 0.147 F e C l 3 0.57 
0.144 0.840 L i C l 27.5 
0.144 0.840 L i C l 25.5 

0.035 F e C l H 

0.145 0.940 L i C l 28.3 
0.070 F e C l 3 

0.144 0.840 L i C l 27.1 
0.034 F e C l 2 ( O C H 3 ) f t 

° Ro is the initial rate of absorption of oxygen in mole/min./liter of the reaction 
mixture. 
b F e C l 2 ( O C H 3 ) provided by oxidation of F e C l 2 in C H 3 O H . 

F i g u r e 2 shows the disappearance of a u t o i n h i b i t i o n i n the presence 
of l i t h i u m chlor ide . F i g u r e 3 shows the fit to second-order kinetics w i t h 
excess ch lor ide a n d also shows data for a comparable r u n w i t h o u t a d d e d 
l i t h i u m chlor ide . E v i d e n t l y the react ion is second order w i t h respect to 
i r o n ( I I ) b u t slows d o w n as i r o n ( I I I ) is p r o d u c e d unless a l i g a n d is 
a d d e d to b i n d the latter. T h e effect of v a r y i n g the amount of the excess 
l i t h i u m chlor ide is s h o w n i n F i g u r e 4, a n d the data are s u m m a r i z e d i n 
T a b l e I V . T h e rate is not a l inear f u n c t i o n of the concentrat ion of 
l i t h i u m ch lor ide ; at h igher concentrations the rate appears to increase 
w i t h a greater than first-order dependence on chlor ide . H o w e v e r , the 
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194 O X I D A T I O N O F O R G A N I C C O M P O U N D S III 

concentrations of electrolyte are so h i g h that no rigorous interpretat ion 
of the results can be offered. 

Brea ley a n d U r i (4) have s h o w n spectrophotometr ical ly that ferr ic 
ch lor ide is o n l y s l ight ly dissociated i n ethanol so lut ion a n d that i t is 
r e a d i l y converted to F e C L f b y a d d i n g excess l i t h i u m chlor ide . W e find 
that quant i ta t ive convers ion of F e C l 3 to F e C L f is effected i n solutions 
conta in ing 0 .148M i r o n ( I I ) ch lor ide a n d 0 .013M i r o n ( I I I ) ch lor ide . 

8 -

o 
< 

10 20 30 40 
Time,min. 

Figure 1. Effect of metallic chlorides on the oxidation rate of ferrous 
chloride in methanol at 29.5°C. and 1 atm. O* 

A , 
O , 
V , 
• , 
A , 

• , 

FeCU 
Fed 
FeCU 
FeCU 
FeCU 
FeCU 

o = 0.145M, [LiCl] = 0.420M 
o = 0.148M, [CaCW]0 = 0.216M 
o = 0.145U 
o = 0.I34M, [FeCl,(OCHs)~\o = 0.155M 
o = 0.146U, [FeCW]0 = 0.147M 
o = 0.147M, [ZnCW] = 0.264M 

[FeCU]0 = 0.144M, [HgCL] =0.217M 

F i g u r e 5 shows that the absorpt ion spectrum of the tetrachloroferrate 
i o n , w i t h a characterist ic m a x i m u m at 3150 A . , is comple te ly deve loped 
i n such a solut ion. T h e dot ted l ine is the spectrum of an ox idat ion 
mixture . T h e spectrum resembles that of a solut ion of F e C U " , b u t the 
characterist ic m a x i m u m at 3600 A . appears to be shi f ted to 3580 A . , a n d 
the ext inct ion coefficient at the latter w a v e l e n g t h is lower than that at 
3150 A . T h e result suggests that the p r i n c i p a l i r o n ( I I I ) species i n the 
ox idat ion mixtures is C l 3 F e ( O C H 3 ) " . F i g u r e 6 shows the effect of meta l l i c 
chlor ides o n the spectrum of methanol ic solutions of ferr ic chlor ide . 
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75. H A M M O N D A N D w u Iron(II) Chloride 195 

1 1 1 1 1 1 1 1 1 1 i i 

84% 

Time,min. 

Figure 2. Elimination of inhibitory effect of ferric chloride on oxidation 
of ferrous chloride by adding lithium chloride 

O, [FeCh]0 = 0.144M, [LiCl] = 0.84M, [FeIII]0 = 0 
A, [FeCU]0 = 0.144U, [LiCl] = 0.84M, [FeCUOCH3]o = 0.034M 
ft, [FeCh]0 = 0.145M, [LiCl] = 0.84M, [FeCls]0 = 0.035M 
V , [FeCh]0 = 0.144M, [LiCl] = 0.94M, [FeCl3]0 = 0.070U 

I N D U C E D O X I D A T I O N O F B E N Z O I N . If b e n z o i n is i n c l u d e d i n an ox ida

t ion mixture , i t is o x i d i z e d c leanly to b e n z i l . 

F e C l 2 

2 C 6 H 5 C H O H C O C 6 H 5 + 0 2 > C 6 H 5 C O C O C 6 H 5 

methanol 

F i g u r e 7 shows the representative runs, a n d T a b l e V summarizes data 
for a n u m b e r of runs. T h e react ion is zero order w i t h respect to b e n z o i n , 
a n d the specific rates of oxygen uptake are w i t h i n exper imenta l error the 
same as the i n i t i a l rates i n solutions conta in ing the same amounts of 
i r o n ( I I ) ch lor ide w i t h o u t b e n z o i n . C o m p a r i s o n a m o n g runs gives a 
good i n d i c a t i o n of the dependence of the i n i t i a l rate o n the concentrat ion 
of i r o n ( I I ) since a l l of the runs w e r e carr ied out b y our best procedure . 
A l t h o u g h the i n i t i a l slopes m a y st i l l be somewhat i n error, the accuracy 
is good enough to indicate that the rates decrease w i t h concentrat ion 
more r a p i d l y than is p r e d i c t e d b y the second-order l a w . W e are f a i r l y 
w e l l c o n v i n c e d b y the kinetics obta ined i n the presence of excess ch lor ide 
that the react ion is second order w i t h respect to i r o n ( I I ) , so w e need 
to account for the decrease i n rate b y some other explanat ion. A l i k e l y 
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1.00-

.75-

.50-

3 
I 
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.25-
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17% 8 6 . 2 % 
O 

. 0 3 -
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I 
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120 140 

30 

Figure 3. Second-order plot of oxidation rate of ferrous chloride in 
methanol at 30°C. and 1 atm. 02 

#, Left ordinate and lower abscissa [FeCli]0 = 0.052M, [LiCl]0 = 1.74M 
O, Right ordinate and upper abscissa \FeCli\o — 0.051M 

candidate is ion ic dissociat ion of F e C L i n the more d i lu te solutions, a n d 
the assumption that F e C l + is less reactive as a substrate t h a n F e C l 2 . 

K 
F e C l 2 ^ F e C l + + CI". 

If a l l of the rate is a t t r ibuted to F e C l 2 , the data at various concen
trations can be fitted reasonably w e l l w i t h a va lue of K == 5 X 10" 2. T h e 
s tudy of the conductance of F e C L i n m e t h a n o l b y de M a i n e a n d M c A l o n e 
(9 ) indicates that the c o m p o u n d behaves as a weak electrolyte. A l t h o u g h 
the data are not suitable for r igorous analysis, a value of the dissociat ion 
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constant of the order of 10" 2 is compat ib le w i t h the data w h i c h indicate 
the i r o n ( I I ) ch lor ide is par t ia l ly dissociated i n solutions i n the concen
trat ion range 0 .01 -0 .10M. T h i s conc lus ion can also be reached b y c o m 
p a r i n g the behavior of a strong electrolyte, such as L i C l , a m e d i u m 
strong electrolyte C a C l 2 , a n d a w e a k electrolyte Z n C l 2 . 

S i m i l a r k inet ic results are obta ined i n the presence of other cosub-
strates ( 3 8 ) , b u t the experiments w i t h b e n z o i n are especial ly significant 
because b e n z o i n is not o x i d i z e d b y i r o n ( I I I ) . Consequent ly , the fa i lure 
of substant ial amounts of i r o n ( I I I ) to appear a long w i t h b e n z i l i n the 
react ion mixtures impl ies that i r o n ( I I I ) cannot be f o r m e d before a rate-
d e t e r m i n i n g step. 

Discussion 

Status o f the Compos i t ion o f the I ron (II) C h l o r i d e Species i n 

Methano l . S ince ferrous ch lor ide behaves as a w e a k electrolyte i n 
methanol a n d i n our invest igat ion solutions of re la t ive ly h i g h concentra-

( c r ) T M 

0 05 L0 L5 2£ 25 

i + iog (c r ) T 

Figure 4. Effect of lithium chloride on the oxidation rate of ferrous chloride 
in methanol at 30°C. and 1 atm. 02 

[FeCh]0 = 0.05M 
A , Left ordinate and lower abscissa log k 2 vs. log [CI~]t 
O, Right ordinate and upper abscissa k 3 vs. [CZ"] T 
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198 O X I D A T I O N O F O R G A N I C C O M P O U N D S III 

T a b l e IV . Effect o f L i t h i u m C h l o r i d e on I n i t i a l R a t e of O x i d a t i o n of 
Ferrous Ch lo r i de i n M e t h a n o l at 30°C. a n d 1 A t m . 0 2 

[FeClg]0, [LiCl]9
a [ci-]T; UterVmole/ A[Fe(II)]e AFe(U)f 

M M M R / X 10* min. [Fe(II)]0 A O , 
0.0505 0.000 0.101 0.45 0.072 9 0.170 3.52 
0.0503 0.223 0.329 1.59 0.150' 0.388 2.84 
0.0505 0.440 0.540 2.43 0.263 0.424 3.12 
0.0498 0.645 0.744 4.39 0.431 0.620 2.99 
0.0506 0.840 0.941 5.48 0.667 0.663 3.28 
0.0506 1.09 1.19 8.97 1.220 0.700 3.11 
0.0514 1.33 1.43 11.90 1.945 0.852 3.16 
0.0501 1.54 1.64 17.40 2.360 0.882 3.21 
0.0518 1.74 1.84 25.50 3.620 0.862 3.20 

a L i C l • 0.345 H 2 0 was used. 
b [C1-] T is 2 [FeCl 2 ] + [ L i C l ] . 
e Ro is the initial rate of oxygen uptake in mole/min./liter of reaction mixture. 
d Second-order rate constant from l / ( ^ O 2 ) 0 0 — ( A 0 2 ) * vs. time. 
e % Conversion when reaction terminated. 
f Stoichiometric factor. 
8 Second-order plot is nonlinear owing to autoinhibition; fc2 is the intial slope of the 
plot. 

t ion of i r o n ( I I ) ch lor ide w e r e used, more than one i r o n ( I I ) species must 
have been present i n solut ion. T h e d i s t r ibut ion of these species can be 
f o r m u l a t e d i n terms of classical e q u i l i b r i u m constants, w h i c h m a y , unfor
tunately, d e p e n d u p o n the concentrations of the various solutes. 

E q u a t i o n 4 represents stepwise e q u i l i b r i u m be tween i r o n ( I I ) chlo
r i d e a n d chlor ide ion , w i t h o u t spec i fy ing the amount of m e t h a n o l b o u n d 
to each m e t a l ion . E q u a t i o n 5 shows that the concentrat ion of any ch loro-
i r o n ( I I ) species can be represented as a f u n c t i o n of the tota l i r o n ( I I ) 
concentrat ion, w h e r e Aiy the p r o p o r t i o n a l constant, is a p o l y n o m i a l func
t i o n of free ch lor ide a n d e q u i l i b r i u m constants. 

C ^ F e f l l ) ^ C l ^ . i F e U I ) + CI" i = 1 , 2 , . . . 6 (4) 

[ C l i F e ( I I ) ] = A j [ F e ( I I ) ] T ; A 4 = - ^ 2 l ( l + 2 
* / n = l n 

7T Kjfi IT Kt 

1 = 1 I 1 = 1 

It is evident that the relat ive amounts of the i r o n ( I I ) species w i l l 
v a r y w h e n [ C I ] varies. W h e n a k inet ic r u n is carr ied out under i d e a l 
condit ions such that the var ia t ion of [ C I - ] is n e g l i g i b l y smal l d u r i n g the 
react ion, the exper imental ly obta ined k inet ic dependence o n total 
i r o n ( I I ) , [ F e ( I I ) ] T , t r u l y represents the k inet ic cont r ibut ion f r o m a l l 
exist ing i r o n ( I I ) species. 

I n the runs w i t h excess ch lor ide the data fit the second-order rate 
l a w as i l lus tra ted i n F i g u r e 3. A s the data i n T a b l e I V show, the rate 
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75. H A M M O N D A N D w u Iron(II) Chloride 199 

2000 4000 

Figure 5. Ultraviolet spectra of iron chlorides in methanol in 
0.1-mm cells 

(1) : FeCU 0.148M + FeCh 0.0131M 
(2) : FeCl30.0131M 
(3) : FeCL 0.148U 
broken line, FeCU 0.143M + CUFeOCH3 0.015M 

constants increase as the concentrat ion of ch lor ide increases. U n d e r these 
condit ions , the general ized rate equat ion is as f o l l o w s : 

d [ F ^ ( I I ) 3 T = \ fcy[Cl4Fe(II)][CliFe(II)][02] (6) 
ij = 0 

= ( X M * ^ [ F e ( I I ) ] ^ [ 0 2 ] 
Vi=o / 

= * 2[Fe(II)] T?[0 2] 

T h e second-order rate constant k2 is, i n real i ty , a pseudo-second-order 
constant of complexi ty . T h e shape of the plot of k2 ( F i g u r e 4) vs. chlo
r ide is exponent ia l as expected. 

E q u a t i o n 6 explains the i r regular i ty of the rate l a w a n d the apparent 
inconsistency i n rate constants w h e n F e C l 2 is the o n l y source of ch lor ide . 
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200 O X I D A T I O N O F O R G A N I C C O M P O U N D S — H I 

Figure 6. Ultraviolet spectra of iron(IH) chloride in methanol 
with added metallic chlorides in 0.1-mm cells; FeCl3, 0.0262M 

in all cases 

, CaCh 0.204M, or LiCl 0.430M 
, no additive 

, ZnCU 0.260M 
• • • ,HgCL0.247M 

Since the e q u i l i b r i u m constants, Ki9 a n d specific rate constants (kii9 

a n d kij) are not avai lable , w e w i l l discuss the m e c h a n i s m s i m p l y o n the 
assumption that the rate is second order i n i r o n ( I I ) a n d make only q u a l i 
tative comments o n the effects of b o u n d ch lor ide o n react ivi ty . 

M e c h a n i s m . T h e first m e c h a n i s m suggested for ox idat ion of i r o n ( I I ) 
i n aqueous solut ion (33) i n v o l v e d reversible e lectron transfer f r o m 
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75. H A M M O N D A N D w u Iron(II) Chloride 201 

i r o n ( I I ) to oxygen f o l l o w e d b y rate-determining react ion of superoxide 
i o n w i t h ferrous ions. 

F e 2 + + 0 2 ^ F e 3 + + 0 2 " (7) 

T h i s mechanism, w h i c h has since been rejected (34) b y W e i s s w h o 
o r i g i n a l l y proposed it , is c lear ly not acceptable for the react ion i n metha
n o l since i t predicts that i n h i b i t i o n b y i r o n ( I I I ) s h o u l d be observed 
u n d e r a l l condit ions that do not reduce the kinet ic order w i t h respect to 
i r o n ( I I ) to first order. 

Weiss (34) a n d George (14) have suggested the f o l l o w i n g pa i r of 
closely re lated mechanisms. 

W e i s s : F e 2 + + 0 2 ?± F e 2 + 0 2 (8) 

F e 2 + 0 2 + F e 2 + ^ F e 2 + 0 2 F e 2 + (9) 

F e 2 + 0 2 F e 2 + + H + -> 2 F e 3 + + H 0 2 " (10) 

F e 2 + Q 2 + X - -> F e X 2 + + Q 2 " (11) 

TIME, MIN. 

Figure 7. Induced oxidation of benzoin by iron(II) 
chloride in methanol at 29.5°C. 

O , [FeCU]0 = 0.143M, [benzoin]0 = 0.028M 
#, lFeCL1o = 0.145M 
A , [FeCl,]o = O.073M, [benzoin~\0 — 0.056M 
A , [FeCllo — 0.070M, \benzoiri]0 = 0.028M 
• , [FeCL]o = 0.070M 
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202 O X I D A T I O N O F O R G A N I C C O M P O U N D S H I 

G e o r g e : F e 2 + 0 2 + H 2 0 + F e 2 + - » F e 0 2 H 2 + + F e O H 2 + (12) 

Reac t ion 11 was i n v o k e d b y Weiss to account for the catalyt ic effects 
of ions such as f luoride or pyrophosphate . T h e par t i cu lar f o r m of the 
solvolyt ic react ion was chosen b y George to accommodate his observa
tions that the ox idat ion of ferrous perchlorate i n water is second order 
w i t h respect to i r o n ( I I ) a n d only s l ight ly dependent o n the a c i d i t y of 
the system. T h e general mechanist ic formulat ions were accepted b y 
D a v i d s o n a n d co-workers (8, 13, 15), w h o observed b o t h first- a n d 
second-order dependence o n i r o n ( I I ) under various condit ions a l t h o u g h 
it was p o i n t e d out (8) that i r o n ( I V ) , rather t h a n H 0 2 - , m i g h t be an 
intermediate i n the react ion i n v o l v i n g one ferrous i o n . A l l mechanisms 
have presumed that h y d r o g e n peroxide is an intermediate i n the react ion 
a n d that i t is r a p i d l y r e d u c e d b y the w e l l - k n o w n react ion w i t h i r o n ( I I ) . 
C a t a l y t i c effects of anions have inev i tab ly been associated w i t h s tabi l iza
t ion of transi t ion states i n w h i c h i r o n ( I I I ) is b e i n g p r o d u c e d . 

E x p e r i m e n t a l l y it has usual ly been f o u n d that anion-cata lyzed reac
tions are first order w i t h respect to i r o n ( I I ) (8, 13, 15, 33, 34, 3 5 ) . T h e 
react ion i n very concentrated h y d r o c h l o r i c a c i d solutions (27) s h o u l d be 
i n c l u d e d i n this class. U n c a t a l y z e d reactions have usua l ly been reported 
to be second order i n i r o n ( I I ) (14, 19, 24), a l though K i n g a n d D a v i d s o n 
(15) observed mixed-order kinetics at h i g h temperatures. I n no case has 
the influence of i r o n ( I I I ) been careful ly invest igated, a l though P o u n d 
(29) reported that a d d i t i o n of i r o n ( I I I ) h a d no influence o n the ox idat ion 
rate of i r o n ( I I ) sulfate. 

T h i s invest igat ion has s h o w n that i n methanol solut ion the o x i d a t i o n 
of i r o n ( I I ) to i r o n ( I I I ) is c lear ly second order w i t h respect to i r o n ( I I ) 

Tab le V. Induced O x i d a t i o n of Benzo in i n M e t h a n o l b y I ron (II) 
Ch lo r i de at 29.5 °C. a n d 1 A t m . O x y g e n 

Reaction 
[Fe(III)y [Benzil] c [FeCl2]0, [Benzoin'] 0, R o a x Time, [Fe(III)y [Benzil] c R 0 X 10* 

M M 10* min. [Fe(II)]0 [Benzoin] 0 [FeCl2]0* 
277 d 709• 0.220 none 13.4 54.0 0.352 — 
[FeCl2]0* 

277 d 709• 
0.219 0.057 11.4 53.3 0.163 1.00 238 607 
0.155 none 5.17 90.0 0.346 — 215 666 
0.155 0.057 5.33 57.4 0.044 0.65 222 685 
0.070 0.028 0.63 144.0 0.050 0.50 128 638 
0.073 0.055 0.66 144.0 0.033 0.28 125 627 
0.143 0.028 3.4 100.0 0.135 1.00 165 548 
0.204 0.058 1.8' — — — 42 114 

a The initial rate of oxygen uptake in mole/min./liter of reaction mixture. 
b Iron (II) and iron (III) were determined (10, 37) at the end of the reaction period. 
c Benzoin and benzil determined by ultraviolet spectrophotometry. 
d Calculated from formal concentration. 
e Calculated assuming the first dissociation constant for F e C l 2 to be 0.05. 
f 1 atm. of air. 
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75. H A M M O N D A N D w u Iron(II) Chloride 203 

i n the presence of excess ch lor ide a n d p r o b a b l y is second order i n a l l 
cases. T h e fact that i n h i b i t i o n b y i r o n ( I I I ) disappears at h i g h ch lor ide 
concentrat ion indicates that i r o n ( I I I ) is a n important factor o n l y to the 
extent that i t regulates the ac t iv i ty of ch lor ide i o n i n the react ion mixture . 
O u r results are consistent w i t h any mechanism i n w h i c h t w o i r o n ( I I ) 
species, an oxygen molecule , a n d some n u m b e r of ch lor ide ions i n excess 
of the average n u m b e r b o u n d to i r o n ( I I ) i n the solution, are accumula ted 
to f o r m a transi t ion state for the rate-determining step of the react ion. 
T h i s w o u l d fit w i t h assignment of the ra te -determining step as a solvolysis 
s imi lar to Reac t ion 12 suggested b y George . H o w e v e r , the facts are i n 
equal ly good agreement w i t h a m e c h a n i s m i n w h i c h a b inuc lear oxygen 
complex undergoes any other un imolecu lar react ion as the rate-determin
i n g step. Reac t ion 13, w h i c h produces i r o n ( I V ) , is a n attractive candidate . 

C l 2 F e O O F e C l 2 - » 2 C l 2 F e O (13) 

A choice between Reactions 12 a n d 13 can be made b y cons ider ing 
the i n d u c e d oxidat ion of benzo in . O x i d a t i o n of i r o n ( I I ) to i r o n ( I I I ) 
a n d the i n d u c e d ox idat ion apparent ly have the same ra te - l imi t ing step. 
D i r e c t assay for i r o n ( I I I ) i n runs w i t h b e n z o i n showed that very l i t t le is 
p r o d u c e d d u r i n g the early stages t h o u g h significant amounts start to 
appear as the runs progress a n d the concentrat ion of b e n z o i n falls to l o w 
levels. Consequent ly , w e infer that the rate-determining step does not 
p r o d u c e i r o n ( I I I ) . Therefore , Reac t ion 12, or an analog i n v o l v i n g 
methanolysis instead of hydrolys is , cannot be i n v o l v e d i n the mechanism. 
W e suggest that i r o n ( I V ) is p r o d u c e d b y R e a c t i o n 13 a n d subsequently 
destroyed b y React ions 14 a n d 15 w h i c h are compet i t ive . 

C l 2 F e O + F e C l 2 - » 2FeIII (14) 

C l 2 F e O + C 6 H 5 C H O H C O C 6 H 5 F e C l 2 + C 6 H 5 C O C O C 6 H 5 + H 2 0 
(15) 

T h e rate increase caused b y excess l i t h i u m chlor ide suggests that 
there are other mechanisms i n w h i c h a d d i t i o n a l ch lor ide ions are a c c u m u 
lated before the ra te -determining step. T h e f o l l o w i n g equations w o u l d 
accommodate this hypothesis : 

C l 3 F e O O F e C l 2 - » C l 8 F e O + C l 2 F e O (16) 

C l 8 F e O O F e C l 8 -> 2 C l 3 F e O (17) 

I r o n ( I V ) was suggested m a n y years ago b y B r a y ( 3 ) , T a u b e ( 5 ) , 
a n d their respective co-workers as an intermediate f o r m e d f r o m i r o n ( I I ) 
a n d i r o n ( I I I ) w i t h h y d r o g e n peroxide. 

T h e l i g a n d effects o n rates are a l l very reasonable. W e i s s (33, 34, 
35) a n d D a v i d s o n (8, 13, 15) have prev ious ly reasoned that attachment 
of l igands, such as ch lor ide or phosphate, w h i c h t end to stabi l ize i r o n ( I I I ) 
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204 O X I D A T I O N O F O R G A N I C C O M P O U N D S III 

s h o u l d also stabi l ize transi t ion states l e a d i n g to that species. T h e same 
s h o u l d h o l d true for reactions i n w h i c h i r o n ( I V ) is p r o d u c e d . I n this 
w o r k w e have observed catalysis b y chlor ide , methoxide , a n d the anions 
of /?-diketones. T h e former t w o are strong field l igands w h i c h have no 
l o w - l y i n g vacant 7r-orbitals capable of s tab i l iz ing i r o n ( I I ) b y back b o n d 
i n g (26). T h e diketone l igands are unsaturated, a n d their absorpt ion 
spectra show re lat ively l o w - l y i n g TT-TT* transitions ( A m a x = 3000 A . ) . 
Consequent ly , they m i g h t have been expected to decrease react iv i ty 
because of b a c k b o n d i n g . H o w e v e r , the net effect is c lear ly that of pro
v i d i n g d r i v i n g force for the reactions w h i c h p r o d u c e h igher ox idat ion 
steps. 

T h e l i g a n d effects c o u l d , i n p r i n c i p l e , be dissected a n d al located to 
the various e q u i l i b r i a i n v o l v e d as w e l l as to the rate-determining react ion. 

F e C l 2 + C l - ^ F e C V (18) 

F e C l 2 + 0 2 ^ C l 2 F e 0 2 (19) 

F e C L f + 0 2 ±̂ C l 3 F e 0 2 (20) 

C l 2 F e 0 2 + F e C l 2 ^ C l 2 F e O O F e C l 2 (21) 

C l 3 F e 0 2 + F e C l 2 ±̂ C l 3 F e O O F e C l 2 (22) 

C l 3 F e 0 2 + F e C l 3 - ^ C l 3 F e O O F e C l 3 (23) 

Some cosubstrates (38)—i.e., ascorbic a c i d — a p p e a r to intercept an 
intermediate conta in ing only one a tom of i ron . W e bel ieve that such 
substrates react w i t h C l 2 F e 0 2 ; hence, s tudy of l i g a n d effects o n this 
second group of i n d u c e d oxidat ion reactions s h o u l d p r o v i d e in format ion 
concerning effects o n the earl ier steps i n the react ion. W e cannot make 
any firm dec is ion as to whether or not 0 2 should be regarded essentially 
as a 7r-ligand or as a cr-ligand. B o t h types of b i n d i n g m a y be i n v o l v e d 
a l though it seems probable that the ^-configuration must be i n v o l v e d i n 
R e a c t i o n 13, our postulated rate-determining step. 

T h e re lat ionship be tween the react ion i n nonaqueous solvents a n d 
that i n water is obscure. Since the kinetics are different, i t is l i k e l y that 
the mechanism is also different. I n m e t h a n o l the ch lor ide-ca ta lyzed reac
t i o n is second order w i t h respect to i r o n ( I I ) whereas l igand-ca ta lyzed 
reactions show only first-order dependence o n ferrous i o n i n aqueous 
solut ion. I n water , ra te - l imi t ing solvolysis of species such as X F e + 0 2 , to 
produce H 0 2 - , m a y occur s i m p l y because format ion of the b inuc lear 
c o m p o u n d , r e q u i r e d for the ra te - l imi t ing step i n methanol , is i n h i b i t e d 
b y strong solvat ion of i r o n ( I I ) i n aqueous solut ion. 

F i n a l l y , the i n d u c e d ox idat ion of a lcohol ic solvents can be f o r m u 
lated readi ly w i t h i n the f r a m e w o r k of the suggested mechanism. T h e 
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75. H A M M O N D A N D w u Iron(II) Chloride 205 

O H 

B — C l 2 F e O H - + C H 2 = 0 + B H + 

Iron ( IV) Iron (II) 

i r o n ( I V ) species seems i d e a l l y const i tuted to undergo oxidat ive e l i m i n a 
t i o n w i t h regenerat ion of i r o n ( I I ) . I n other w o r d s , the alcohols s i m p l y 
f u n c t i o n as two-electron reductants of l o w react ivi ty . T h e above scheme 
is one of several tenable hypotheses for the deta i led mechanism. 
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Discussion 

A d o l f o A q u i l o : H a v e y o u invest igated the autoxidat ion of ferrous 
fluoride a n d ferrous pyrophosphate? 

C h i n - H u a S. W u : F l u o r i d e a n d pyrophosphate are k n o w n to be g o o d 
complex ing agents for i r o n ( I I I ) species. T h e y are good candidates for 
s t u d y i n g l i g a n d effects. O w i n g to their l i m i t e d s o l u b i l i t y i n m e t h a n o l 
w e have not used t h e m i n our w o r k . 

N . U r i : A c c o r d i n g to m y unders tanding , the accelerat ion b y ch lor ide 
is not p r i m a r i l y caused b y the suppression of a back react ion b y f o r m a 
t i o n of F e C l 4 " , a n d there is an important l i g a n d effect o n the react iv i ty of 
i r o n ( I I ) . A species l ike F e C l 4

2 " can be present i n the solut ion. H a v e 
the authors considered this? 

D r . W u : Yes, w e have i n d e e d . T h e matter is treated i n the first par t 
of the discussion section of the paper , "Status of the compos i t ion of the 
i r o n ( I I ) ch lor ide species i n m e t h a n o l . " P a r t i c i p a t i o n b y such a species 
is compat ib le w i t h o u r data, b u t can not be p r o v e d r igorously for a 
n u m b e r of reasons. 

D r . U r i : Does water affect the rate? 

D r . W u : W a t e r is expected to s low d o w n the rate. H o w e v e r , a s m a l l 
q u a n t i t y of water (0.1 to 1 M i n methanol ) has no measurable effect. 

D r . U r i : D o y o u i n t e n d to detect exper imental ly the existence of the 
transient [ C l 2 F e O ] ? 
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D r . W u : W e w i l l be h a p p y to detect the transient i f w e can. H o w 
ever, w e are far f r o m certain as to the most appropr ia te tools to use. T h e 
species m a y be paramagnet ic but m i g h t be h a r d to f ind b y s p i n resonance 
spectroscopy because of the presence of other paramagnet ic species i n 
solut ion. A t present w e have no basis for guessing its l i fe t ime or con
centrat ion level . 

Cheves W a l l i n g : I w o n d e r i f y o u considered the " F e n t o n " scheme for 
y o u r react ion mechanism. T h i s scheme, i n its simplest vers ion w o u l d 
predic t that b e n z o i n w o u l d not affect the rate of oxygen uptake b u t 
w o u l d reduce the F e : 0 2 s to ichiometry f r o m 4 to 2. 

2Fe( I I ) + 0 2 - » 2Fe(I I I ) + H 2 0 2 

H 2 0 2 + Fe ( I I ) - » Fe( I I I ) + O H 

• O H + Fe ( I I ) - » F e ( I I I ) 

• O H + 4>CHOHC04> -> 4>COHCO</> 

Fe( I I I ) + 4>COHC04> -> <j>COCO<f> + Fe( I I ) 

A q u i c k look suggests that some, not a l l , of y o u r data m a y agree w i t h this. 
D r . W u : T h e Fenton- type mechanism has been seriously considered, 

b u t i t was a b a n d o n e d because i r o n ( I I I ) p r o d u c t i o n becomes very smal l 
i n the presence of the h igher concentrations of b e n z o i n . T h e above 
scheme w i l l require s toichiometr ic re lat ionship, 

Fe( I I I ) : benzil ^ 2 : 1 . 

^ , A . ^ d F e ( I I I ) . i . [ F e ( I I ) ] . . , + 
T h e fact that — ~ is p r o p o r t i o n a l to r T_ v / n is consistent 

a b e n z i l ^ ^ [benzoin] 
w i t h our proposed mechanism. W e have not f o u n d a modi f i ca t ion of the 
F e n t o n m e c h a n i s m that accommodates the data . 
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Spectral Characteristics and Autoxidation of 
Hematin a-Globin and Polyhistidine 

F. C. YONG and TSOO E. KING 

Oregon State University, Corvallis, Ore. 97331 

The complex formed from hematin a and native globin 
(from crystalline hemoglobin) possesses an approximate 
ratio of 4 to 1 and shows low spin characteristics in both 
oxidized and reduced forms. The reduced complex, when 
oxidized by either oxygen or ferricyanide, is converted to a 
yellow compound whose spectra differ from those of the 
initial compound. The conversion is reversed by dithionite 
but not by prolonged deaeration. We concluded that the 
hematin a-globin complex is autoxidizable but possesses 
no oxygenative property and is not reduced by ferrocyto-
chrome c. The hematin a-polyhistidine complex also shows 
low spin characteristics. Its reduced form is even more 
autoxidizable than hematin a-globin. The implications of 
these observations are discussed, with heme protein inter
actions and the structural specificities required for oxygena
tion and autoxidation. 

' T h e oxygenative ac t iv i ty of h e m o g l o b i n a n d m y o g l o b i n is dramat i c a l ly 
different f r o m the autoxidat ive react ion of cytochrome oxidase. [ T h e 

term "oxygenat ion" as used i n this paper is def ined as the react ion be
tween oxygen a n d h e m o p r o t e i n to f o r m a stable, l o n g - l i v e d oxygen-
hemoprote in complex w i t h o u t change of the valence of i r o n , s u c h as 
o x y h e m o g l o b i n , w h i c h can be isolated a n d pur i f i ed . Consequent ly , for 
example, the b i n d i n g of oxygen a n d cytochrome a 3 as postulated for the 
ox idat ion of cytochrome oxidase (21) or the react ion of oxygen a n d cyto
chrome oxidase to f o r m the "oxygenated complex , " w h i c h is not stable 
(23, 25), is not considered as oxygenation.] S u c h a u n i q u e d ispar i ty has 
been a subject of discussion i n a n u m b e r of symposia a n d reviews (1,6,8, 
10, 16, 19, 27). T h e easy accessibi l i ty of a large quant i ty of p u r i f i e d 
h e m o g l o b i n a n d m y o g l o b i n has enabled workers to undertake extensive 

208 
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invest igat ion of their structures a n d p h y s i c o c h e m i c a l propert ies . I n a d d i 
t ion , these proteins have been resolved into heme a n d p r o t e i n components 
w h i c h have been i n t u r n successful ly r e c o m b i n e d or reconst i tuted ( 3 , 1 5 ) . 
F r o m these studies has a c c u m u l a t e d a w e a l t h of i n f o r m a t i o n about the 
corre lat ion between the structure a n d f u n c t i o n . 

R e c o m b i n a t i o n studies have g iven use fu l insight to the interactions 
be tween the heme a n d prote in . G l o b i n f r o m h e m o g l o b i n , for example , 
is able to recombine not o n l y w i t h protoheme to f o r m h e m o g l o b i n b u t 
also w i t h other hemes to f o r m so-cal led synthetic hemoglobins i n a 
wel l -de f ined s to ichiometry ( 2 ) . These results have been correlated w i t h 
the l inear free energy change a n d the stabi l i ty constants (7) a n d also i n 
terms of the interact ion be tween the m e t a l - l i g a n d a -bonding a n d the 
7r-electron systems (11). Consequent ly , va luab le explanations have been 
a d v a n c e d for the mechanisms of oxygenat ion. 

F r o m x-ray analysis, i t is certa in that h is t id ine residue coordinates 
w i t h i r o n i n b o t h m y o g l o b i n a n d h e m o g l o b i n . L i k e w i s e , h i s t id ine has 
been proposed as a l i g a n d for several heme enzymes. 

H o w e v e r , s t i l l left to be answered is the basic ques t ion : w h y are 
h e m o g l o b i n a n d m y o g l o b i n act ive i n oxygenat ion w h i l e cytochrome o x i 
dase results i n autoxidat ion. O b v i o u s l y , this q u e r y cannot be so lved 
u n t i l the k n o w l e d g e of cytochrome oxidase approximates that of h e m o 
g l o b i n . U n f o r t u n a t e l y , not o n l y is the prote in structure of cytochrome 
oxidase comple te ly u n k n o w n , b u t its resolut ion into act ive components 
has a lways e l u d e d success. M o r e o v e r , the e luc ida t ion of the structure is 
not i n sight, b u t the heme moie ty of cytochrome oxidase, k n o w n as 
h e m a t i n a, has been isolated into p r e s u m a b l y u n m o d i f i e d f o r m . T h u s , 
every conceivable means must be used, for example, to probe its inter
actions w i t h k n o w n proteins a n d i n turn to examine the behavior of the 
art i f ic ia l complexes so f o r m e d . A m o n g these complexes, the h y b r i d m o l e 
cule f o r m e d f r o m hemat in a a n d the g l o b i n (of h e m o g l o b i n ) possesses 
spec ia l interest. 

W i t h these considerations i n m i n d , w e have s tudied the spectral 
characteristics, oxygenat ion, a n d autoxidat ion of the h e m a t i n a -g lob in 
a n d the hemat in a -polyhis t id ine complexes. T h i s report communicates 
some results a long these l ines. 

Experimental 

H e m a t i n a was p r e p a r e d f r o m p u r i f i e d cytochrome oxidase as de
scr ibed (29). T h e h e m a t i n solut ion was m a d e b y d isso lv ing the d r i e d 
samples i n phosphate buffer conta in ing 1 % E m a s o l 1130. Its concentra
t ion was de termined b y the p y r i d i n e h e m o c h r o m o g e n m e t h o d i n a m i x t u r e 
of 2 0 % p y r i d i n e a n d 0 .05N N a O H ; an ext inct ion coefficient of 27.4 
m M " 1 c m . " 1 at 589 m/x was used (29). 
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G l o b i n was p r e p a r e d f r o m crystal l ine bovine o x y h e m o g l o b i n b y the 
m e t h o d o r i g i n a l l y deve loped for Palemyssarda b y Ross i F a n e l l i , A n t o -
n i n i , a n d C a p u t o (28) w i t h our adaptat ion (20). T h e g l o b i n content was 
d e t e r m i n e d spectrophotometr ica l ly at 280 iru* w i t h A 1 % = 8.5. A sample 
of p o l y h i s t i d i n e was obta ined f r o m the B iophys ics Depar tment , W e i z -
m a n n Institute of Science. A l l other chemicals were purchased f r o m 
c o m m e r c i a l sources. 

T o demonstrate reversible oxygenat ion a n d autoxidat ion, a scheme 
as s h o w n i n F i g u r e 1 was des igned. T h e solut ion was p l a c e d i n a T h u n -
b e r g cuvette. W h e n e v e r deaerat ion was e m p l o y e d , the cuvette was 
evacuated a n d subsequently flushed w i t h h e l i u m ; the cyc le was repeated 
three times a n d e n d e d i n a h e l i u m atmosphere. F e r r i c y a n i d e or d i t h i o 
nite , a lways i n a very s l ight excess, was a d d e d u n d e r h e l i u m atmosphere 
w i t h o u t contaminat ion of air . 

Spectrophotometr ic measurements were c o n d u c t e d at r o o m tempera
ture ( 2 2 ° to 25 ° C . ) i n a C a r y r e c o r d i n g spectrophotometer, m o d e l 11, 
or a Zeiss m a n u a l spectrophotometer, P M Q II I . A c t i v i t i e s of cy tochrome 
oxidase a n d te t rahydroquinone oxidase were measured w i t h a G M E 
O x y g r a p h at r o o m temperature accord ing to the m e t h o d reported pre 
v i o u s l y ( 5 ) . 

Results 

Interact ions o f H e m a t i n a a n d G l o b i n . T h e "nativeness" of the g l o b i n 
preparat ions was ascertained b y the reconst i tut ion technique w i t h proto-

(I) 
Oeoerate and 

He flush (II) 

Hematin o - globin 
as prepared 

(IV) 

(VII) 

Fecy 

Deaerate and 
He flush 

N a 2 S 2 0 4 

N a 2 S 2 0 4 

(III) 

(V) 

Na 2 S20 4 

(VI) 

Fecy 

(VIII) 

Figure 1. Design of reaction scheme to demonstrate reversible oxygenation of 
hematin a-globin complex 

System contained 927 figrams of globin and 42 m^moles of hematin a in 2.5 ml. of 
0.02M phosphate buffer, pH 7.0 and 0.1% Emasol 1130. He, helium; Fecy, ferricya

nide; NaiStOi, sodium dithionite; Oh oxygen. 
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0.0 

(B) Reduced 

(A) Oxidized J 5 9 4 ^ 

400 450 500 550 600 650 
X (mu) 

700 

Figure 2. Absorption spectra of hematin a.-globin complex in neutral 
medium 

A, oxidized; B, dithionite reduced. System contained 14.8 fM hematin a 
and 6.6fiM globin in 0.02M phosphate buffer, pH 7.0. 

h e m a t i n to give h e m o g l o b i n (ac tua l ly the p r i m a r y p r o d u c t is methemo-
g l o b i n ) b y the cr i ter ia of spectral behavior a n d spectrophotometr ic 
t i t ra t ion (28). T h e protohemat in- to-g lobin ratio was 4, i n agreement 
w i t h values established i n the l i terature (1,27). 

H e m a t i n a interacted w i t h g l o b i n i n neutra l m e d i u m to f o r m a green 
complex w h i c h exhib i ted absorpt ion m a x i m a at 593 to 595 a n d 422 m/x, 
as s h o w n i n F i g u r e 2. A d d i n g fer r i cyanide d i d not change the spectrum, 
i n d i c a t i n g that the heme- i ron i n the complex was already i n the ferr ic 
state. R e d u c t i o n b y di th ioni te shi f ted the absorpt ion m a x i m a of the 
complex to 596 a n d 437 m/x w i t h less p r o m i n e n t peaks at 564, 524, a n d 
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424 m/x. T h e complex was essentially " l o w s p i n " as i n d i c a t e d b y the rat io , 
€596 mn, for the ferr ic complex (24) a n d also b y the difference 
be tween the positions of the Soret absorpt ion m a x i m a of the ferrous a n d 
ferr ic forms of the complex (12, 32). 

W h e n the react ion be tween h e m a t i n a a n d g l o b i n was t i trated spec-
t rophotometr ica l ly , a ratio be tween 4 a n d 5 moles (average 4.7) of heme 
per m o l e of g l o b i n (66,000 grams) was obta ined. T h e rate of r e c o m b i n a 
t i o n of protoheme a n d g l o b i n to f o r m h e m o g l o b i n is very h i g h (13). T h e 
react ion of g l o b i n w i t h deutero-, meso-, or hematohemat in is also v e r y 
fast (2, 14), b u t the react ion between h e m a t i n a a n d g l o b i n was s low; 
about 45 minutes were r e q u i r e d to complete the react ion. T h e s low 
rate of react ion for h e m a t i n a is p r o b a b l y caused b y the structure of the 
heme molecule . A large side c h a i n i n pos i t ion 2 of the p o r p h y r i n r i n g 
m a y make i t di f f icult for h e m a t i n a to orient itself into the crevice of 
the g l o b i n molecule i f the b i n d i n g is i n d e e d the same as that i n hemo
g l o b i n , whereas other hematins tested do not have the b u l k y group. 

T h r o u g h the convent ional enzyme assay i n the ascorbate-cytochrome 
c system, i t was f o u n d that the h e m a t i n a - g l o b i n complex was d e v o i d of 
either the cytochrome oxidase or the te t rahydroquinone oxidase ac t iv i ty . 
A d d i n g phosphol ip ids d i d not alter the act iv i ty . 

Since the spectra of the h e m a t i n # -g lob in complex were established 
i n its F e ( I I I ) a n d F e ( I I ) states, its oxygenative a n d oxidat ive activit ies 
c o u l d then be s tudied spectra l ly . T h u s an experiment, as schemat ica l ly 
s h o w n i n F i g u r e 1, was des igned. P r i o r to the ac tual experiment some 
p r e l i m i n a r y controls were invest igated to test the su i tab i l i ty of the opera
t ion . F i r s t , i t was f o u n d that fer r i cyanide d i d not change the spectra of 
h e m a t i n a so lut ion. T h i s observation indicates that free hemat in a as 
p r e p a r e d was comple te ly i n the ferr ic state. Second, a sample of p u r i f i e d 
cytochrome oxidase was deaerated, then r e d u c e d w i t h a s l ight excess of 
d i th ioni te i n an inert atmosphere, subsequently m a d e to react w i t h oxy
gen, a n d finally r e d u c e d again w i t h d i th ioni te ; a spec t rum was taken i n 
each stage. W i t h respect to the absorpt ion spectra, the deaerated cyto
chrome oxidase s h o w e d the same spec t rum as the stock enzyme as w e l l 
as the r e o x i d i z e d oxidase after d i th ioni te r e d u c t i o n ; a l l were i n the ox i 
d i z e d state. T h e d i th ioni te - reduced oxidase i n b o t h stages was the same 
as the r e d u c e d oxidase usua l ly prepared . Indeed , this type of cyc le c o u l d 
be repeated several t imes. Q u a n t i t a t i v e l y the absorbance as w e l l as the 
rat io of y- to a-peaks d i d not change more than 1 0 % . Therefore , the 
technique e m p l o y e d was considered satisfactory. 

F o l l o w i n g the scheme as s h o w n i n F i g u r e 1, the absorpt ion spectrum 
of h e m a t i n a - g l o b i n complex i n each state was care fu l ly determined. It 
was f o u n d that state I was i d e n t i c a l w i t h states II , I I I , I V , a n d V a n d 
r e m a i n e d i n the ferr ic f o r m . State V I s h o w e d a spect rum t y p i c a l of 
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d i th ion i te - reduced complex. T h e spec t rum (cf. F i g u r e 3) of state V I I , 
w h i c h was obta ined b y a d m i t t i n g oxygen to state V I , was different f r o m 
that of state I b u t p r a c t i c a l l y i d e n t i c a l to that of state V I I I (cf. F i g u r e 4 ) . 
T h e conversions a m o n g states V I , V I I , a n d V I I I c o u l d be repeated sev
era l t imes w i t h o u t changes of absorbance, a n d the spect rum of state I 
d i d not appear . H o w e v e r , the processes f r o m states I t h r o u g h V I I de
creased the absorpt ion intensity b y about 2 5 % of the o r i g i n a l . F u r t h e r 
more , i f f e r r i cyanide was used instead of oxygen, the resul t ing spectrum 
(state V I I I ) was also different f r o m that of state I but resembled, t h o u g h 
i t was not i d e n t i c a l w i t h , that of state V I I . Several experiments, as 
descr ibed or w i t h m i n o r modif icat ions , gave s imi lar results. 

These observations, especial ly the p r a c t i c a l ident i ty of state V I I w i t h 
the f e r r i c y a n i d e - o x i d i z e d f o r m (state V I I I ) , s t rongly suggest that the 
h e m a t i n a—globin complex does not possess any oxygenative proper ty or 
at least does not show u p i n the spectral behavior as m y o g l o b i n or hemo
g l o b i n does. A l l of these results, however , o n l y show that the r e d u c e d 
f o r m of the complex is autox id izable but that the o x i d i z e d f o r m cannot 
be r e d u c e d b y r e d u c e d cytochrome c or b y te t rahydroquinone . W h y the 
o x i d i z e d f o r m i n state V I I differs f r o m that i n state I is discussed b e l o w . 

Interact ions o f H e m a t i n a a n d Polyhist id ine. I n ac id ic m e d i a , 
hemat in a reacted w i t h p o l y h i s t i d i n e to f o r m a complex , e x h i b i t i n g ab
sorpt ion m a x i m a at 594 a n d 423 m/x. T h e rat io , c 5 94 m J m n , i n d i c a t e d 

400 450 500 550 600 650 700 
X (mjLi) 

Figure 3. Absorption spectrum of hematin a-globin complex at state 
VII. See Figure 1 for description of states 
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that the complex was " l o w s p i n . " U p o n r e d u c t i o n w i t h d i th ioni te , the 
solut ion became t u r b i d . H o w e v e r , m a x i m a at 592, 562, a n d 423 m/x w i t h a 
shoulder at about 442 m/x were s t i l l d iscernible ( F i g u r e 5 ) . T h e r e d u c e d 
f o r m of the complex was f o u n d to be extremely autoxidizable , as e v i 
d e n c e d b y the almost instantaneous re turn of the absorpt ion m a x i m a to 
the o x i d i z e d f o r m w h e n exposed i n air . I n contrast, free heme a under 
the same condit ions was re la t ive ly stable a n d d i d not undergo autoxida
t ion as readi ly . If the solut ion conta in ing the ferr ic h e m a t i n a - p o l y h i s t i -
d ine complex was adjusted to a p H > 6, a green prec ipi tate was f o r m e d . 
T h e prec ipi ta te c o u l d be dissolved i n d i m e t h y l sulfoxide, g i v i n g an appar
ent p H of ca. 8. T h e solut ion d i d not exhib i t a dist inct «-band (cf. 
F i g u r e 6 ) ; b y contrast, free h e m a t i n a i n d i m e t h y l sulfoxide s h o w e d 
m a x i m a at 631 a n d 405 m/x (20). U p o n di thioni te r e d u c t i o n i n d i m e t h y l 
sul foxide, heme a - p o l y h i s t i d i n e s h o w e d absorpt ion m a x i m a at 588, 523, 
a n d 421 m/x, whereas free heme a exh ib i ted m a x i m a at 583 a n d 432 m/x 
w i t h a shoulder at 430 m/x (20). 

Discussion 

T h e complete structures of m y o g l o b i n a n d h e m o g l o b i n d e d u c e d f r o m 
x-ray studies (17, 26) serve as use fu l models for invest igat ing heme-
p r o t e i n interactions i n these as w e l l as i n " synthet ic " h e m o g l o b i n or 
m y o g l o b i n . I n m y o g l o b i n , for example , h y d r o p h o b i c interactions are 
m a n y . T h e r e are 60 atom-to-atom contacts of less than 4 A . a n d 150 of 
less than 4.3 A . (31). T h e s tabi l i ty of the hemoprote in , therefore, de
pends to a great extent u p o n the h y d r o p h o b i c interactions. W h e n h e m a t i n 
a combines w i t h g l o b i n , the h y d r o p h o b i c side chains of the heme group 
are p r o b a b l y b u r i e d ins ide the pro te in crevice to render the complex 
water soluble . A l t h o u g h h y d r o p h o b i c interactions m i g h t s tabi l ize the 
complex , the presence of the b u l k y grou p at pos i t ion 2 of the p o r p h y r i n 
r i n g c o u l d cause a considerable constraint ins ide the crevice a n d therefore 
c o u l d affect the s tabi l i ty of the meta l - l igand coordinat ions. A n y reactions 
that t e n d to release s u c h a constrained s i tuat ion i n order to accommodate 
the b u l k y group w o u l d be favored . T h u s , the attempt to reduce the c o m 
plex b y d i th ioni te a n d subsequently its reoxidat ion must have brought 
about the release of the constrained s i tuat ion a n d i n t u r n al tered the 
coordinat ion sphere of the heme- i ron. S u c h a change is suggested i f one 
compares the spect rum of the complex before go ing t h r o u g h the redox 
cycle (cf. F i g u r e 2) w i t h that after reoxidat ion ( F i g u r e s 3 a n d 4 ) . T h e 
signif icant decrease i n absorpt ion intensity after g o i n g t h r o u g h the redox 
cyc le is also an i n d i c a t i o n of an al tered structure. T h e poss ib i l i ty of 
modi f i ca t ion of the heme moie ty i n the complex can be r u l e d out b y the 
observat ion that spectrum V I ( r e d u c e d f o r m ) reappeared w h e n b o t h 
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400 450 500 550 600 650 
X (mju) 

70C 

Figure 4. Absorption spectrum of hematin a.-globin complex at state 
VIII. See Figure 1 for description of states 

states V I I a n d V I I I were r e d u c e d . Indeed, the process of ox idat ion-
r e d u c t i o n c o u l d be repeated several t imes. T h e r e was no change i n 
absorbance i n either the 460-m/x or the 420-m/* regions— i .e . , no slightest 
i n d i c a t i o n of the format ion of any mi tochrome (9). 

H o w e v e r , the lack of oxygenative proper ty of the complex is more 
than s i m p l y the consequence of the structural alterations as descr ibed 
above. T h e a v a i l a b i l i t y of 7r-electrons to the heme- i ron for dir-pir b o n d i n g 
w i t h the l i g a n d is also an important factor (11). A n t o n i n i et al. (1, 2) 
have observed that the presence of e lec trophi l ic groups w h i c h d r a w elec
trons towards the p e r i p h e r y of the heme molecule tends to decrease the 
oxygen affinity of the corresponding h e m e - g l o b i n complex . I n the case of 
h e m a t i n a, i t contains t w o e lec trophi l ic groups : v i n y l a n d f o r m y l , w h i c h 
are s i tuated d iagonal ly across the heme plane (22). It is not unreason
able, then, that the r e d u c e d hemat in a - g l o b i n complex s h o u l d exhibi t no 
oxygenative proper ty . L e m b e r g (22) a n d K i e s e a n d K u r z (18) h a d also 
repor ted that the complex d i d not b i n d oxygen revers ib ly ; however , their 
studies were c o n d u c t e d i n a lkal ine m e d i a , about p H 9. 

T h e unprotected ferrous heme is subjected to i m m e d i a t e ox idat ion 
b y air (30). T h e o r e t i c a l computat ions of the l i g a n d field interactions i n 
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A 

X (mjj) 

Figure 5. Absorption spectra of hematin Si-polyhistidine complex in 
acid medium 

A, oxidized; B, dithionite reduced. Setting for reduced spectrum adjusted by 
0.2 absorbance unit downward at 700 mp because turbidity developed upon 
addition of dithionite. System contained 50 mfimoles of hematin a and 3.3 

mg. of polyhistidine in 3 ml. of 0.01 M phosphate buffer, pH 5.7. 
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a hypoth e t i ca l heme m o d e l w h e r e oxygen interacts coaxia l ly w i t h the 
heme- i ron suggest that such a geometry w o u l d be unstable a n d w o u l d 
l e a d to ox idat ion of the heme- i ron ( 3 3 ) . T h u s , the a u t o x i d i z a b i l i t y of 
b o t h the heme a - g l o b i n a n d heme a - p o l y h i s t i d i n e complexes m a y be 
caused either b y one or b o t h of these situations. 

0.8 

0.6 

0.4 

0.2 

0.0 

422 

Oxidized 
550 596 

1 

400 450 500 550 
X (mjj) 

600 650 700 

Figure 6. Absorption spectrum of hematin a-polyhistidine complex 
in dimethyl sulfoxide 

System containing 16.7 hematin a and 140fiM polyhistidine in 0.01M 
phosphate buffer was adjusted to pH 11.6. Precipitate formed was sepa
rated and dissolved in dimethyl sulfoxide. Solution gave an apparent pH 8. 

It m a y be pert inent to po in t out that the characteristics of h e m o p r o -
teins t o w a r d oxygen are de termined b y the c o m b i n e d effect of the heme 
a n d p r o t e i n moieties. M o s t hemoproteins m a y be general ly classified into 
the f o l l o w i n g three groups : (1 ) able to f o r m oxygenated complex easi ly 
b u t not as r e a d i l y o x i d i z e d b y oxygen (e.g., m y o g l o b i n a n d h e m o g l o b i n ) , 
(2 ) no k n o w n oxygenative nor autoxidat ive f u n c t i o n (e.g., cy tochrome c), 
a n d ( 3 ) no oxygenat ion but capable of autoxidat ion (e.g., cy tochrome 
ox idase) . T h e fact that a n u m b e r of pro toheme- l inked hemoproteins 
exhibi t different behavior towards oxygen, as s h o w n i n the above classi
fication, w o u l d suggest that the f u n c t i o n a l role of the pro te in or enzyme 
is d e t e r m i n e d p r i m a r i l y b y the prote in moie ty of the complex . U n p u b 
l i s h e d results f r o m opt i ca l rotatory dispers ion studies o n a n u m b e r of 
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218 OXIDATION O F ORGANIC COMPOUNDS—TEE 

cytochromes done in this laboratory have uniformly shown that the con
formations of these cytochromes depend on their oxidation states. Like
wise, the conformation (see Ref. 4) of oxyhemoglobin differs from that 
of deaerated hemoglobin. (Although oxymyoglobin shows approximately 
the same magnitude of rotation for the 233-m/x trough as myoglobin, the 
detailed conformations of these two species may still be different.) 

These ORD results and the difference between Figure 2 on one hand 
and Figures 3 and 4 on the other for hematin a-globin complex are in 
accord with the role of the protein in determining the specificity and 
function of a hemoprotein. 
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The Role of Cytochrome P-450 in 
Mixed-Function Oxidations 

D . Y . C O O P E R , S. NARASIMHULU, and O. ROSENTHAL 

Harrison Department of Surgical Research 

R. W. ESTABROOK 

Department of Biophysics and Physical Biochemistry, University of 
Pennsylvania, Philadelphia, Pa. 19104 

The photochemical action spectrum method demonstrates 
that cytochrome P-450 functions as the O2-activating en
zyme of TPNH-dependent mixed-function oxidase systems 
concerned with metabolism of steroids and various xenobi-
otics (drugs, poisons) in vertebrate tissues. The steroid 
11β-hydroxylase of adrenocortical mitochondria can be re
solved into (a) a particle containing cytochrome P-450 and 
the substrate-specific enzyme component, and (b) a soluble 
TPNH-cytochrome P-450 reducing system consisting of a 
flavoprotein (Fp) and a non-heme iron protein (NHI). 
Activity and biophysical properties of the system can be 
fully restored when the molar ratios of NHI : Fp : cyto
chrome P-450 are approximately 50 : 1 : 1. Steroid hydrox-
ylations by the fungus Rhizopus nigricans display light
-reversible CO inhibition. The fungus, however, contains a 
CO-combining pigment with an absorption maximum at 414 
mμ rather than 450 mμ. 

T n the past f e w years considerable i n f o r m a t i o n has a c c u m u l a t e d regard-
i n g h y d r o x y l a t i n g enzymes w h i c h f o r m a subgroup of the class t e r m e d 

m i x e d - f u n c t i o n oxidases b y M a s o n (15) or monooxygenases b y H a y a i s h i 
(13). T h e reactions ca ta lyzed b y these enzymes are character ized b y 
their dependence o n T P N H a n d molecular oxygen of w h i c h one a tom is 
incorpora ted into a l i p i d - s o l u b l e specific substrate. F o r the most part 
these oxidases are l o c a l i z e d i n the endoplasmic r e t i c u l u m (the microsome 

220 
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f rac t ion) of the cytoplasm, a l though i n endocr ine tissues they are f o u n d 
also i n the m i t o c h o n d r i a . 

T h e fact that cytochrome P-450 funct ions as t e r m i n a l oxidase for 
these reactions is supported b y b o t h indirec t a n d direct ev idence : ( a ) the 
d r u g - i n d u c e d increase i n the hydroxylase ac t iv i ty of l i v e r microsomes is 
a c c o m p a n i e d b y a s imi lar increase i n m i c r o s o m a l cytochrome P-450 (25, 
2 6 ) , a n i n d i c a t i o n that this p i g m e n t part ic ipates i n the m i x e d - f u n c t i o n 
ox idat ion of drugs ; ( b ) m a x i m a l reversal of the characterist ic C O i n h i b i 
t i o n of m i x e d f u n c t i o n oxidations is accompl i shed b y i l l u m i n a t i n g the 
enzyme assay system w i t h monochromat ic l ight of 450 m/* wavelength , 
the absorpt ion m a x i m u m of the C O c o m p o u n d of r e d u c e d cytochrome 
P-450 (P-450 - C O ) . 

If the degree of reversal of the C O i n h i b i t i o n b y different mono
chromat ic l ight bands of e q u a l q u a n t u m intensi ty is p lo t ted as f u n c t i o n 
of wave length , a p h o t o c h e m i c a l ac t ion spect rum is obta ined w h i c h agrees 
w i t h the spectrophotometric difference spectrum of P-450 • C O . H y d r o x 
ylase reactions for w h i c h the p a r t i c i p a t i o n of cytochrome P-450 has been 
established b y the ac t ion spect rum are l i s ted i n T a b l e I. T h e r e is e v i 
dence that the hydroxylat ions of cholesterol b y l iver microsomes at 
pos i t ion 6/3 (rats) (32) a n d la ( rabbi ts ) (30) m a y also b e l o n g to this 
group of reactions. 

It is important to note that the C O i n h i b i t i o n of the h y d r o x y l a t i o n 
react ion is compet i t ive , the degree of i n h i b i t i o n b e i n g a f u n c t i o n of the 
C 0 / 0 2 rat io rather than of the C O concentrat ion. S ince C O combines 
o n l y w i t h r e d u c e d cytochrome P-450, 0 2 must also react w i t h this f o r m 
of the p igment to be u t i l i z e d i n the oxygenat ion react ion. 

T h u s , the r e d u c e d f o r m of cytochrome P-450 funct ions as the oxygen-
act ivat ing biocatalyst of a w i d e var ie ty of m i x e d - f u n c t i o n oxidations b y 
vertebrate tissues effecting biosynthesis a n d catabol ism of steroid hor
mones, b i l e a c i d format ion , a n d the metabol i sm of drugs a n d other xeno-
biotics ( 1 6 ) . Since r e d u c e d p y r i d i n e nucleotides do not react d i rec t ly 
w i t h hemoproteins , the hydroxylase systems must i n c l u d e components 
that mediate the electron transport f r o m T P N H to cytochrome P-450. 
T h e r e also must be dis t inct ive differences i n composi t ion causing the 
substrate specif ic i ty of the oxygenations. 

At tempts to resolve the enzyme systems, w h i c h are t ight ly b o u n d to 
m i t o c h o n d r i a l or endoplasmic membranes , usua l ly y i e l d enzymat ica l ly i n 
act ive preparat ions. O n l y for the steroid l l/?-hydroxylase system of adreno
cor t i ca l m i t o c h o n d r i a has resolut ion into the f o l l o w i n g three components 
been accompl i shed (18, 21, 22,31): (1 ) a part iculate f rac t ion conta in ing 
cytochrome P-450; (2 ) a flavine-adeninedinucleotide flavoprotein ( M W 
60,000); a n d (3 ) a non-heme i r o n prote in ( M W 20,000). T h e latter t w o 
constitute the T P N H - c y t o c h r o m e P-450 r e d u c i n g system. F u l l l l/? -hy-
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T a b l e I. Demonst ra t ion o f F u n c t i o n 

Group 
Removed 

No. Substrate or Added Products 

1 17-OH-Progesterone ( + ) 2 1 - O H Cortexolone 
2 Cortexone ( + ) 11/J-OH Corticosterone 
3 Corticosterone ( + ) 18-0 Aldosterone 

4 Codeine ( - ) C H 3 Morphine + H C H O 
5 4-Methylaminoanti- ( - ) C H . 4-Aminoantipyrine + 

pyrine H C H O 
6 Acetanilide ( + ) O H p-Hydroxyacetanilide 

7 Testosterone ( + ) O H 6 Total products 
8 ( + ) 6 0 - O H 6 ^ - O H testosterone 
9 ( + ) 7«-OH 7«-OH testosterone 

10 ( + ) 16«-OH 16«-OH testosterone 

11 Cholesterol ( —) C 6 H 1 2 0 2 Pregnenolone + 
isocaproic acid 

mcs = microsomes; mtch = mitochondrial particles. 

droxylase activity is restored when these components are recombined in 
appropriate amounts. 

The present paper presents a summary of the properties of the 
reconstituted bovine adrenocortical ll/?-hydroxylase and compares this 
system with the previously studied non-resolved microsomal hydroxylases 
of the liver and adrenal. Terminology and abbreviations used are as 
follows: 

Cortexone = deoxycorticosterone (DOC) — pregn-4-en-21-ol-3,20-
dione 

Corticosterone — (Cpd. B) pregn-4-en-ll/?,21-diol-3,20-dione 
Cortexolone — (Subst. S) pregn-4-en-17a,21-diol-3,20-dione 
17-Hydroxyprogesterone -= pregn-4-en-17a-ol-3,20-dione 
Pregnenolone = pregn-5-en-3/?-ol-20-one 
TPN and TPNH — triphosphopyridine nucleotide and its reduced 

form, respectively. 

Resolution of the Steroid 11 f$-Hydroxylase System 

Pooled cortex tissue of about 20 steer adrenals is homogenized in 
0.25M sucrose solution, and the mitochondrial fraction is isolated by 
fractional centrifugation (5). The final mitochondrial sediment is sus
pended in distilled water and sonicated for 15 minutes (20 kc, 60-watt 
output) in an ice-cooled vessel. The fractionation of the sonicate is shown 
in Figure 1. 

The specific flavoprotein (Fp) and the non-heme iron protein (NHI) 
were isolated from the supernatant fraction S-2 according to Omura et al. 
(22, 24). Additional amounts of NHI can be extracted from the precipi-
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of P - 4 5 0 b y the A c t i o n S p e c t r u m M e t h o d 

Intracellular 
Organ Location" Species Ref. 

adrenal mcs steer 4,8 
adrenal mtch steer 6 
adrenal mtch bullfrog 11 

Rana catesbiana 
liver mcs rat 4 
liver mcs rat 4 

liver mcs rat 4 

liver mcs rat 3 
liver mcs rat 3 
liver mcs rat 3 
liver mcs rat 3 

adrenal mtch steer 1 ,9 

6 Total of individual hydroxylations. 

tate P - l . F o r large scale preparat ions of N H I , extracts of acetone-dried 
(31) or f reeze-dr ied m i t o c h o n d r i a (18) are the most convenient start ing 
mater ia l . T h e pur i f i ca t ion procedure is that descr ibed b y O m u r a et al. 
(23, 24). N o a d d i t i o n a l source for p r e p a r i n g F p has as yet been f o u n d . 

T h e hemoprote in content of the final precipi tate , P-3 , can be v i r t u a l l y 
complete ly accounted for b y cytochrome P-450 a n d smaller quantit ies of 
its inact ive der ivat ive P-420. T h e particles also conta in the substrate-
specific component of the l l/?-hydroxylase system a n d p r e s u m a b l y of 

Mitochondrial Sonicate 

centrifuged 30 min. 
at 105,000 xg. 

Supernatant (S-l) 
I centrifuged 3 hours 
I at 105,000 xg 

ppt (P-1) alternate 
source of NHI protein 

Supernatant (S-2) 
source of NHI and Fp 

ppt (P-2) 

I sonicate 30 seconds in 0.15 M KCI 
10m M K. Pi.pH 74 centrifuge 30 

minutes I05,000xg 

Supernatant 
discarded 

ppt. (P-3) 
source of P-450 

Figure 1. Flow scheme for resolution of the 11 ^-hydroxylase system 
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other hydroxylase systems w h i c h are l o c a l i z e d i n adrenocort ica l mi to 
c h o n d r i a . T h e r e is evidence that s m a l l amounts of N H I a n d F p are s t i l l 
a d h e r i n g to the part ic les . 

T h e P-3 particles are dispersed i n 10 m M potass ium phosphate buffer, 
p H 7.4, b y sonicat ion for 30 seconds, a n d the tubes are kept i n ice u n t i l 
used w i t h i n one to t w o days . 

T h e suspensions of P-3 particles a n d the solutions of N H I a n d F p 
are s tandardized o n the basis of prote in content (b iure t m e t h o d ) as 
w e l l as of the m i l l i m o l a r ext inct ion coefficients for P-450 •' C O (20 ) , N H I 
a n d F p (24). 

Re constitution of the 11 ̂ -Hydroxylase System 

A l t h o u g h the supernatant f rac t ion S - l [s imilar to the " s o l u b i l i z e d " 
prepara t ion descr ibed b y Sharma et al. (29)] of the m i t o c h o n d r i a l 
sonicate d i s p l a y e d 11^-hydroxylase act iv i ty , react ion rates were not p r o 
p o r t i o n a l to the amount of m i t o c h o n d r i a l pro te in a d d e d , b u t they de
creased prec ip i tous ly w i t h increas ing d i l u t i o n of the preparat ion ( 1 5 ) . 
T h i s observation, i n d i c a t i n g a dissociat ing enzyme system, p r o m p t e d the 
separation of the sample into the part iculate f rac t ion a n d the t w o soluble 
components of the r e d u c i n g system. 

W h i l e enzyme ac t iv i ty was p a r t i a l l y restored easily b y r e c o m b i n i n g 
the part icles w i t h the soluble components , the particles c o u l d be saturated 
w i t h the soluble r e d u c i n g system only w h e n w e r e a l i z e d that unexpectedly 
h i g h concentrations of the non-heme i r o n pro te in were r e q u i r e d . A f t e r 
the approximate saturation levels for N H I a n d F p h a d been est imated, a 
set 6f assays was p e r f o r m e d ( T a b l e I I ) . 

I n the absence of N H I a n d F p , hydroxylase ac t iv i ty of the P-3 par
ticles was bare ly detectable a n d was o n l y s l ight ly increased b y a d d i n g 
F p , whereas supplementat ion w i t h N H I caused a significant increase i n 
act iv i ty . T h e P-3 particles are thus re la t ive ly more deficient i n N H I t h a n 
i n F p . M a x i m a l ac t iv i ty i n this test series was obta ined w i t h 0.72 yM 

F p i n c o m b i n a t i o n w i t h 36.8 fxM N H I ( F l a s k 8 ) . U n d e r these condit ions 
the rat io of N H I : F p : P-450 was 55 : 1.1 : 1.0. W h a t necessitates the 
large excess of N H I for restoring f u l l ac t iv i ty of the system is not under
stood at present a n d requires fur ther s tudy. 

Some Properties of the Reconstituted 11 ̂ -Hydroxylase System 

Specific A c t i v i t y . A t the saturating levels of F p , N H I , T P N H , a n d 
cortexone, the t ime course of the react ion was l inear for at least 20 
minutes , a n d the rates were p r o p o r t i o n a l to the amount of P-3 pro te in 
present w i t h i n the range s tudied (0.2 to 0.8 m g . per m l . ) . T h e m a x i m u m 
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77. C O O P E R E T A L . Mixed-Function Oxidations 225 

T a b l e II. R e c o n s t i t u t i o n o f the 11/8 -Hydroxylase System" 

Flask p nmole X min. 1 Relative, 
No. 18.4 36.8 0.72 1.44 mg. P-3 protein % of maximum 

1 0.1 0.7 
2 - - + - 0.2 1.5 
3 - - - + 0.2 1.5 
4 + 1.6 11.8 
5 - + 1.6 11.8 
6 + - + 11.2 82.5 
7 + - - + 10.8 79.0 
8 - + + 13.6 100.0 
9 - + - + 13.4 99.0 

a Reaction carried out in 15-ml. conical Warburg flasks attached to manometers and 
shaken in water bath at 25°C. Gas phase, 4% 0 2 in N 2 ; fluid volume, 2.5 ml. ; p H , 
7.4. Reaction was started by adding a TPNH-generating system from sidearm of 
flask. Final concentrations of constituents of reaction mixture were: P-3 particle pro
tein, 0.4 gram/liter ( = 0.675 /jlM cytochrome P-450); cortexone 0.24, m M ; NaCl , 
57.5 m M ; KC1, 44.4 m M ; M g C l 2 , 0.43 m M ; glycylglycine, 11.5 m M ; tris • HC1, 9.1 
m M ; KPO4, 0.6 m M ; crystalline bovine serum albumin, 7.7 grams/liter; glucose-6-
phosphate, 4.25 m M ; T P N , 1.01 m M ; glucose-6-phosphate dehydrogenase, 200 Korn-
berg units/liter. Reaction terminated by rapidly transferring 2 ml. of reaction mixture 
to 15 ml. ice-cold dichloromethane. Corticosterone formed was determined with the 
fluorometric method of Mattingly (17). 

ac t iv i ty of 13.5 nmole of corticosterone f o r m e d per m i n u t e per m g . of P-3 
pro te in ( T a b l e I I ) is 3 5 % lower than the average of 20 per m g . of 
m i t o c h o n d r i a l pro te in reported b y C a m m e r et al. (2) for suspensions of 
intact adrenocort ica l m i t o c h o n d r i a of steers, even t h o u g h the cytochrome 
P-450 concentrat ion is near ly i d e n t i c a l i n b o t h types of preparat ion . Since 
the part icles conta ined considerable amounts of cytochrome P-420, the 
inact ive der ivat ive of P-450, it is possible that some loss of enzyme ac t iv i ty 
occurred d u r i n g separation of the particles f r o m the m i t o c h o n d r i a . N e v e r 
theless, w h e n c o m p a r e d o n a pro te in basis, the specific ac t iv i ty of the 
l l/?-hydroxylase preparat ions was a p p r e c i a b l y h igher t h a n that of the 
m i c r o s o m a l hydroxylases of adrena l cortex a n d l iver (4,8), w h i c h r a n g e d 
f r o m 1.5 to 7.0 nmoles of h y d r o x y l a t i o n p r o d u c t f o r m e d per m i n u t e per 
m i l l i g r a m of pro te in . 

C O Inh ib i t ion . Before saturation levels for the r e d u c i n g system 
w e r e determined, C O i n h i b i t i o n of reconst i tuted 110-hydroxylase p r e p a 
rations v a r i e d so great ly that neither p a r t i t i o n constants (K) nor l ight 
revers ib i l i ty of the i n h i b i t i o n c o u l d be established. T h e probable reasons 
for the a b n o r m a l behavior of preparations, i n w h i c h the capaci ty of the 
r e d u c i n g system is rate l i m i t i n g , have been discussed (28). 

W h e n the m i t o c h o n d r i a l par t ic le preparat ions were re inforced w i t h 
increasing amounts of N H I a n d F p , the compet i t ive character of the C O 
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226 O X I D A T I O N O F O R G A N I C C O M P O U N D S III 

i n h i b i t i o n became evident. A s F i g u r e 2 shows, the percent i n h i b i t i o n 
of h y d r o x y l a t i o n b y gas mixtures conta in ing either 4 % C O a n d 4 % 0 2 , 
or 2 0 % C O a n d 2 0 % 0 2 , is v i r t u a l l y ident i ca l . Converse ly , the i n h i b i t i o n 
increases at a fixed C O concentrat ion of about 1 0 % w h e n the C O / 0 2 

rat io is raised f r o m 0.5 to 2.0. 

fin- •co/o 2=2/i 

50-

| 4 0 -

^30-

20-

10-

C0/02= 0.5/1 

0-1 1 1 1 1 
0 5 10 15 20 

% CO 
Figure 2. Dependence of CO inhibition of 11/3-
hydroxylation on the CO/02 ratio. Percentage 
inhibition of 11 ̂ -hydroxylation is plotted as a 
function of CO concentration in CO-02-N2 mix
tures. Ratio of CO/02 is indicated above the 
horizontal lines. Inhibitions are calculated with 
reference to the rate in a CO-free control sample 
equilibrated with the same oxygen concentration 
as the sample exposed to CO. Incubation system 

is described in Table II 

W a r b u r g ' s par t i t ion constant K = ( n / ( l — n ) ) x ( C O / 0 2 ) , w h e r e n 
is the rat io of react ion rate w i t h C O to rate w i t h o u t C O , lies be tween 0.6 
a n d 2.5 i n m i x e d - f u n c t i o n oxidase systems ( 4 ) . I n the experiments i n 
c l u d e d i n F i g u r e 2, K was a r o u n d 1.4, w h i l e i n other experiments K values 
be tween 0.6 a n d 1.0 were observed. Par t i t ion constants a r o u n d u n i t y 
differentiate the oxygenat ion reactions ca ta lyzed b y cytochrome P-450 
f r o m c e l l respirat ion ca ta lyzed b y cytochrome oxidase, w h e r e the K 
values are higher b y one order of magni tude . 

P h o t o c h e m i c a l A c t i o n S p e c t r u m . T h e relat ive p h o t o c h e m i c a l ac t ion 
spect rum of reconst i tuted l l/?-hydroxylase preparat ions is s h o w n i n 
F i g u r e 3. T h e p h o t o c h e m i c a l act ion of the i n d i v i d u a l monochromat ic 
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i . o -

0.25-

0 J—| 1 1 1 1 1 1 1 1 1 1 
400 420 440 460 480 500 

Wavelength mp. 

Figure 3. Photochemical action spectrum of recon
stituted 11 ̂ -hydroxylase system. Curve is a composite 
of five experiments, three in the range 450-401 m^ 
and two in the range 450-500 my,. Experimental pro
cedure and composition of reaction mixture are de
scribed in Table II; concentrations of F p and NHI 
given in Flask 6 of Table II. Rate of corticosterone 
formation in the absence of CO averaged 9 nmole/mg. 
P-3 protein/min. Flasks were gassed with 4% 02-
96% N2or4% 02-4.2% CO-91.8% N2(CO/02 ratio 
= 1.05). The ordinate scale is relative light sensitivity 
hx/huo. L is calculated as described in Table HI. 
The wavelength of monochromatic light of approxi
mately equal intensity illuminating the reaction vessels 

is plotted on the abscissa 

l ight bands has been expressed i n terms of the l ight sensit ivi ty factor, L , 
i n t r o d u c e d b y O . W a r b u r g (33) a n d def ined as the rec iproca l of the 
q u a n t u m energy r e q u i r e d for d o u b l i n g the d i s t r i b u t i o n constant K . I n 
F i g u r e 3 the ratios of L for each l ight b a n d to L for the 450 m/* b a n d 
have been p lo t ted as a f u n c t i o n of wavelength . [ W a r b u r g (33) notes 
that L = (</> • /3)/zd w h e r e <j> is the q u a n t u m y i e l d , p the absorpt ion 
coefficient, a n d %d the dark decompos i t ion constant of the C O c o m p o u n d . 
Since the ve loc i ty constant z d decreases w i t h temperature, L increases 
w i t h decreasing temperature. If z d a n d <f> can be measured or <j> can be 
assumed to be 1, /3 can be determined. ] 
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T h e 450-m/A b a n d effected m a x i m a l reversal of the C O i n h i b i t i o n of 
the reconst i tuted 11/3-hydroxylase system, a n d the effectiveness of the 
i r r a d i a t i o n decreased r a p i d l y above a n d b e l o w this wave length . T h e 
act ion spectrum is i n h a r m o n y w i t h the spectrophotometric difference 
spect rum of cytochrome P-450 • C O i n this prepara t ion ( F i g u r e 4 ) . T h e 
420-m/A peak i n the latter spectrum, w h i c h is caused b y cytochrome P-420 
• C O , is not reflected i n the act ion spectrum. T h i s proves that P-420 is 
not f u n c t i o n i n g i n 11^-hydroxylat ion . 

— i — 1 — 1 — « — 1 — i — 1 — 1 — 1 — 1 — i — 1 — 1 — 1 — ' — i — 1 — 1 — 1 — 1 — i 
400 450 500 550 600 

Wavelength (mu) 

Figure 4. Difference spectrum of P-450 • CO measured with the Cary model 
14 split-beam recording spectrophotometer. A suspension of P-3 particles 
containing 0.95 mg. of protein per ml. of 10 mM phosphate buffer (pH 7.4) 
was equally divided between two anaerobic optical cuvettes having Na2S20± 
in the sidearms. Both cuvettes were gassed for 5 min. with N2, and a base 
line of equal optical density was established. Experimental cuvette was then 
gassed with CO for 2 min., dithionite was added to both cuvettes from the 

sidearms, and the change in optical density was recorded 

T h e photochemica l ac t ion spectra of the various hydroxylase systems 
l is ted i n T a b l e I show o n l y m i n o r differences. I n some of t h e m (e.g., the 
21-hydroxylase of adrenocort ica l microsomes) , the chief dec l ine of the 
short w a v e l i m b of the spectrum occurs b e l o w 433 m/x, resul t ing i n a 
broader peak. T h e m a x i m u m of the act ion spectra, however , is a lways 
a r o u n d 450 nnx. A s s h o w n i n T a b l e I I I , L values c o m p u t e d for the 450 
m/x b a n d r a n g e d f r o m 4.9 to 27 X 10 6 i n the different hydroxylase sys
tems, a l though the order of m a g n i t u d e is the same. W a r b u r g ' s L values 
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T a b l e I II . L i g h t Sens i t i v i ty of C o - I n h i b i t e d M i x e d - F u n c t i o n Oxidases 

450 mfi; 25°C. 

No.a Substrate Kb lOr6 X Lc Ref. 

1 1 7 - O H Progesterone 0.97 27.0 8 
2 Cortexone 0.86 8.9 6 
3 Corticosterone 1.73 12.4 11 
4 Codeine 0.96 9.3 4 
5 4-Methylaminoantipyrine 1.14 10.3 4 
6 Acetanilide 0.82 15.3 4 
7 Testosterone (total) 1.34 4.9 3 
8 Testosterone 6/J 1.6 5.6 3 
9 Testosterone 7« 2.74 11.8 3 

10 Testosterone 16« 0.96 8.2 3 

"Reactions numbered as in Table I. 
ti CO 

6 K — , where n = (rate with CO)/(rate without CO). All gas mixtures 
1 — n L>2 

contained 4% 02. CO/O2 ratio was 1.05 in Expts. 2, 4, and 6, and 2.16 in all others. 
Balance was made up with nitrogen. 
0 L = = — — • Kk and Kd are partition constants with and without 
illumination respectively; t = mole quanta X sq. cm. X min.-1. 

( 1 0 ° C , 436 m/x) for the CO complex of the respiration enzymes of yeast 
and acetic acid bacteria are about one order of magnitude higher. This 
might be a consequence of the lower temperature. Whether the differ
ences between the various mixed function oxidations catalyzed by cyto
chrome P-450 are real, or whether they are caused by differences in the 
accuracy of the analytical procedures used, remains undecided. [The first 
light sensitivities reported (8) were too low because of the wide band 
width of the 450-m/x interference filter used to measure fight intensity. 
The L values reported (4, 11, 28) are one order of magnitude too low 
since the radiant flux was expressed in gram cal./10 sq. cm. rather than 
per sq. cm.] 

Substrate Binding Reaction 

Narasimhulu et al (19) and Cooper et al (7) observed that the 
addition of 17-hydroxyprogesterone to adrenocortical microsome prepa
rations in the absence of TPNH produced a change in the difference 
spectrum characterized by the formation of an absorption minimum at 
420 m/x and the simultaneous appearance of an absorption maximum at 
390 m/x. Supplementation of the system with TPNH resulted in a gradual 
disappearance of the spectral change. Readdition of steroid substrate 
started a new cycle of appearance and disappearance of the spectral 
change. 
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W h i l e these c y c l i c spectral changes i n conjunct ion w i t h the h y d r o x -
y l a t i o n of the substrate can be most c lear ly demonstrated i n the steroid 
21-hydroxylase system of adrenocort ica l microsomes, substrate-produced 
spectral changes have been descr ibed i n several m i x e d - f u n c t i o n oxidase 
systems, such as the i n d u c e d d r u g hydroxylat ions of rat l iver microsomes 
(27) a n d the 110-hydroxyla t ion of cortexone b y intact m i t o c h o n d r i a (2, 
12) or b y the supernatant Si of m i t o c h o n d r i a l sonicates ( 5 ) . 

T h e r e is agreement that the spectral changes presumably reflect 
changes i n the o p t i c a l densi ty of cytochrome P-450. I n d e e d these changes 
f u r n i s h the first in format ion o n the spectral properties of the f u n c t i o n i n g 
f o r m of cytochrome P-450, of w h i c h o n l y the 450-m/A absorpt ion b a n d of 
the inact ive C O c o m p o u n d of its r e d u c e d f o r m was k n o w n . A l t h o u g h the 
m e c h a n i s m of interact ion between substrate a n d cytochrome has not 
been established, the f o l l o w i n g have been p r o p o s e d : (1 ) conformat iona l 
changes of the hemoprote in ; (2 ) changes i n the ox idat ion state; a n d (3 ) a 
c o m b i n a t i o n of 1 a n d 2. These interpretations have been discussed 
(7,19). 

F i g u r e 5 shows the effect of a d d i n g cortexone o n the f o r m a t i o n of 
the 420-m/i. t r o u g h i n the difference spectrum of a suspension of P-3 
part ic les . I n contrast to the preparat ions discussed above, the hydroxylase 
system of the P-3 suspension has been f reed of most of the T P N H cyto
chrome P-450 r e d u c i n g system. Yet the spectral change occurs as r e a d i l y 
as i n the complete system prev ious ly s tudied. T h i s indicates that the 
substrate-binding component of the l l/?-hydroxylase system is b o u n d to 
the part icles as t ight ly as the oxygen-act ivat ing cytochrome P-450. 

T h e apparent substrate dissociat ion constant Ka for cortexone of 
4 X 1 0 " 6 M is qui te s imi lar to that of 17-hydroxyprogesterone i n steroid 
21-hydroxylase preparat ions f r o m b o v i n e adrenocort ica l microsomes ( 7 ) . 
T h i s dist inguishes the adrena l steroid hydroxylases f r o m the d r u g h y 
droxylases of rat l i v e r w h e r e K s values of about 1 0 ' 4 M were observed (27). 

Cytochrome P-450 and Substrate Specificity of 
Mixed Function Oxidases 

T h e exper imental results g iven above c lear ly indicate that cyto
chrome P-450 is the oxygen-act ivat ing catalyst of a w i d e var ie ty of 
m i x e d - f u n c t i o n oxidations i n tissues of vertebrate animals . Spectrophoto-
metr ic measurements a n d determinations of the p h o t o c h e m i c a l ac t ion 
spectra d i d not revea l any significant differences be tween the pigments 
f r o m different sources. Yet the substrate specif ic i ty of these m i x e d -
f u n c t i o n oxidase systems is pronounced , as s h o w n b y studies o n the 
i n d u c t i o n of m i c r o s o m a l hydroxylase ac t iv i ty t o w a r d different xenobiotics 
(27) a n d o n the affinity of different C-21 m e t h y l corticosteroids t o w a r d 
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i — i — i ' — i — ' — i — i — i 1 — i — i 

390 420 450 480 

Wavelength (mu) 
Figure 5. Spectrophotometric titration with cortexone 
of a P-3 particle suspension. Difference spectra were 
determined with the Yang-Chance split-beam recording 
spectrophotometer developed for studying turbid solu
tions. A suspension of P-3 particles, containing 1.93 mg. 
protein with 1.74 nmole cytochrome P-450 per ml. of 
50 mM K-phosphate buffer (pH 7.4) was equally di
vided between experimental and reference cuvette, and 
a base line of equal optical density was established. 
Microliter volumes of a methanolic cortexone solution 
were then added to the experimental cuvette, and the 
change in optical density between 500 and 410 m^ was 
recorded after each addition. Because of the high tur
bidity of the preparation, the spectral region below 410 
mfi could not be resolved. Upper corner shows relation 
between change in light absorbance and cortexone con
centration as a reciprocal Lineweaver-Burk plot accord
ing to the equation: 

S = Ks 1 g 

A A A A m A A m 

where S is the cortexone concentration, A A the density 
differences between 460 and 420 m^ for individual S 
values, and A A m the maximal value of A A for saturating 

substrate concentrations 
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the steroid 21-hydroxylase system of adrenocort ica l microsomes (7). 
H e n c e , there remains the quest ion whether the te rm cytochrome P-450 
actua l ly embraces a group of hemat in enzymes w i t h ident i ca l hemes 
b o u n d to substrate specific proteins or whether cytochrome P-450 is 
associated w i t h specific substrate-b inding proteins w h i c h p u t the substrate 
i n the proper pos i t ion for interact ion w i t h the oxygenated heme. T h e 
dec is ion be tween these alternatives must be left to future research. 

E v i d e n c e for the direct u t i l i z a t i o n of molecular oxygen i n the O H 
f u n c t i o n i n t r o d u c e d into the steroid molecule has been o b t a i n e d largely 
w i t h f u n g o i d systems ac t ing u p o n various steroid substrates i n the pres
ence of l s O (14). Studies i n our laboratory (JO) concern ing the 11a-
h y d r o x y l a t i o n of progesterone b y the fungus Rhizopus nigricans indicate 
that this react ion is i n h i b i t e d b y C O a n d that the i n h i b i t i o n is reversed 
b y i l l u m i n a t i n g the react ion system w i t h w h i t e l ight . H o w e v e r , this 
fungus contains o n l y a C O - c o m b i n i n g p igment w i t h a n absorpt ion m a x i 
m u m at 414 m/x. S imi lar findings have been repor ted (34) r egard ing 
steroid hydroxyla t ions b y Bacillus cereus. It appears that m i c r o b i o l o g i c a l 
m i x e d - f u n c t i o n oxidase systems do not require cytochrome P-450. 
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Discussion 

F . C . Y o n g : W e have some evidence w h i c h suggests that the con
f o r m a t i o n of the enzyme P-450 depends o n the ox idat ion state of the 
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heme-iron. In collaboration with Dr. Mason's group, we have studied 
the optical rotatory dispersion properties of the enzyme in 50% glycerol 
phosphate buffer. The oxidized form showed a simple Cotton effect 
whose crossover point corresponded quite closely to the Soret absorption 
maximum of the enzyme. Upon reduction, the Cotton effect was prac
tically abolished, giving a levorotatory dispersion corresponding to the 
protein backbone rotation. 
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The Role of Heme in the Tryptophan 
Pyrrolase Reaction 

YUZURU ISHIMURA, MITSUHIRO NOZAKI, and OSAMU HAYAISHI 

Department of Medica l Chemistry, Kyoto University Faculty of Medicine, 
Kyoto, Japan 

MAMORU TAMURA and ISAO YAMAZAKI 

Biophysics Division, Research Institute of Appl ied Electricity, 
Hokkaido University, Sapporo, Japan 

Ferrous tryptophan pyrrolase, when mixed with oxygen in 
the presence of tryptophan, showed a new spectrum which 
was caused by neither the ferrous nor ferric state of the 
heme in the enzyme. The spectral characteristics of the new 
species (λmax: 415, 545, and 580 mμ), together with its abso
lute dependency upon oxygen, indicated that the new 
spectrum was caused by oxygenated heme in the enzyme. 
In the absence of tryptophan, this spectrum was not ob
served. There was evidence that a combination of trypto
phan with the enzyme resulted in an increased reactivity of 
its heme towards ligands such as cyanide and CO. The 
significance of these findings in terms of the catalytic reac
tion mechanism is discussed. 

'Tryptophan pyrrolase (tryptophan 2,3-dioxygenase) catalyzes the 
conversion of L-tryptophan to formylkynurenine and has been iso

lated from mammalian liver and Pseudomonas (5, 12). Hayaishi et al. 
(6) showed by using the heavy isotope of oxygen that this enzyme is an 
oxygenase. Tanaka and Knox (16) identified this enzyme as an iron-
porphyrin protein using partially purified preparations from Pseudo
monas as well as from rat liver. Subsequently, Feigelsbn and Greengard 
found that an inactive apo-enzyme could be obtained from rat liver, 
and the catalytic activity was restored upon adding exogeneous hematin 
(3, 4). However, the detailed mechanism of the catalytic process, espe
cially the role of the heme, remained uncertain and has been the subject 
of controversy (7,11,13,14,17). 

235 
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T h i s paper describes a summary of our recent studies o n the mecha
n i s m of the t r y p t o p h a n pyrrolase react ion. Par t i cu lar emphasis is p l a c e d 
o n the role of heme as oxygen b i n d i n g site. 

Results and Discussion 

T r y p t o p h a n pyrrolase was p u r i f i e d about 200-fold f r o m cells of 
Pseudomonas fluoresceins g r o w n o n L - t r y p t o p h a n as descr ibed previous ly 
( 9 ) . T h e p u r i f i e d enzyme exhib i ted absorpt ion spectra characterist ic of 
a h i g h sp in hemoprote in b o t h i n its ferr ic state ( A m a x : 405, 500, a n d 635 
m/x) a n d ferrous state ( A m a x : 432, 553, a n d 588 m/x) as s h o w n i n F i g u r e 1. 
W e conf i rmed the finding of M a e n o a n d Fe ige l son (14) that a d d i n g 
t r y p t o p h a n either to the ferr ic or to the ferrous enzyme results i n sl ight 
shifts of the Soret bands. T h i s indicates that t r y p t o p h a n combines w i t h 
enzyme irrespective of the valence state of the heme. 

T h e p u r i f i e d enzyme h a d prac t i ca l ly no catalase or peroxidase 
ac t iv i ty , as measured b y the spectrophotometric m e t h o d of C h a n c e ( I ) 
a n d b y the p y r o g a l l o l test (2), respect ively. 

i i i I 
300 400 500 600 

Wavelength, m//. 

Figure 1. Absorption spectra of tryptophan pyrrolase. 0.96 mg. 
of tryptophan pyrrolase (specific activity 5.7) and 200 ^moles of 

potassium phosphate buffer, pH 7.0, in 1.6 ml. 

Va lence State o f H e m e i n A c t i v e T r y p t o p h a n Pyrro lase. T h e p u r i 
fied enzyme was f o u n d to be act ive i n its ferrous f o r m , whereas i t was 
almost inac t ive i n its ferr ic f o r m . T h e ferr ic enzyme c o u l d be act ivated 
b y a d d i n g a n appropr ia te amount of ascorbate ( F i g u r e 2) or h y d r o g e n 
peroxide i n the presence of t r y p t o p h a n as or ig ina l ly repor ted (16). These 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
07

8

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



78. I S H I M U R A E T A L . Tryptophan Pyrrolase Reaction 237 

E 

Time, min. 

Figure 2. Effect of ascorbate (Asc) on the ac
tivity of tryptophan pyrrolase. Fe3+, ferric en

zyme; Fe2+, ferrous enzyme 

activators are k n o w n to reduce the ferr ic enzyme to the ferrous enzyme 
i n the presence of t r y p t o p h a n (16). 

W e reported prev ious ly that the enzyme was r e d u c e d a n d act ivated 
b y l ight under anaerobic condit ions (7, 8). T h i s finding was conf i rmed 
b y M a e n o a n d Fe ige l son (14). U s i n g this phenomenon, w e examined 
fur ther the above-ment ioned re lat ionship be tween the redox state of 
the heme a n d the act iv i ty . A s represented i n F i g u r e 3, r e d u c t i o n of the 
heme resul ted i n a p r o p o r t i o n a l increase i n the act iv i ty . T h u s , the 
ferrous f o r m is a n act ive species of t r y p t o p h a n pyrrolase . 

State of H e m e d u r i n g the R e a c t i o n . A s w e previous ly reported, w h e n 
the valence state of heme i n the enzyme was examined, a n e w spectrum 
i n the Soret reg ion appeared d u r i n g the steady state of the react ion. 
T h i s spec t rum c o u l d not be ascr ibed to either ferr ic heme, ferrous heme, 
or a mix ture of these a n d i n d i c a t e d the presence of a transient inter
media te (7,8). T h i s finding was further extended i n the f o l l o w i n g exper i 
ments (10), ca r r i ed out at 5 ° C . to s low d o w n the react ion rate. W e 
used a spec ia l cuvette w h i c h a l l o w e d a cont inuous s u p p l y of oxygen 
t h r o u g h b u b b l i n g w i t h o u t interference i n the o p t i c a l measurements. 
W h e n oxygen was b u b b l e d into a mixture of ferrous enzyme a n d t rypto
p h a n , a n e w spectral species w i t h absorpt ion m a x i m a at 415, 545, a n d 
580 m/x appeared i m m e d i a t e l y ( F i g u r e 4 ) . T h e absorpt ion m a x i m a of 
the n e w species were f o u n d to be s imi lar to those of k n o w n oxygenated 
hemoproteins such as h e m o g l o b i n , m y o g l o b i n , a n d peroxidase. W h e n 
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the b u b b l i n g of oxygen was discont inued, the spec t rum reverted almost 
instantaneously to that of the ferrous state. T h i s process c o u l d be re
peated u n t i l a l l the t r y p t o p h a n i n the system h a d been consumed. W i t h 
ferr ic enzyme i n the presence of t r y p t o p h a n , no such spectral changes 
w e r e observed. T a k e n together, the above results indicate strongly that 
the n e w species is a n oxygenated f o r m of t r y p t o p h a n pyrrolase . 

100 
Light Air 

\ 
\ 

'1 50 

1 

V 

0 50 100 50 0 
Reduced Form, % 

Figure 3. Relationship of the redox state 
of the heme in tryptophan pyrrolase to the 

activity of the enzyme 

W h e n oxygen was i n t r o d u c e d to the ferrous enzyme i n the absence 
of t r y p t o p h a n , the spectrum converted very s l o w l y to that of ferr ic 
enzyme, s h o w i n g an isosbestic po int at 416 m/x, i n contrast to the i m m e d i 
ate spectral change o w i n g to oxygenat ion observed i n the presence of 
t r y p t o p h a n . T h u s , the f o r m a t i o n of the intermediate depends o n the 
simultaneous presence of ferrous heme a n d the substrate, t r y p t o p h a n . 

A c t i v a t i o n of E n z y m e H e m e b y T r y p t o p h a n . T h e above-ment ioned 
requirement of t r y p t o p h a n for the oxygenat ion of enzyme suggested that 
the react iv i ty of the heme t o w a r d oxygen is al tered b y c o m b i n a t i o n w i t h 
t r y p t o p h a n . T h i s hypothesis was examined fur ther b y u s i n g heme-
b i n d i n g substances such as cyanide a n d C O instead of oxygen. A s s h o w n 
i n F i g u r e 5, the affinity of the ferr ic enzyme t o w a r d c y a n i d e was remark
a b l y augmented b y the presence of t r y p t o p h a n . T h e concentrations 
r e q u i r e d for h a l f - m a x i m a l convers ion of the ferr ic e n z y m e to the cyanide 
complex w e r e 1.5 X 1 0 " 6 M a n d 2.8 X 1 0 " 4 M i n the presence a n d absence 
of t r y p t o p h a n , respect ively. T h e corresponding values for the complex 
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0 I I I I I I I 
400 500 600 

Wavelength, m/t 

Figure 4. Oxygenated form of tryptophan pyrrolase. Spectrum was re
corded during the continuous bubbling of oxygen to the reaction mixture at 
5°C. Reaction mixture contained ferrous tryptophan pyrrolase (specific 
activity 3.7), 11.4 mg.; ^-tryptophan, 50 uxnoles; potassium phosphate buffer, 

pH 7.0, 500 fxmoles, in a final volume of 5.0 ml. 

- Log [CN] , M 

Figure 5. Conversion of the ferric enzyme to cyanide complex in 
the presence and absence of tryptophan. Reaction mixture con
tained tryptophan pyrrolase, 0.47 mg. (specific activity 2.5); po
tassium phosphate buffer, pH 7.0, 1.1. mmoles; ^-tryptophan, 0.28 
mmoles in a final volume of 28 ml. Cyanide was added in the pres

ence (O) and absence (X) of tryptophan as indicated 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
07

8

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



240 O X I D A T I O N O F O R G A N I C C O M P O U N D S III 

of the ferrous enzyme a n d C O were 5 X l O " 6 M a n d 2.8 X 1 0 " 4 M i n the 
presence a n d absence of t r y p t o p h a n , respect ively. 

R e a c t i o n M e c h a n i s m . T h e f o l l o w i n g react ion m e c h a n i s m is c o m 
p a t i b l e w i t h the above data . T r y p t o p h a n first combines w i t h ferrous 
enzyme a n d activates the heme i n the enzyme. T h e act ivated enzyme 
then reacts w i t h oxygen to f o r m a n in termediary ternary complex. B o t h 
substrates, t r y p t o p h a n a n d oxygen, are act ivated i n the complex a n d 
interact, y i e l d i n g f o r m y l k y n u r e n i n e as product . 

Recent ly , M a e n o a n d F e i g e l s o n (14) proposed a react ion mecha
n i s m w h i c h postulates the p a r t i c i p a t i o n of ferr ic enzyme i n the cata lyt ic 
process. T h e i r postulate is based m a i n l y o n the observat ion that no 
ferrous enzyme was f o r m e d d u r i n g the steady state of catalysis. H o w 
ever, this does not necessarily m e a n that the enzyme is i n the ferr ic state. 
T h e present data have revealed that the enzyme is m a i n l y i n a n oxy
genated state d u r i n g the react ion. 

T h e oxygenated i r o n c o m p o u n d repor ted here requires m u c h more 
de ta i l ed character izat ion. Nevertheless, our findings are qui te consistent 
w i t h the v i e w that dioxygenase reactions i n general i n v o l v e a ternary 
complex of enzyme, oxygen, a n d organic substrate (7, 15). T h e role of 
t r y p t o p h a n i n the complex is n o w u n d e r invest igat ion. 
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Role of Iron in Dioxygenase Reactions 

MITSUHIRO NOZAKI, TERUKO NAKAZAWA, HITOSHI FUJISAWA, 
SHIGEKO KOTANI, YUTAKA KOJIMA, and OSAMU HAYAISHI 

Department of Medical Chemistry, Kyoto University Faculty of Medicine, 
Kyoto, Japan 

Physicochemical and kinetic analyses of dioxygenases, in
cluding metapyrocatechase, pyrocatechase, and protocate-
chuate 3,4-dioxygenase, suggest that the number of iron 
atoms in the enzymes coincide with the number of subunits 
and with the number of substrate molecules that bind to the 
enzyme. These enzymes may consist of several subunits, 
each of which contains one atom of iron, and all of the iron 
in the total molecule participates in these enzyme reactions 
as a part of the substrate binding sites. The suggested reac
tion mechanism for these dioxygenases is that the enzyme 
combines with organic substrate first and then reacts with 
oxygen to form an oxygenated end product. 

A major react ion of the dioxygenases is the cleavage of various aromatic 
r ings w i t h the insert ion of two atoms of molecular oxygen. Several 

dioxygenases, i n c l u d i n g metapyrocatechase (ca techol 2,3-dioxygenase) 
a n d protocatechuate 3,4-dioxygenase, have recent ly been obta ined i n a 
crystal l ine f o r m i n our o w n a n d other laboratories (1, 2, 6, 10). W h e n 
d i h y d r o x y p h e n y l compounds are c leaved b y the act ion of i n d i v i d u a l 
dioxygenases, t w o general modes of r i n g fission have so far been d e m o n 
strated: in t radio l - type a n d extradiol - type (9, 12). I r o n has been f o u n d 
to be a sole cofactor of these dioxygenases, a n d its role i n their reactions 
has been extensively s tudied (9, 11, 12, 14). E l e c t r o n sp in resonance 
( E S R ) a n d c h e m i c a l analyses of these t w o types of enzymes revealed that 
the in t radio l - type enzymes such as pyrocatechase (catechol 1,2-dioxy-
genase) a n d protocatechuate 3,4-dioxygenase conta in the ferr ic f o r m of 
i ron , a n d the extradiol - type enzymes such as metapyrocatechase con
ta in the ferrous f o r m of i r o n (11, 12). W e have previous ly suggested 
that i r o n i n these dioxygenases is in t imate ly i n v o l v e d i n their catalyt ic 

242 
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79. N O Z A K I E T A L . Dioxygenase Reactions 243 

funct ions as an interact ing site of substrates, regardless of the valence of 
the i r o n ( I I , 12). 

H e r e w e present further evidence to support the above p r o p o s a l 
a n d a possible react ion m e c h a n i s m of dioxygenases b y w h i c h the enzyme 
first combines w i t h an organic substrate to f o r m a b i n a r y complex a n d 
then reacts w i t h oxygen to y i e l d an oxygenated e n d product . 

Results and Discussion 

I r on Conten t a n d In te ract ion w i t h Substrate . M E T A P Y R O C A T E C H A S E . 
C r y s t a l l i n e metapyrocatechase was obta ined f r o m a strain of Pseudo-
monas arvilla b y the m e t h o d prev ious ly descr ibed ( 1 0 ) . T h e enzyme 
catalyzes the convers ion of catechol b y ext radio l c leavage to «-hydroxy-
m u c o n i c c-semialdehyde w i t h the insert ion of t w o atoms of molecular 
oxygen ( R e a c t i o n 1 ) . 

T h e enzyme conta ined three atoms of i r o n per molecule of the en
z y m e ( m o l e c u l a r w e i g h t = approx imate ly 140,000). A l l the i r o n i n the 
nat ive enzyme was s h o w n to be i n the diva lent state, b y E S R a n d c o l o r i -
metr i c determinations. T h e enzyme was easi ly inac t iva ted b y an e q u i -
molar amount of H 2 0 2 p r e i n c u b a t e d w i t h the enzyme. E v i d e n c e indicates 
that inac t iva t ion is caused b y s imple ox idat ion of the ferrous i o n to its 
ferr ic f o r m (13). A s F i g u r e 1 shows, however , inac t iva t ion of the enzyme 
was comple te ly counteracted b y the presence of substrate, catechol . T h e 
react ion mixture contained 50 m M potass ium phosphate buffer, p H 7.5, 
about 10 /xgrams of d i a l y z e d enzyme, 5 yM H 2 0 2 , a n d catechol (concentra
tions as i n d i c a t e d ) , i n a final v o l u m e of 1.0 m l . A l l incubat ions were car
r i e d out at 2 4 ° C . for 10 minutes under anaerobic condit ions . A c t i v i t i e s 
w e r e measured b y the s tandard assay m e t h o d (10) w i t h an a l iquot of the 
mixture . 

T h e concentrat ion of catechol r e q u i r e d for h a l f - m a x i m a l counter
act ion is est imated to be 8 X 10" 6 M , w h i c h is of the same order as the 
Km va lue , 5 X 10" 6 M, suggesting that the organic substrate interacts 
w i t h the i r o n i n the enzyme. 

P Y R O C A T E C H A S E . Pyrocatechase w h i c h catalyzes an oxygenative i n -
t r a d i o l cleavage of catechol to f o r m cis,cis-muconic a c i d ( R e a c t i o n 2 ) , 
was p u r i f i e d f r o m cells of Pseudomonas arvilla C - I a c c o r d i n g to the 
m e t h o d prev ious ly descr ibed ( 7 ) . T h e nat ive enzyme was f o u n d to con-

(1) 
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- O H 
+ 0 2 ^ | (2) 

- O H 

ta in t w o atoms of i r o n per molecule of the enzyme, whose molecular 
w e i g h t was est imated as 95,000 ( 7 ) . T h e enzyme shows a dis t inct r e d 
color w i t h a b r o a d absorpt ion peak at a r o u n d 440 m/x a n d a sharp E S R 
s ignal at g = 4.2. T h e r e d color a n d the E S R s ignal were interpreted to 
arise f r o m ferr i c f o r m of i r o n b o u n d to the enzyme ( 7 , 1 1 ) . U p o n a d d i n g 
substrate (ca techol ) to the nat ive e n z y m e u n d e r anaerobic condit ions , 
the v i s ib le absorpt ion spec t rum of the enzyme s h o w e d an increase i n 
absorbance at a r o u n d 710 m/x ( F i g u r e 2 A ) , w i t h s imultaneous disappear
ance of the E S R signal . W h e n oxygen was a d m i t t e d a n d the substrate 
was exhausted, the o p t i c a l a n d E S R spectra were reversed to the o r i g i n a l 
ones. These changes c o u l d be observed repeatedly b y the alternate 
a d d i t i o n of catechol a n d oxygen a n d are p r o b a b l y caused b y a m o d i f i c a 
t i o n of the l i g a n d structure of the i r o n caused b y its interact ion w i t h 
organic substrate (11). I n contrast, no significant differences i n the opt i ca l 
a n d E S R spectra of the enzyme were observed i n the absence a n d pres
ence of the other substrate, oxygen. 

Figure 1. Protection by catechol against H202 inactiva-
tion of metapyrocatechase 

P R O T O C A T E C H U A T E 3 , 4 - D I O X Y G E N A S E . C r y s t a l l i n e preparat ions of the 
enzyme were obta ined as descr ibed p r e v i o u s l y ( 2 ) . T h e enzyme catalyzes 
the i n t r a d i o l cleavage of protocatechuic a c i d w i t h the insert ion of t w o 
atoms of molecu lar oxygen to f o r m /?-carboxy c is ,cw-muconic a c i d ( R e 
act ion 3 ) . 
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- O H r ^ ^ C O O H 

+ 0 2 • (3) 

H O O C - s ^ O H H O O C ^ / 0 0 0 1 1 

T h e enzyme was f o u n d to conta in about e ight atoms of i r o n per 
molecule of enzyme ( m o l e c u l a r w e i g h t 700,000), a n d the i r o n seemed 
to be i n the t r ivalent state ( 3 ) . T h e enzyme s h o w e d an absorpt ion 
spec t rum a n d E S R s ignal s imi lar to those of pyrocatechase. T h e increase 
i n the v i s i b l e absorpt ion a n d the disappearance of the E S R s ignal w e r e 
also caused b y a d d i n g substrate (protocatechuic a c i d ) . A s imi lar spectral 
change was also observed w h e n protocatechualdehyde, a compet i t ive 
inh ib i tor , was a d d e d to the enzyme. F i g u r e 2 B shows the absorpt ion 
spectra of nat ive enzyme a n d its complex w i t h substrate. 

400 500 600 700 4 0 0 500 600 700 

Wavelength, m y. 

Figure 2. Visible absorption spectra 

A. Pyrocatechase 
B. Protocatechuate 3,4-dioxygenase 

— Native enzyme 
After adding lp mole of each substrate 

Protein concentrations in final volume of 3.0 ml., pH 8.0 
Pyrocatechase 24 mg. 
Protocatechuate 3,4-dioxygenase, 53 mg. 

These results, together w i t h other evidence descr ibed elsewhere (3 , 
8 ) , suggest that d u r i n g catalysis i r o n i n the dioxygenases, irrespective of 
its valence, is in t imate ly i n v o l v e d i n the substrate b i n d i n g sites. 

N u m b e r of Substrate Molecules B o u n d to Enzyme . T h e n u m b e r of 
substrate molecules b o u n d to metapyrocatechase was de termined b y 
e q u i l i b r i u m dialysis . 
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One-half ml. each of approximately 4.5 X 10"5M metapyrocatechase 
(MPC) was dialyzed for 15 hours at 24°C. against 15 ml. of 50 mM 
potassium phosphate buffer, pH 7.5, containing 0.2M NaCl and catechol 
(concentrations as indicated) under strict anaerobic conditions. After 
dialysis, concentrations of catechol in inner and outer solutions were 
determined enzymatically with metapyrocatechase. Equilibrium dialysis 
of approximately 8:5 X 10"3M bovine serum albumin (BSA) was also 
carried out in a manner entirely analogous to metapyrocatechase. 

As shown in Figure 3, 2 to 3 moles of substrate combined with the 
enzyme during equilibrium dialysis against different concentrations of 
catechol under anaerobic conditions. Assuming 2 moles of substrate 
bound to the enzyme at equilibrium, the dissociation constant of the 
enzyme-substrate complex was similar to or rather smaller than the Km 
value obtained by rate measurement. Bovine serum albumin did not 
combine with catechol under the same conditions. These results suggest 
that the complex is not caused by nonspecific binding but is involved in 
the catalytic reaction. 

o 

° \ f MPC 

\ 1 „. CH 

BSA 

/ 
1—7\ 1 1 

3 2 4 6 8 10 

[Catechol] (X I 0 ' 5 M ) 

Figure 3. Equilibrium dialysis of metapyrocatechase 

When pyrocatechase was titrated with the substrate catechol under 
anaerobic conditions, about 1.6 moles of catechol per mole of enzyme 
were required to bring about maximum increase in absorbance at 710 nut, 
suggesting that 2 moles of catechol can combine with the enzyme (Figure 
4 A) . Similarly, when protocatechuate 3,4-dioxygenase was titrated with 
protocatechualdehyde, a competitive inhibitor, under aerobic conditions, 
approximately 8 moles of the compound per mole of enzyme were re
quired to cause a maximal increase in absorption, suggesting that 8 moles 
of substrate can combine with the enzyme (Figure 4 B). 
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1.5 2.0 0 4 

Substrate Added, Moles/Mole of Enzyme 

Figure 4. Titration 

A. 2 X iO"4M pyrocatechase in 0.05M tris-HCl buffer, pH 8.0, titrated with catechol 
under anaerobic conditions 

B. 1.42 X 10~SM protocatechuate 3,4-dioxygenase in O.05M tris-HCl buffer, pH 8.5, 
titrated with protocatechualdehyde under aerobic conditions 

S u b u n i t S t r u c t u r e of E n z y m e . D e t e r m i n a t i o n of the N - t e r m i n a l 
a m i n o a c i d i n metapyrocatechase revealed that it contains about 2 moles 
of serine per mole of the enzyme, i n d i c a t i n g that the enzyme consists of 
at least t w o p e p t i d e chains. U l t r a c e n t r i f u g a l a n d di f fus ion analyses of 
the enzyme suggested that i t was dissociated i n 0 .03N N a O H into t w o to 
three subunits . L i k e w i s e , protocatechuate 3,4-dioxygenase (19.4s) was 
dissociated into s m a l l subunits (5.0s) i n 0.052V N a O H , a n d electron 
microscope observat ion of the enzyme suggested that it consists of e ight 
subunits . 

I r o n content, n u m b e r of substrate b i n d i n g sites, a n d n u m b e r of sub-
units of these dioxygenases are s u m m a r i z e d i n T a b l e I. 

T a b l e I. Propert ies o f Dioxygenases 

Metapyrocatechase 

Extradiol 
140,000 
Ferrous 

Pyrocatechase 

Intradiol 
95,000 
Ferric 

Type of reaction 
Molecular weight 
Valence of iron 
Iron content, 

atoms/mole of 
enzyme 

N o . of subunits 
Substrate bound to 

enzyme, moles of 
substrate/mole of 
enzyme 

° Electron microscope observation. 
A m e r i c a n C h e m i c a l Society 

L i b r a r y 
1155 15th St., N.W. 

Washington, D . C 2D09S 

2 to 3 

2 to 3 

Protocatechuate 
3,4-Dioxygenase 

Intradiol 
700,000 

Ferric 

8 

— 8 a 
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These results indicate that the n u m b e r of i r o n atoms i n these d i 
oxygenases m a y co inc ide w i t h the n u m b e r of subunits a n d the n u m b e r 
of substrate b i n d i n g sites. A l t h o u g h attempts to obta in an act ive subunit 
have so far been unsuccessful , i t is p laus ib le to assume that each subuni t 
of enzyme contains one a tom of i ron a n d that a l l of the i r o n i n the total 
molecu le part ic ipates i n these enzyme reactions as a par t of the substrate 
b i n d i n g sites. T h i s explanat ion is consistent w i t h our previous proposa l 
that i r o n interacts w i t h b o t h organic substrate a n d oxygen d u r i n g cataly
ses (4, 11), b u t is inconsistent w i t h the interpretat ion b y Senoh's group 
concern ing the act ion of 3 ,4-dihydroxyphenylacetate 2,3-oxygenase. T h e y 
repor ted that the enzyme contains 4 atoms of i r o n per mole of enzyme 
a n d that some of the i r o n atoms part ic ipate i n the aggregat ion of the sub-
units , a l though at least one of t h e m is i n v o l v e d i n enzyme act iv i ty (14). 

R e a c t i o n M e c h a n i s m of Dioxygenase . A c c o r d i n g to W e i s s ( 1 5 ) , 
oxygen preferent ia l ly combines w i t h ferrous i o n to f o r m F e 2 + 0 2 , w h i c h is 
i n e q u i l i b r i u m w i t h F e 3 + 0 2 " . O n the other h a n d , ferr ic i o n easi ly forms 
a complex w i t h catechol . O n the basis of these theoret ical considerations, 
w e postulated i n a previous paper (11) a sequent ia l react ion m e c h a n i s m 
for dioxygenases as fo l lows . Pyrocatechase, a ferr ic i o n conta in ing en
z y m e , combines w i t h catechol , resul t ing i n the r e d u c t i o n of the i r o n , a n d 
then reacts w i t h oxygen to f o r m a ternary complex , w h i c h subsequently 
y ie lds an oxygenated e n d product . O n the other h a n d , metapyrocate
chase, a ferrous i o n - c o n t a i n i n g enzyme, reacts w i t h oxygen first a n d then 
w i t h substrate to f o r m a product . 

T o test the v a l i d i t y of the above hypothesis , w e have a t tempted to 
demonstrate the existence of an oxygenated f o r m of metapyrocatechase. 
O x y h e m o g l o b i n is an oxygenated f o r m of h e m o g l o b i n a n d s h o u l d conta in 
one mole of oxygen per mole of heme i n the prote in . A c c o r d i n g l y , the 
to ta l oxygen content i n an o x y h e m o g l o b i n solut ion w h i c h is e q u i l i b r a t e d 
w i t h a ir at a fixed temperature s h o u l d be the sum of d isso lved oxygen 
a n d oxygenated oxygen to the heme. W h e n metapyrocatechase a n d 
catechol were a d d e d to an o x y h e m o g l o b i n solut ion i n a c losed system, 
a l l the o x y h e m o g l o b i n was converted to the deoxygenated h e m o g l o b i n , 
j u d g i n g f r o m the spectra. T h i s indicates that the oxygenat ing oxygen 
was u t i l i z e d for the metapyrocatechase react ion to f o r m a product , 
a - h y d r o x y m u c o n i c e-semialdehyde. Therefore , f r o m the amount of the 
p r o d u c t f o r m e d , i t is possible to determine the total oxygen content of 
an o x y h e m o g l o b i n solut ion. A s expected, the total oxygen content i n an 
o x y h e m o g l o b i n solut ion, de termined as ment ioned above, is p r o p o r t i o n a l 
to the amount of the prote in a d d e d ( F i g u r e 5 ) . 

T o an o x y h e m o g l o b i n so lut ion (2.5 m l . ) w h i c h was e q u i l i b r a t e d w i t h 
air , 10 /rnioles of catechol a n d about 100 /xgrams of metapyrocatechase 
were a d d e d i n a c losed system. T h e reactions were car r ied out i n a 
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[Oxyhemoglobin /4] 

(X I0"4 M) 

Figure 5. Total oxygen content 
of oxyhemoglobin solution 

syringe at 2 0 ° C . W h e n the react ion was complete (about 2 m i n u t e s ) , 
an a l iquot of the m i x t u r e was transferred to 1 M tr ichloroacet ic a c i d so lu
t ion , a v o i d i n g contact w i t h air . A f t e r r e m o v i n g p r o t e i n a n d n e u t r a l i z i n g 
the supernatant, the amount of p r o d u c t a - h y d r o x y m u c o n i c c-semialdehyde 
was d e t e r m i n e d spectrophotometr ica l ly at 375 nn*. 

If the oxygenated f o r m of metapyrocatechase is s imi lar to that of 
h e m o g l o b i n , i t w o u l d be possible to demonstrate this b y the same 
technique. 

T o a metapyrocatechase solut ion i n 0 . 0 5 M potass ium phosphate 
buffer, p H 7.5 ( a p p r o x i m a t e l y 2.5 m l . ) , w h i c h was e q u i l i b r a t e d w i t h a ir 
5 /Pinoles of catechol were a d d e d i n a closed system. T h e reactions were 
carr ied out i n a cuvette w i t h a 0.5-cm. l ight p a t h at 2 4 ° C . T h e cuvette 
was filled w i t h react ion mixture a n d covered w i t h a glass plate to a v o i d 
contact w i t h air . T h e p r o d u c t f o r m e d was d i rec t ly d e t e r m i n e d spectro
photometr i ca l ly at 430 m/x. 

F i g u r e 6, i n w h i c h the dashed l ine indicates a theoret ical curve 
assuming that one mole of oxygen combines w i t h a mole of the enzyme, 
shows that the total oxygen content i n a metapyrocatechase solut ion does 
not d e p e n d on the enzyme a d d e d b u t is the same as that of dissolved 
oxygen i n a buffer solut ion. F u r t h e r m o r e , no oxygenated f o r m of the 
enzyme has been detected i n the presence of a substrate analog or a 
compet i t ive i n h i b i t o r such as o-aminophenol , o -phenylenediamine , or m -
phenanthrol ine . These results indicate that free metapyrocatechase can
not be oxygenated, or else that its oxygenated f o r m is not as stable as 
o x y h e m o g l o b i n . 

O n the other h a n d , as discussed above, organic substrate can c o m 
b i n e w i t h these enzymes regardless of the presence of oxygen. These 
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J I I 
"0 I 2 

[Metapyrocatechase] 

(X I0" 4 M) 

Figure 6. Total oxygen content 
of metapyrocatechase solution 

observations are consistent w i t h the explanat ion that the organic sub
strate combines w i t h the enzyme first, i rrespect ive of the valence of the 
i r o n , a n d then reacts w i t h oxygen to f o r m an oxygenated e n d product . 
T h i s explanation is compat ib le w i t h that of t r y p t o p h a n pyrrolase , a 
heme-conta in ing dioxygenase, i n w h i c h the enzyme combines w i t h t r y p 
tophan first, resul t ing i n an increase i n react iv i ty of heme. Subsequently , 
the b i n a r y complex reacts w i t h oxygen to f o r m a ternary complex ; t rypto-
phan-enzyme-oxygen, w h i c h has been spectrophotometr ica l ly character
i z e d as an oxygenated intermediate ( 5 ) . 

A n oxygenated intermediate of the nonheme i ron-conta in ing d ioxy
genases has never been detected as a discernible entity, so that the inter
act ion between enzyme a n d oxygen remains to be e luc idated. H o w e v e r , 
the i r o n appears to be i n v o l v e d i n a b i n d i n g site for organic substrate. 
It is p laus ib le to assume that oxygen, too, combines w i t h the i r o n , f o r m 
i n g a ternary complex of i ron , oxygen, a n d organic substrate d u r i n g the 
enzyme reaction. T o c lar i fy this interact ion, k ine t i c analyses of the 
enzyme react ion are b e i n g under taken i n our laboratory. 
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A New Ring Cleavage Enzyme : 

2,3-Dihydroxybenzoate Oxygenase 

DOUGLAS W. RIBBONS1 and ROBERT J. WATKINSON 

Milstead Laboratory of Chemical Enzymology, "Shell" Research, Ltd., 
Broad Oak Road, Sittingbourne, Kent, England 

2,3-Dihydroxybenzoate is oxidized by extracts of Pseudo-
monas fluorescens with the consumption of one mole of 
oxygen per mole of substrate. An equivalent amount of 
carbon dioxide is evolved, and α-hydroxymuconic semialde-
hyde is formed. Intermediates between 2,3-dihydroxyben-
zoate and α-hydroxymuconic semialdehyde have not been 
detected, nor has the site of ring cleavage been established. 
The enzyme is inactivated rapidly by air and other oxidants, 
but the activity may be restored by anaerobic incubation of 
the enzyme with reducing agents or Fe2+ ions. The enzyme 
is inhibited by iron chelating agents such as α,α'-dipyridyl. 

2,3-Dihydroxybenzoate occurs as a metabolite of plants and micro
organisms (8, 16). Certain fungi decarboxylate it to catechol after 

which it is oxygenated and converted by known pathways to 3-oxoadipate 
(11,14). Pseudomonas fluorescens, however, utilizes 2,3-dihydroxybenzo-
ate as its sole carbon source and cleaves the benzenoid ring of this 
substrate (9). The enzyme(s) catalyzing the oxygenation of 2,3-dihy-
droxybenzoate to α-hydroxymuconic semialdehyde is named 2,3-dihy-
droxybenzoate oxygenase; a preliminary report has described the stoichi-
ometry of the reaction ( s ) ( 9 ). 

Extracts of Pseudomonas fluorescens 23D-1, grown in the presence of 
2,3-dihydroxybenzoate, catalyze the rapid oxidation of 2,3-dihydroxyben-
zoate to a yellow acidic intermediate with the spectral characteristics of 
α-hydroxymuconic semialdehyde (2, 5), which is also the product of the 
oxidation of catechol by catechol 2,3-oxygenase. Carbon dioxide is also 
evolved during dihydroxybenzoate oxidation in amounts equivalent to 
those of the substrate added to the enzyme ( Table I ). 

1 Permanent address: Department of Biochemistry, School of Medicine, P. O. Box 875, 
Biscayne Annex, University of Miami, Miami, Fla. 33152. 
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Table I. Stoichiometry of Gaseous Exchange during 
2,3-Dihydroxybenzoate Oxidation 

2,3-Dihydroxybenzoate 
Supplied, Oxygen Consumed, Carbon Dioxide Evolved, 
pmoles μτηοΐββ μτηοΐβδ 

5 4.9 4.7 
10 9.9 9.8 
10 10.2 9.7 

The product, α-hydroxymuconic semialdehyde, was isolated and 
characterized from a large scale incubation. Its elemental analysis, infra
red, ultraviolet and visible absorption spectra, and its rapid decomposition 
to pyruvate by extracts of Pseudomonas aeruginosa T l (10) are all con
sistent with this structure. 

Intermediates between 2,3-dihydroxybenzoate and a-hydroxymuconic 
semialdehyde have not been detected. It is evident, however, that cate
chol is not an intermediate in the formation of 2,3-dihydroxybenzoate 
since extracts catalyze neither its formation anaerobically from 2,3-dihy
droxybenzoate nor its oxidation. In fact, catechol is an inhibitor of 
2,3-dihydroxybenzoate oxygenase. The exclusion of catechol as inter
mediate in this metabolic transformation leaves two possibilities: (a) 
decarboxylation and oxygenation of the benzene nucleus are simultaneous, 
yielding α-hydroxymuconic semialdehyde directly, or (b) oxygenation 
precedes decarboxylation, and a second oxo-acid is intermediate. 

Our results so far do not differentiate between these possibilities. 
When purified extracts are oxidizing 2,3-dihydroxybenzoate, the rates of 
oxygen consumption, carbon dioxide evolution, and a-hydroxymuconic 
semialdehyde formation cannot be distinguished ( Figure 1 ). W i t h either 
possibility, the site of ring cleavage remains to be determined. As seen 
in Figure 2, cleavage of the nucleus between carbon atoms 3 and 4 would 
yield an oxo-acid, which could decarboxylate at carbon atom 7 to yield 
α-hydroxymuconic semialdehyde. Cleavage of 2,3-dihydroxybenzoate 
between carbon atoms 1 and 2 would yield a dioxodicarboxylic acid that 
could decarboxylate at either end of the carbon chain to give a-hydroxy
muconic semialdehyde with its carbon atoms differently derived. 

Stability of 2,3 -Dihydroxybenzoate Oxygenase 

The enzyme is usually unstable in air in both crude extracts and 
purified fractions. Loss of activity is attributed to oxidation and is fairly 
common to oxygenases of this type (13). The oxidation may be induced 
by oxygen itself since preparations are more stable if stored under nitro
gen or in vacuo or by the oxidized form of some of the usual sulfhydryl-
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12 

Oxygen 

Figure 1. 2,3-Dihydroxybenzoate oxidation by 
partially purified extracts of Pseudomonas 

fluorescens 
Each Warburg jiask contained: 20% KOH in the 
center well (0.2 ml.) during measurements of oxy
gen consumption, or 2N H>SO>, in the second 
sidearm (0.2 ml.) for determining carbon dioxide 
evolved; 25mM 2,3-dihydroxybenzoate in sidearm 
(0.2 ml); 0.067 M-KHPO,, pH 7.1 (0.6 ml); and 
enzyme solution (1 ml. of a Ρ-300 eluate fraction). 
Oxygen consumption was followed in duplicate 
flasks, and acid was tipped into the others at the 
times indicated. Portions of the arrested reaction 
mixtures were taken to determine a-hydroxymu
conic semialdehyde formation spectrophotometri-

cally 

protecting reagents such as mercaptoethanol. This is based on evidence 
that the rate of inactivation by mercaptoethanol is greatly accelerated 
by adding factor Β [which catalyzes the autoxidation of mercaptoethanol 
(7) (Figure 3 ) ] . Hydrogen peroxide has been suggested as the inacti-
vator under similar circumstances (6), but the product of factor Β 
catalyzed oxidation of mercaptoethanol is not hydrogen peroxide but 
water (7). Activity of the enzyme may be restored by various reducing 
reagents, usually by preincubation under anaerobic conditions. The more 
successful of these has been anaerobic incubation with sodium boro-
hydride, cysteine, Fe 2 + , and ascorbate. Ascorbate w i l l also give quick 
reactivation by aerobic incubation which led to the inclusion of ascorbate 
in the assay system. The response of different batches of enzyme to 
reactivation by various reducing agents is quite variable. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

8 
| d

oi
: 1

0.
10

21
/b

a-
19

68
-0

07
7.

ch
08

0

In Oxidation of Organic Compounds; Mayo, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



80. R I B B O N S A N D W A T K I N S O N A New Enzyme 255 

Purification of 2,3-Dihydroxybenzoate Oxygenase 

Table II shows the steps used in purifying 2,3-dihydroxybenzoate 
oxygenase. 

The cells were harvested by centrifugation, washed with 0.01M tris 
buffer p H 7.0 and stored as cell pastes at —14°C. until required. Crude 
extracts were prepared by suspending cells in 0.01M tris buffer p H 7.0 
(0.5 gram wt. wt./ml.) and disrupting with an M S E 100 watt ultrasonic 
disintegrator for 2 minutes and centrifuging at 5000 g for 15 minutes. 
H i g h speed supernatants of extracts were prepared by centrifuging crude 
extracts at 100,000 g for 2 hours. 

2,3-Dihydroxybenzoate was assayed at 30 °C. in a fully automated 
Unicam SP800 spectrophotometer at 430 m/x. The reaction cuvettes 
contained: 0.067M phosphate buffer, p H 7.1 (2.5 ml . ) ; 25 m M 2,3-dihy
droxybenzoate (20 /^liters); enzyme solution (as required but usually 
between 5 and 50 ^liters). Under these conditions the molar extinction 
coefficient of α-hydroxymuconic semialdehyde at 430 π\μ is 3.2 X 10 ;{. 
The assays were conducted at 430 τημ because this is a more convenient 
wavelength when simultaneous measurements of oxygen consumption 
and product formation are made, although it is much less sensitive an 
assay than that used by Kojima et al. (5). 

Properties of 2,3-Dihydroxybenzoate Oxygenase 

The purest preparations obtained catalyze the formation of 7.3 
/xmoles of α-hydroxymuconic semialdehyde/min./mg. protein after reac
tivation with N a B H 4 , anaerobically. 

2,3-D i hydroxy 
benζoa te 

Figure 2. Possible routes of a-hydroxymuconic semialdehyde formation 
from 2,3dihydroxybenzoic acid 
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1 2 3 
Hours 

Figure 3. Effect of oxidized and reduced forms of 
mercaptoethanol on 2,3-dihydroxybenzoate oxygenase 

activity 
Δ » enzyme alone 
A , enzyme + factor Β (10~6M), mercaptoethanol (3.9 X 

10~SM) added as indicated 
O, enzyme + mercaptoethanol (3.9 X 10~SM) 
• , enzyme + factor Β (10~6M) + mercaptoethanol (3.9 X 

10-SM) 
The enzyme (P-300) eluate was incubated in 0.01M tris/HCl 
buffer pH 7.0, in air or in vacuo with I-raM solutions of 
either cysteine, HCl, or FeSO>, and assayed spectrophoto-

metrically at the times indicated 

Table II. Purification of 2,3-Dihydroxybenzoate Oxygenase 

High Speed 
Supernatant 

( N H 4 ) 2 S 0 4 p p t . 
(33-45%) 

Biogel P300 
Hydroxylapatite 
D E A E Cellulose 

Total 
Protein, 

mg. 

1000 

220 
41 
12 

Total 
Activity, 

pinoles/min. 

470 

137 
100 e 

88° 

% Yield 

100 

30 
21 
19 

Specific Activity, 
pmoles/min. /mg. 

of Protein 

0.5 

0.62 
2.40 
7.35 

1 After reactivation with NaBH4. 

The Km value for 2,3-dihydroxybenzoate is 7.5 X 10"°M. The enzyme 
was non-competitively inhibited by «,α ' -dipyridyl (K, = 6 X 10"fiA/) 
and was competitively inhibited by catechol ( K f = 10 r , M ) . 4-Methyl-
catechol and 4-ethylcatechol both inhibit the reaction at 2 X 10" 4 M. 
Neither phenol nor salicylate inhibit at 2 X 10" 4 M. o-Phenanthroline 
( 10 Γ ΐΜ ) and K C N ( 10" 3 M ) inhibit the reaction. Inhibition by o-phenan-
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throline, α,α ' -dipyridyl and K C N is more complete when the inhibitors 
are preincubated with the enzyme rather than added to the assay system. 

Reactivation of 2,3 -Dihydroxybenzoate Oxygenase 

Some preparations of 2,3-dihydroxybenzoate oxygenase may be re
activated by anaerobic incubation with N a B H 4 , Fe 2 + , ascorbate, cysteine, 

Figure 4. Time course of reactivation of 2,3-
dihydroxybenzoate oxygenase by cysteine and 

Fe2+ 

The enzyme (P-300 eluate) was incubated in air or 
in vacuo with J-mM solutions of either cysteine, HCl, 
or FeSOh and assayed spectrophotometrically at the 
times indicated. All enzyme incubations were per
formed in 0.01 M tris IHCl buffer pH 7.0, and por

tions were taken for the standard assay 
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or glutathione. Figure 4, shows the reactivation with Fe- + and cysteine as 
a function of time. In some cases the effect of N a B H 4 and Fe- + was 
additive. Of these reagents, only ascorbate induced reactivation when 
added to the assay system ( Figure 5 ). 

10' 3M 

Ascorbate concentration 

Figure 5. Effect of ascorbate concentra
tion on 2,3-dihydroxybenzoate oxygenase 
activity. Ascorbate was added to the stand

ard assay mixture 

Our results indicate that 2,3-dihydroxybenzoate oxygenase is similar 
to other dioxygenases that yield oxo-acids—e.g., catechol 2,3-oxygenase 
(3) and 3,4-dihydroxyphenylacetic acid 2,3-oxygenase (1). A l l are un
stable in air and inactivated by oxidizing agents; they are reactivated by 
reducing agents under anaerobic conditions and are inhibited by FeL > + 

chelating agents. 
Decarboxylating oxygenases have been described previously. Salicyl

ate and anthranilate hydroxylases (12, 17), lysine oxygenase (3), lactate 
oxygenase (4), and arginine oxygenase (15) all oxygenate the carbon 
atom from which the carboxyl is lost. External electron donors are 
required for the two hydroxylases, but the substrates of the last three 
enzymes presumably reduce the second oxygen atom to water. In addi
tion, 2,3-dihydroxybenzoate oxygenase catalyzes a second carbon-carbon 
scission of the substrate to yield an aliphatic product. A common mecha
nism for these decarboxylating oxygenases might exist; in the latter case 
both atoms of oxygen are incorporated into the product with consequent 
ring opening. 
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Hydroxylation of Aromatic Compounds 

Induced by the Activation of Oxygen 

M. B. DEARDEN, C. R. E. JEFCOATE, and J. R. LINDSAY SMITH 

University of York, York, England 

Two chemical systems that induce the hydroxylation of 
aromatic compounds to phenols are described. The first 
system involves the autoxidation of metal salts in the pres
ence of aqueous suspensions of aromatic compounds; during 
this process the aromatic compounds are oxidized to phenols. 
The phenolic isomer ratios depend strongly on the initial 
concentration of the metal salts. Possible reaction mecha
nisms are discussed involving metal-oxygen species as the 
hydroxylating entities. The second system comprises ferric 
ion, N-benzyl-1-4-dihydronicotinamide and oxygen together 
with the aromatic substrate. Evidence is described that 
indicates that the hydroxylating species arises from the 
reaction of oxygen with a complex of the ferric ion and the 
reduced nicotinamide. 

^Vxidation-reduction processes are well known both in chemical and in 
living systems (22, 23, 34). Despite this apparent similarity, the 

biological processes can rarely be reproduced chemically. This difficulty 
to simulate synthetically the biological redox systems arises from the fact 
that the chemical systems are generally less specific and require more 
vigorous conditions than their biological counterparts. 

The aromatic hydroxylases or mixed-function oxidases are no excep
tion to the above generalization. For maximum activity they require a 
transition metal ion and an electron donor such as one of the pyridine 
or flavin nucleotide coenzymes; further, they probably utilize molecular 
oxygen as the source of the hydroxy lie oxygen; an example is the liver 
microsomal hydroxylating system (27). As yet there is no comprehensive 
explanation to cover the mode of action of these enzymes, for on the one 
hand there are the specific hydroxylases which catalyze such conversions 
as L-phenylalanine to L-tyrosine (26) or tryptophan to 5-hydroxytrypto-

260 
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phan (35), and on the other hand there are the nonspecific hydroxylases 
where the aromatic substrate is converted into two or more isomeric 
phenols (48). Moreover, a consideration of the aromatic substrates in
volved in the two types of hydroxylation reveals that specific hydroxyla
tion generally embodies naturally occurring benzenoid compounds, 
whereas the nonspecific counterpart occurs with benzene derivatives for
eign to the animal body. 

Chemical models for mixed-function oxidases can be divided into 
two groups, the classification depending on the origin of the oxygen of 
the entering hydroxyl group: (1) those that require hydrogen peroxide 
as the source of oxygen; (2) those that involve molecular oxygen. This 
work is concerned with model systems that belong to the latter group. 

Since Udenfriend and his colleagues discovered that a mixture of 
ferrous ions, ascorbic acid, ethylenediaminetetraacetic acid ( E D T A ), and 
oxygen is capable of hydroxylating aromatic compounds (39), work on 
several other model systems involving molecular oxygen has been pub
lished (7, 13, 14, 29, 31, 37). We have directed our attention toward 
two types of hydroxylating systems involving either the autoxidation of 
metal ions or the autoxidation of organic compounds. 

Experimental 

Materials. Most of the chemicals were obtained commercially and 
were AnalaR or reagent grade when available. The aromatic substrates 
were purified by distillation, and their purities were checked by gas 
chromatography. IV-benzyl-l,4-dihydronicotinamide ( N B N H ) was pre
pared by the method of Mauzerall and Westheimer (24). 

Gas-Liquid Chromatography. Oxidation products were analyzed 
using either a Pye Argon, Perkin-Elmer F l l or Pye F104 gas chromato-
graph. The stationary phases and operating conditions have been re
ported previously (21). An improved method for separating cresol 
isomers (28) was introduced in this research in place of the previous 
method which used tris ( 2,4-xylenyl ) phosphate as the l iquid phase. 

Oxidations. F E R R O U S S U L F A T E S Y S T E M . A n aqueous solution of 
ferrous sulfate with E D T A (500 ml.) was added to the aromatic reactant 
(2 ml.) in water (500 ml . ) . A steady rate of addition was maintained 
during 20 minutes by a capillary tube while oxygen was bubbling through 
the solution at 30 ml./min. The initial concentrations of ferrous sulfate 
are given in Tables I to IV; a 1:1 molar ratio of ferrous ion : E D T A was 
used. In experiments where the concentration of ferrous sulfate was 
kept constant, but the amounts varied, the procedure adopted was the 
same as that described above except that the volume of ferrous sulfate 
solution added was varied (Table V ) . 

Anisole was also oxidized by mixing the reactants before introducing 
oxygen. The total yield of hydroxylated products and the isomer distribu
tions of methoxyphenols together with those obtained by the dropwise 
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Table I. Hydroxylation of Toluene by Metal Ion—Oxygen Systems 

C u + 

Concentration, 
Orientation 

Concentration, Yield, Relative 
X 10s M to a Standard 0 m Ρ 

1.4 1.0 39 24 37 
7.2 4.7 46 26 28 

14.4 7.7 50 26 24 
29.0 12.3 50 31 19 
58.0 42 45 13 

1.0 0.49 60 17 23 
3.0 1.54 58 18 24 
5.0 54 21 25 

10.0 4.54 51 27 22 
15.0 13.3 49 31 20 

1.3 22 31 47 
2.5 27 31 42 
3.8 26 38 36 
5.0 28 50 22 

10.0 33 46 21 
20.0 35 42 23 
40.0 37 36 27 

0.9 45 41 14 
4.9 34 54 12 

Table II. Hydroxylation of Anisole by Metal Ion—Oxygen Systems 

Concentration, Orientation Concentration, Orientation 

X 103M 0 m Ρ 
Fe 2 + 3.6 54 11 35 

18.0 57 12 31 
22.0 55 14 31 
54.0 51 27 22 

T i 3 + 0.5 58 4 38 
1.0 61 8 31 
3.0 62 19 19 
5.0 57 28 15 

10.0 51 36 13 

C u + 1.3 53 27 20 
2.5 40 28 32 
5.0 29 43 28 

10.0 32 47 21 
20.0 43 24 33 

Sn 2 + 1.1 51 31 18 
2.2 35 55 10 
6.0 36 59 5 
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Table III. Hydroxylation of Fluorobenzene by 
Metal Ion—Oxygen Systems 

Concentration, 
Orientation 

Concentration, 
Orientation 

X 103M 0 m Ρ 
1.4 4 53 43 
3.6 7 59 34 
7.2 11 65 24 

11.0 13 69 18 
14.5 17 69 14 
29.0 22 74 4 

1.0 5 41 54 
3.0 8 54 38 
5.0 12 61 27 

10.0 17 70 13 

2.5 29 69 2 
5.0 28 70 2 

10.0 27 70 3 
20.0 23 68 9 
40.0 22 67 11 

Table IV. Hydroxylation of Nitrobenzene by 
Ferrous Ion—Oxygen System 

_ Orientation 
Ferrous Ion, 

X 103M o m ρ 
0.7 5 36 59 
3.0 1 50 49 
7.2 2 57 41 

11.5 6 70 24 

procedure above in otherwise identical conditions are recorded in 
Table V I . 

Effect of Catalase. Catalase was added to the aqueous suspension 
( p H 7) of the aromatic compound, and a solution of ferrous sulfate 
(29.0 Χ 10"3 mole/liter) with E D T A was added. The procedure was 
the same as described above. 

Orientation 

Yield relative 
of phenols 

Substrate Catalase, grams to standard 0 m Ρ 
Fluorobenzene 0.05 2.1 28.2 68.7 3.1 

— 5.6 25.2 70.6 4.2 

Toluene 0.05 2.8 42.3 39.3 18.4 
— 5.8 46.7 37.0 16.3 
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Oxidation of Cresols. A n equimolar solution of cresols (1 Χ 10"3 

gram) in water was oxidized by adding ferrous sulfate (1 gram) with 
E D T A in the presence of oxygen. The reaction was repeated using 5 X 
10~3 gram of each cresol. 

Relative Proportions of Cresols Recovered 

Each Cresol, gram o m ρ 

1 Χ ΙΟ"3 1.00 0.99 1.06 
5 Χ ΙΟ"3 1.00 1.02 1.01 

T I T A N O U S C H L O R I D E S Y S T E M . For the oxidation of toluene and fluoro-
benzene, oxygen was bubbled (30 ml./min. ) through titanous chloride 
(1-15 ml.) in 0.05ÎV sulfuric acid (1 liter) containing the aromatic re-
actant (2 ml . ) . Under these conditions, the oxidation of anisole was 
negligible, and instead sulfuric acid was replaced by distilled water. The 
concentrations of titanous ion used are given in Tables I-III. 

C U P R O U S C H L O R I D E S Y S T E M . Cuprous chloride (0.05-0.8 gram) was 
dissolved in 4N hydrochloric acid ( 10 ml. ) and added steadily ( 15 sec. ) 
to a vigorously stirred suspension of the aromatic reactant (1 ml.) in 
aqueous phosphate buffer (200 ml., p H 7) through which oxygen was 
bubbled (30 ml./min.). Bubbling and stirring were continued for 10 
minutes after addition was complete. The concentrations of cuprous 
chloride used are given in Tables I-III. 

S T A N N O U S P Y R O P H O S P H A T E S Y S T E M . Stannous chloride (0.05-0.27 
gram) was added to a solution of tetrasodium pyrophosphate (2.7 grams) 
in water (200 ml.) containing the aromatic reactant (1 ml . ) . Oxygen 
was bubbled (30 ml./min.) through the solution for 20 minutes. The 
concentrations of stannous ions used are given in Tables I and II. 

Table V. Hydroxylation of Anisole with the Ferrous Ion—Oxygen 
System Ferrous Sulfate Concentration, 5.0 X 10"3M 

Orientation of 

Ferrous Sulfate Yield of M ethoxy phenols , 
Used, grams Relative to a Standard o m ρ 

0.2 0.7 57 12 31 
1.0 3.0 64 14 22 
2.0 6.7 57 12 31 
3.0 8.4 60 12 28 

Table VI. Hydroxylation of Anisole Using the 
Ferrous Ion—Oxygen System 

Orientation of 

Ferrous Sulfate, Yield, Relative 
M ethoxy phenols 

grams to a Standard 0 m ρ 

1 (present initially) 9.8 53 39 8 
1 (added dropwise) 9.7 54 12 34 
3 (present initially) 23.8 39 50 11 
3 (added dropwise) 24.5 51 27 22 
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Table VII. Hydroxylation of Anisole and Toluene by 
NBNH—Ferrie Ion—Oxygen System 

M ethoxy phenols 

FeCl3:NBNH, 
Orientation 

FeCl3:NBNH, 
Molar Ratio Yield0 0 m Ρ Yield0 

0.08 — 0.6 
0.19 2.5 58 9 33 — 
0.38 3.3 50 10 40 1.0 
0.77 4.1 48 8 44 1.5 
0.96 4.1 47 7 46 1.0 
1.16 3.7 48 5 47 1.0 
1.54 2.5 50 8 42 1.5 
1.92 1.8 55 7 38 — 
2.31 — — — — 1.1 
3.84 1.3 62 7 31 1.2 

Cresols 

Orientation 

o 
44 

m 

24 

Ρ 
32 

a Yield relative to a standard. 

Table VIII. Hydroxylation of Toluene with 
NBNH—Ferrie Ion—Oxygen System 

Orientation of Cresols 
Ferrie Sait, 

3.7 X 10~* mole 

FeCl 3 

pH 

2.6 
3.2 
4.2 
5.2 
5.8 
6.4 

Yield of Cresols 
Relative to a 

Standard 

0.9 
0.6 
0.9 
1.0 
0.6 
0.2 

0.7 
1.6 

0.1 

46 
46 
46 
43 
45 
40 

55 
40 

44 

m ρ 
22 32 
20 34 
21 33 
25 32 
18 37 
21 39 
15 30 
24 36 

23 33 

K 3Fe(CN)„ 4.2 
F e 2 ( S 0 4 ) 3 4.2 
F e C l 3 + E D T A 

(3.7 X 10-4mole) 4.2 

C O B A L T O U S C H L O R I D E S Y S T E M . Cobaltous chloride (4.25 grams) was 
added to an aqueous solution of potassium cyanide (6.9 grams), contain
ing anisole (2 ml.) and cooled to 0°C. Oxygen was passed through the 
solution for 45 minutes. The experiment was repeated except that the 
anisole was added after 15 minutes. Under both conditions little hydrox
ylation occurred; the main product was phenol. 

N B N H - O X Y G E N S Y S T E M I N W A T E R . The aromatic compound was 
suspended in an aqueous phosphate-citrate buffer (1 liter; p H 2.6-6.4) 
with N B N H (9.3 Χ 10"4 mole) and ferric chloride (0.72-36.0 Χ 10"4 

mole). Oxygen was bubbled through the mixture (30ml./min.) for one 
hour (Table V I I ) . 

Ferric chloride was replaced with other metal salts ( cupric or ferrous 
sulfate, or eerie sulfate in acid) and with F M N (9.3 Χ 10"4 mole). Only 
other ferric salts induced hydroxylation ( Table V I I I ). 
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N B N H in Nonaqueous Solvents. Standard solutions of N B N H 
(0.0688 gram) in ethyl alcohol (50 ml.) and of ferric chloride (0.1146 
gram) in ethyl alcohol (50 ml.) were prepared. These solutions were 
used to prepare 2.0-ml. samples for spectrometric analysis. The initial 
absorption at 590 π\μ and rate of decay of this absorption were recorded 
(Tables IX and X , Figure 1). Ethanolic solutions of N B N H with salts of 
metals other than ferric produced no visible color change. 

ESR Studies on N B N H Oxidation. Solutions of N B N H (10.0 grams) 
in water or ethyl alcohol (3 liters) were flowed against ferric chloride 
( 12.5 grams ) in either water or ethanol ( 3 liters ) through the ESR spec
trophotometer. The flow apparatus was the same as that used by Dixon 
and Norman (10). Ferric chloride showed a broad signal which disap
peared when the flow of the N B N H solution was increased to at least 
equal to that of the ferric chloride. No other signal was observed. 

Extraction of Phenolic Products. Reaction mixtures were acidified 
and extracted with ether (4 X 100 ml . ) . The combined ether extracts 
were evaporated to a small volume ( 1-2 ml. ) and analyzed by gas-liquid 
chromatography. By using synthetic mixtures, this procedure was shown 
not to lead to preferential loss of any component. 

Table IX. Dependence of Initial Absorbance of the Blue-Green 
Complex with the Proportion of Ferric Chloride to N B N H 

Molar Ratio of 
Ferric Chloride:NBNH 

Initial 
Optical Density, D 

0.33 
0.49 
0.66 
0.82 
0.99 
1.15 
1.32 
1.51 
1.76 
2.12 
2.64 

0.35 
0.39 
0.44 
0.54 
0.69 
0.68 
0.81 
0.76 
0.75 
0.74 
0.80 

Table X. Change in Absorbance of the Blue-Green 
Complex with Time 

Time, min. Optical Density, D 1 /D 

0.5 0.670 1.49 
1.0 0.560 1.79 
1.5 0.480 2.08 
2.0 0.421 2.38 
2.5 0.370 2.70 
3.0 0.335 2.98 
3.5 0.303 3.30 
4.0 0.278 3.60 
4.5 0.256 3.90 
5.0 0.235 4.25 
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ι 

, , Time (min) t , 
0 1 2 3 4 5 

Figure 1. Second-order rate plot for the decay of the blue-green ferric-
NBNH complex 

Results 

Hydroxylation by the Metal Ion—Oxygen Systems. A monosubsti-
tuted benzene was suspended in aqueous solution of a metal salt through 
which oxygen was bubbled. Two aromatic compounds (toluene and 
anisole) were treated this way with each of four metal salts (ferrous 
sulfate in the presence of E D T A , titanous chloride, cuprous chloride and 
stannous pyrophosphate); a third compound (fluorobenzene) was oxi
dized with the ferrous, titanous, and cuprous systems, and a fourth 
aromatic compound (nitrobenzene) was treated with ferrous ion with 
E D T A . The initial concentration of the metal ion was varied. 

In each case at least four products were obtained—namely, the three 
isomeric phenols derived by the replacement of hydrogen by hydroxyl 
and phenol itself. The conditions were such that the extent of hydroxyla
tion was always less than 2%, thereby reducing the possibility of further 
hydroxylation (see also below). The orientations of phenolic isomers 
are recorded in Tables I - IV . 

No trace could be detected of bibenzyl or bitolyls from experiments 
with toluene, or of bianisyls from those with anisole. Treatment of ben
zene with the ferrous ion and titanous ion systems gave no biphenyl. 
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The addition of catalase (4% by weight, based on the metal ion) to 
the ferrous ion system reduced the yields of hydroxylated products from 
toluene and fluorobenzene by approximately 50%, although the ratios of 
o-, m-, and p-phenolic products were essentially unchanged. Catalase 
activity was confirmed by its marked effect on a reaction by a model 
system involving hydrogen peroxide (17). 

Anisole treated with an aqueous solution of cobaltous chloride and 
potassium cyanide in the presence of oxygen gave negligible amounts of 
methoxyphenols. 

Further oxidation was excluded as a source of the change in isomer 
ratios (Tables I - I V ) by the following experiments. 

There was no significant change in the isomer distribution of the 
methoxyphenols when anisole was hydroxylated in the presence of larger 
amounts of ferrous sulfate, at the same concentration, although the total 
yield of phenolic products increased proportionately with the amount of 
ferrous sulfate used (Table V ) . 

When toluene was hydroxylated with the titanous ion-oxygen system 
in a constant volume of water, the yield of phenolic products depended 
on the amount of metal salt. The yield increased proportionately with 
the concentration of the metal ion. Under these conditions the phenolic 
isomer ratios changed continuously, the proportion of the meta isomer 
increasing with the metal ion concentration (Table 1). 

When anisole was hydroxylated by slowly adding ferrous sulfate 
solution to a suspension of anisole in water through which oxygen was 
bubbled, the total yield of methoxyphenols was the same as when the 
ferrous sulfate solution was initially mixed with anisole, although the 
isomer distribution of methoxyphenols was markedly altered ( Table V I ). 

Solutions of the three isomeric cresols, of similar concentrations to 
those obtained from reactions on toluene, were oxidized, using the ferrous 
ion-oxygen system. Isolation of the unreacted cresols showed that the 
relative reactivity of the three compounds was close to one, and no isomer 
was selectively oxidized. 

Anisole was hydroxylated by the ferrous ion-oxygen system in the 
presence of increasing amounts of added ferric ions. This resulted in a 
decrease rather than an increase in the proportion of ra-methoxyphenol 
(Table X I ) . 

Hydroxylation Induced during the Autoxidation of N-benzyl-1,4-
dihydronicotinamide. Oxygen was bubbled through the aromatic com
pound suspended in an aqueous solution of N-benzyl-l,4-dihydronico-
tinamide and ferric chloride. Four compounds were oxidized by this 
model system: benzene to phenol and no biphenyl; toluene to benzyl 
alcohol, cresols, phenol, and no bibenzyl; anisole to phenol and methoxy
phenols; fluorobenzene to phenol and fluorophenols. Even under optimum 
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Table XI. Hydroxylation of Anisole by Ferrous Ion—Oxygen 
System in the Presence of Ferrie Ion 

M ethoxy phenol Distribution 
Ferrie Ion 

Ferrous Ion Added 
Slowly (5.9 Χ 10- 3Μ) 

Ferrous Ion Present 
Initially (7.2 Χ 10" 3M) 

Χ 103M 0 m Ρ 

0 51 20 29 
7.4 62 7 31 

14.8 76 12 12 

0 53 39 8 
3.7 56 36 8 
7.4 66 24 10 

18.5 76 14 10 

conditions the yield of fluorophenols was extremely low; the major product 
was phenol ( Table VI I ). 

The molar ratio of N B N H to ferric chloride was varied, and the yield 
and isomer ratios of phenolic products from toluene and anisole were 
recorded ( Table VI I ). 

The p H dependence of the system was investigated using toluene as 
substrate in a phosphate-citrate buffer. In the p H range 2.6-5.2 the yield 
and cresol isomer ratios remain unchanged; above this value the yield 
decreases ( Table IV ). 

Ferric chloride was omitted from the system and then replaced suc
cessively by either cupric sulfate, eerie sulfate, ferrous sulfate, or flavin 
mononucleotide ( F M N ) . In each experiment the yield of methoxy
phenols from anisole was negligible. Other ferric salts, however, were 
found to induce hydroxylation (Table VI I I ) . The addition of E D T A to 
the ferric c h l o r i d e - N B N H system markedly reduced the yield of cresols 
from toluene. 

Solutions of N B N H in nonaqueous solvents (methyl cyanide, ethyl 
alcohol, and dimethyl sulfoxide) developed a blue-green color in the 
presence of ferric chloride; the salts of the other metals listed above 
induced no visible color change, suggesting that N B N H forms a complex 
specifically with ferric ions. The intensity of the absorption of the com
plex in ethyl alcohol ( E m a x = 590 im*), which decays rapidly, was 
examined spectrophotometrically in solutions containing varying amounts 
of ferric chloride and N B N H . In each case a decay dependent on the 
second power of the absorbing species was observed ( Table X , Figure 1 ). 
The initial absorption of the complex for solutions containing constant 
amounts of N B N H showed a maximum value when the molar ratio of 
ferric chloride to N B N H was 1 : 1 (Table I X ) . 

Aqueous or ethanolic solutions of N B N H were mixed with the corre
sponding solutions of ferric chloride and flowed through an ESR spectro-
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photometer. The only signal observed was a broad line from the ferric 
chloride; no organic radicals were detected. 

Discussion 

Metal Ion—Oxygen Systems. Hydroxylation of aromatic compounds 
occurs during the autoxidation not only of ferrous ion but also of other 
metal ions. The ions we have investigated are all capable of undergoing 
one-electron oxidation. [This is well known for ferrous, titanous, and 
cuprous ions and has recently been demonstrated also for stannous ion 
(43).] The main problem in elucidating the course of the hydroxylations 
is determining the nature of the hydroxylating species. 

In part of a previous publication (31), we reported some preliminary 
conclusions on the hydroxylation of aromatic compounds by the metal 
ion-oxygen systems. This work has been extended, and it is clear that 
the most interesting feature is the strong dependence of the distribution 
of phenolic products on the initial concentration of the metal ions. In 
general, the proportion of the meta derivative formed from each of the 
four monosubstituted aromatics increases and the para isomer decreases 
with increase in the metal ion concentration. 

The anomalous behavior of fluorobenzene which gives a high pro
portion of m-fluorophenol, even in very dilute solutions of metal ions, 
has been discussed (31). The intermediates which would otherwise lead 
to o- and p-fluorophenols are diverted to give o- and p-hydroquinones, 
respectively. 

A possible explanation for these variations might be that, as the 
metal ion concentration is increased, a proportion of the phenolic products 
is removed by further reaction, the three isomers reacting at different 
rates. However, strong evidence against this interpretation has been 
presented, except perhaps at the highest metal ion concentrations studied; 
in particular with the cuprous ion system where the proportion of the 
meta derivative at the highest cuprous concentrations is less than would 
have been predicted from the results in more dilute cuprous solution 
( Tables I and II ). Thus, it seems likely that hydroxylation by each metal 
ion-oxygen system is induced by more than one hydroxylating species, 
their concentrations being determined by the concentration of reduced 
metal ion. 

Of possible hydroxylating species, the two most obvious for consid
eration are the hydroxyl and perhydroxyl radicals. Nofre et al. (29) 
suggest that the former is the active species in the metal ion-oxygen 
systems, while Staudinger and his colleagues (37) propose that these 
systems involve a combination of both species. The hydroxyl radical is 
involved in hydroxylations by Fenton's reagent and the closely related 
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system of titanous ion and hydrogen peroxide (20). However, it is char
acteristic of these two systems that benzene is oxidized partly to biphenyl 
and toluene partly to bibenzyl (20), whereas a dominating feature of 
the metal ion-oxygen systems is the complete absence of these and related 
dimeric products. Moreover, the addition of catalase by no means in
hibits hydroxylation completely. Finally, the isomer ratios of phenolic 
products obtained from the metal ion—oxygen systems are very different 
from those obtained from Fenton's reagent (32). Thus, it seems unlikely 
that oxygen is first reduced to hydrogen peroxide, which is in turn reduced 
to the hydroxyl radical. 

The perhydroxyl radical is known to result from the one-electron 
oxidation of hydrogen peroxide—e.g., by eerie ion (36). W e might 
anticipate its formation by the one-electron reduction of oxygen during 
autoxidation of metal ions, followed by the uptake of a proton. However, 
attempts to induce the hydroxylation of aromatic compounds by the per
hydroxyl radical have been unsuccessful (20). 

It seems unlikely that hydroxylation of aromatic compounds by the 
metal ion-oxygen systems is induced by either the hydroxyl or perhydroxyl 
radicals. This is confirmed by extrapolating the values for the isomer 
distributions of phenolic products obtained at different metal ion con
centrations to zero concentration of metal ion. The values obtained 
[some of which have been reported (31)] depend on the nature of the 
metal ion (Table X I I ) . This evidence argues against a simple hydrox
ylating species being common to the metal ion-oxygen systems and sug
gests that a metal ion is intimately involved in the reactive species. 

More information concerning possible hydroxylating entities can be 
obtained by investigating the autoxidation of the metal ions. The nature 
of the reaction involved in the autoxidation depends strongly on the 
redox potentials, E°, for the various oxidation-reduction couples. It is 
probably significant that the values for the metal ions used here are as 
follows: 

E° 

F e 2 + ( E D T A ) = F e 3 + ( E D T A ) + e~ -0.12 (pH 7) (48) 

C u + = C u 2 + + e~ -0.15 (20) 

T i 3 + = T i 4 + + e - -0.15 (20) 

Sn 2 + = Sn 4 t +2e~ -0.15 (20) 

and each system is effective in inducing hydroxylation, whereas in the 
absence of E D T A , ferrous sulfate is ineffective. 

Fe 2 + = Fe 3 + + éT -0.77 (20) 
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Table XII. Isomer Distribution of Monosubstituted Phenols 
Extrapolated to Zero Metal Ion Concentration 

Cresols Methoxyphenols Fluorophenols Nitrophenols 

Metal Ion 0 m Ρ ο m Ρ 0 m ρ 0 m ρ 

Fe 2 + 38 24 38 56 8 36 2 45 53 4 36 60 
61 16 23 54 0 46 2 33 65 

O r 22 29 49 75 8 17 30 68 2 
Sn 2 + 46 38 16 53 20 27 

A mechanistic similarity is suggested. Now the value of E° for the 
couple H 0 2 - 0 2 is between 0.1 and 0.55 (19, 38), so that the reaction 
of the metal ions with oxygen studied here is unlikely to proceed via HOL> · 
for thermodynamic reasons. However, the autoxidation of the metal and 
reduction of oxygen may well occur via the formation of a complex, such 
as F e 0 2

2 + . 
Further, the kinetics of the autoxidation of ferrous ion has been 

interpreted as proceeding through the formation of an iron-oxygen com
plex, 

Fe?+ + 0 2 - » F e 0 2
2 + 

which undergoes one of the two reactions, either ( I I ) : 
F e 0 2

2 + + H 2 O F e 2 + -> F e 0 2 H 2 + + F e O H 2 + 

or (38,42): 
F e 0 2

2 + + Fe 2 + -> (Fe0 2 Fe) 4 -
Whether the rate of autoxidation is first or second order in ferrous ion 
depends on the medium. In perchlorate (11) or sulfate (6) the rate is 
K [ F e 2 + ] 2 [ 0 2 ] , and in phosphate (8) the rate is K [ F e 2 + ] [ 0 2 ] 
[ H 2 P 0 4 " ] - . The autoxidation of cuprous ion can also show either a 
first- or second-order dependence on cuprous ion concentration (15, 30). 
Binuclear complexes, as proposed in the second scheme above, are well 
known in the reactions of Co(I I ) (12) and Cr ( I I ) (18) in the presence 
of appropriate ligands. It is possible that the binuclear iron complex 
breaks down to another species, F e 0 2 + , analogous to a step reported dur
ing the autoxidation of Cr(I I ) -ammonia solutions (18). Thus, it is pos
sible that any one of the species F e 0 2

2 + , F e O O H 2 + , ( F e 0 2 F e ) 4 + , and 
F e 0 2 + , is capable of hydroxylating aromatic compounds in the ferrous 
ion-oxygen system. 

The general meta orientation of phenolic products obtained at high 
metal ion concentrations, irrespective of the type of substituent, is diffi
cult to reconcile with any established mode of aromatic substitution. It 
seems logical that in dilute metal ion solution such a species as F e 0 2

2 + 

which would be formed in the initial step of the autoxidation of ferrous 
ion could be the hydroxylating species. Such complexes for cuprous and 
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ferrous ion are well established among the biological (46) and synthetic 
(40) oxygen carriers and have been suggested as active oxidants in 
numerous biological (22, 23, 34) and chemical systems (33, 49). At 
higher concentrations the aromatic substrate w i l l compete with other 
metal ions for these species, and hydroxylation may arise from a combi
nation of F e 0 2

2 + with one or more of F e 0 2 H 2 + , ( F e 0 2 F e ) 4 + , and F e 0 2 + . 
Previously (31) we suggested tentatively that the meta substituted phe
nol arise from an initial complex between the ortho and para positions 
of the aromatic ring and the hydroxylating species, followed by intra
molecular transference of oxygen to the meta position. The main advan
tage of this scheme was that it offered a simple explanation for the 
variation of phenolic isomer ratios with the metal ion concentration. 
Alternative explanations are discussed below. 

A comparison of the phenolic isomer ratios from the metal i o n -
oxygen systems with those from Fenton's reagent shows that the metal-
oxygen complexes are less selective than the hydroxy radical; this is 
particularly apparent at high metal ion concentrations. The attacking 
species, however, is unlikely to be a free radical for the product isomer 
distribution from homolytic aromatic phenylation or methylation indi
cates that even the reactive phenyl and methyl radicals show moderate 
selectivity (45). Another possible reactive entity is an oxenoid species 
capable of direct oxygen atom transfer into the aromatic substrate; this 
type of process was proposed by Hamilton for the mechanism of aromatic 
hydroxylation by Udenfriend's system (13). The oxygen atom trans
ferred can be either a singlet or triplet species. A random distribution 
of phenolic products w i l l arise if the predominant reaction leading to 
phenols is oxygen insertion into the aromatic C — H bonds; such a reaction 
w i l l be favored by a singlet rather than triplet species. In agreement with 
these conclusions the methylation of anisole with carbene (a singlet 
species) results in a random distribution of methyl anisoles (25). A triplet 
oxygen species would add predominantly to the aromatic nucleus to give 
cyclohexadienylepoxides, which could rearrange to phenols; the isomer 
distribution would now resemble that from an electrophilic substitution. 
Dewar and Narayanaswami ( 9 ) and Abramovitch and his colleagues ( 1 ) 
have observed this type of aromatic substitution from carbon and nitrogen 
species containing six electrons. Some recent ESR studies suggest that 
the attacking entities here are probably triplet and not singlet species 
(41) . It is possible that at low metal ion concentration the predominant 
attacking species is a reduced metal ion-oxygen complex—e.g., F e 0 2

2 + — 
while at higher concentrations, it is mainly a complex capable of singlet 
oxygen insertion—e.g., ( F e 0 2 F e ) 4 + . 

One further mechanism which does not require a highly unselective 
hydroxylating entity is worth considering (Scheme 1). The first step 
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involves an initial addition of a metal-oxygen species, such as F e 0 2
2 + , to 

the aromatic nucleus; the resulting adduct then decomposes to a phenol 
or cyclizes to a cyclic peroxide. 

OMe OMe 

Scheme 1 

Such cyclic peroxides have been proposed as intermediates in photo
chemical and chemiluminescent reactions of aromatic compounds with 
oxygen (4, 5, 44) and in the biological hydroxylation of aromatic com
pounds (22, 23, 34). In dilute ferrous ion solution the cyclic peroxides 
could decompose ionically to give a predominantly electrophilic distribu
tion of substituted phenols, while at higher concentrations the ferrous ion 
would cleave the peroxide bond homolytically; this, followed by loss of 
water, would give a more random pattern of substituted phenols. 

A common metabolite from the nonspecific hydroxylation of aromatic 
compounds foreign to animals is the 3,4-dihydrodiol (48). This com
pound could arise by either solvolysis of the 3,4-dihydroepoxides or 
reduction of the 3,4-dihydroperoxides proposed in the mechanisms above. 

At present it is not possible to make a final decision as to the mecha
nism of hydroxylation by the metal ion-oxygen systems. Work is, how
ever, in progress which, it is hoped, w i l l resolve this interesting problem. 
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The NBNH-Oxygen System. Since biological hydroxylases are 
known to involve both a metal ion and a reducing agent, a number of 
workers have investigated the activity of related model systems involving 
molecular oxygen. A selection of different reducing agents has been used 
—namely, ascorbic acid ( Udenfriend's system) (39), 2,4,5-triamino-6-
hydroxypyrimidine (13), tetrahydropteridines (7), reduced flavin (16), 
and nicotinamide coenzymes (37). We have found that benzenoid com
pounds are hydroxylated by a system comprising ferric ion, N-benzyl-
1,4-dihydronicotinamide, and oxygen. 

Unlike Udenfriend's system, which is active with several different 
metal ions (-29), hydroxylation of aromatic compounds using N B N H and 
oxygen occurs only in the presence of ferric ions. Ceric or cupric sulfate 
are unable to activate the system, and more surprisingly, ferrous sulfate 
is ineffective. Ferrous ions under the reaction conditions ( p H 4.2) are 
relatively stable and are oxidized only slowly to ferric ions by molecular 
oxygen; thus, it would seem that only negligible amounts of ferric ions 
are formed during the reaction period, and hence no hydroxylation occurs. 

In agreement with these conclusions only ferric ion shows evidence 
of forming a complex with N B N H in nonaqueous solvents. N B N H with 
ferric salts in ethyl alcohol, produces a blue-green colored solution, which 
decays rapidly to yellow both in the presence and absence of oxygen. 
The initial intensity of the absorption from the species depends strongly 
on the molar ratio of ferric ion to N B N H and is maximal at a value close 
to 1 : 1. This suggests that the colored species is either a 1 : 1 complex 
of N B N H with ferric ion or that each N B N H is oxidized rapidly by one 
ferric ion to a colored oxidation product, which in turn is destroyed more 
slowly. In this latter explanation the initial steady-state concentration 
of the colored species would be maximal at ca. 1 : 1. 

ESR studies showed that no measurable amounts of a radical oxida
tion product from N B N H are present when the blue-green species is 
generated in alcohol. A broad line spectrum, typical of a paramagnetic 
metal ion (2) is present when ferric ion is in molar excess; this disappears 
as the amount of N B N H is increased, suggesting a complete incorporation 
of the ferric ion into a complex (3). This evidence suggests that the 
blue-green species is a complex perhaps of the type I. 

Bz 
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The active hydroxylating species in this system is unlikely to be 
either the hydroxyl or perhydroxyl radical for the same reasons as dis
cussed above for the metal ion-oxygen systems—namely, the lack of 
dimeric aromatic products and the difference in phenolic isomer ratios 
from those obtained using Fenton's reagent. 

We believe that the active hydroxylating species is derived from the 
blue-green f e r r i c - N B N H complex. The evidence for this conclusion can 
be summarized as follows: 

( 1 ) Ferric ion is the only metal ion studied which induces hydroxyla
tion in the presence of N B N H and oxygen and the only one that shows 
evidence of forming a complex with N B N H . The other metal ions and 
F M N neither complex with N B N H nor produce any hydroxylating 
activity. 

(2) E D T A , rather than increasing the yield of hydroxylation, as 
has been observed in several other model hydroxylases (7, 29), reduces 
it drastically. The role of E D T A is twofold; first, it chelates preferentially 
with the ferric ions decreasing the amount of f e r r i c - N B N H complex; 
second, it reduces the oxidizing ability of ferric. The monodentate ligands 
—sulfate, chloride, and cyanide—do not act in the same way. 

( 3 ) The yield of methoxyphenols from anisole varies with the initial 
molar proportion of N B N H to ferric ion reaching a maximum at a 1 : 1 
ratio. The 590-m/x absorption of the f e r r i c - N B N H complex in ethyl 
alcohol shows a similar variation with the proportion of ferric ion to 
N B N H . A possible reaction scheme is outlined in Scheme 2. 

Bz 
Bz 

Bz 

ArH 
Phenols NBNH-Fe0 2

8 + 

Scheme 2 
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The major portion of the N B N H in air or nitrogen leads to dimeric 
products. In air, however, a small part of the complex is diverted to give 
an active species that hydroxylates the aromatic substrate. 

It is interesting to compare the phenolic isomer distributions from 
hydroxylation using the f e r r i c - N B N H system with those from the ferrous-
oxygen system (Tables I, II, and VII I ) . The strong similarity suggests 
that they involve similar hydroxylating entities. However, the role of 
N B N H cannot be merely to reduce the ferric ions to ferrous to produce 
a simple ferrous-oxygen system since ferrous ions with N B N H is an 
ineffective hydroxylating system. 

W e believe that the f e r r i c - N B N H complex interacts with oxygen to 
give the active hydroxylating species N B N H - F e 3 O 2 . This active com
plex can act as a F e 0 2

2 + species (the proposed hydroxylating species in 
the ferrous oxygen system), by donating an electron from the N B N H to 
the ferric ion. Thus, the specific role of ferric ion is to complex the 
reduced nicotinamide and act as an electron bridge between the N B N H 
and the oxygen. 
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Intramolecular Migrations during 

Hydroxylation of Aromatic Compounds 

The NIH Shift 

JOHN DALY, GORDON GUROFF, DONALD JERINA, 
SIDNEY UDENFRIEND, and BERNHARD WITKOP 

National Institutes of Health, Bethesda, Md. 

When selectively deuterated or tritiated aromatic substrates 
undergo enzymatic hydroxylation, a fundamental 1,2 shift 
of deuterium or tritium, from the point of substitution by 
oxygen, to the adjacent position in the aromatic ring is ob
served. Migrations of chloro, bromo, and methyl substituents 
also occur. The extent and direction of migration observed 
with tritiated and deuterated aromatic compounds agrees 
with predictions based on the major canonical forms of 
cationoid intermediates. Phenolic compounds and aniline 
show almost negligible migration of tritium while in other 
compounds such as anisole and the alkylbenzenes the initial 
positive charge is not delocalized, and significant migrations 
of deuterium or tritium occur. Migrations are observed dur
ing hydroxylation with the electrophilic reagent, peroxytri-
fluoroacetic acid, but not with other nonenzymatic hydroxyl
ating systems. 

" p v u r i n g studies at N I H , it was discovered that enzymatic hydroxyla-
tion of (deuterated or tritiated) substrates leads to a novel and 

mechanistically important shift of the deuterium or tritium from the point 
of substitution by oxygen to an adjacent position in the aromatic ring 
(12). [It has been found recently that arene oxides are likely intermedi
ates in the metabolism of aromatic compounds. They rearrange to phenols 
with concomitant " N I H Shift," and they are enzymatically converted to 
dihydrodiols and premercapturic acids. In addition, naphthalene oxide 
has now been demonstrated as an intermediate in the conversion of naph
thalene to α-naphthol, iran5-l,2-dihydro-l,2-dihydroxynaphthalene, and 

279 
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S-(l,2-dihydro-2-hydroxynaphthyl) glutathione. This is the first direct 
demonstration of an arene oxide as an intermediate in enzymatic hydroxy
lation.]. This observation has been extended to include the migration of 
chlorine, bromine and alkyl groups. 

W i t h the enzyme, phenylalanine hydroxylase, a variety of substrates 
have been found to undergo hydroxylation-induced migrations. 4-Deu-
tero- (15), 4-tritio- (14), 4-chloro-, 4-bromo- (13), or 4-methylphenyl-
alanine ( 7 ) are hydroxylated to the corresponding 3-substituted tyrosines, 
while only small amounts of unsubstituted tyrosine are formed ( Figure 1 ). 
By contrast, hydroxylation of 4-fluorophenylalanine leads to formation of 
tyrosine with complete loss of the substituent as fluoride ion (20). 

I II I Φ D M P H 4 I II Τ 

NH2 + H + NADH + 0 2 - H O ^ S / 1 NH2 + NAD® + H20 

R = 2 H , 3 H , CI, Br, CH 3
 R 

p><̂ JJ NH2 + 2H® + 2NADH + 0 2 !̂ui_ HQJ^Jj NH2 + 2 Ν Α 0 Φ + H20 +HF 

Figure 1. Hydroxylation of 4-substituted phenylalanines with phenylalanine 
hydroxylase from either rat liver or Pseudomonas (DMPH,t = dimethyltetra-

hydropteridine) 

Another amino acid hydroxylase, tryptophan-5-hydroxylase, catalyzes 
the conversion of 5-tritiotryptophan to 4-tritio-5-hydroxytryptophan ( F ig
ure 2) (24). W i t h this substrate, exchange experiments have shown that 
only the 4-tritio isomer is formed rather than a mixture of the 4- and 
6-tritio compounds. 

A third amino acid hydroxylase, tyrosine hydroxylase, causes the 
" N I H Shift" with phenylalanine ( 21 ) but not with its normal substrate, 
tyrosine (Figure 3). Thus, the hydroxylation of 4-tritiophenylalanine 
with either tyrosine hydroxylase or phenylalanine hydroxylase leads to 
migration and retention of tritium in the product, tyrosine. However, 
with 3,5-ditritiotyrosine as substrate for tyrosine hydroxylase, complete 
loss of one tritium occurs in the conversion to 3,4-dihydroxy-5-tritio-
phenylalanine. 

The hydroxylation of 4-tritio- and 4-deuteroacetanilide with the aryl 
hydroxyases of liver microsomes was studied in detail (28). Migration 
of 45% of the tritium or 30% of the deuterium (previously reported as 
15% ) to the 3-position occurred during formation of 4-hydroxyacetanilide 
( Figure 4 ). No primary isotope effect was observed in this hydroxylation 
(28) or in the hydroxylation of 4-deutero- or tritiophenylalanine with 
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H H 

Figure 2. Hydroxylation of 5-tritiotryptophan with trytophan-5-
hydroxylase from mast cells (DMPHU = dimethyltetrahydropteri-

dine) 

Figure 3. Hydroxylation of 4-tritiophenylalanine or 
3,5-ditritiotyrosine with tyrosine hydroxylase from 
adrenal glands (DMPHh — dimethyltetrahydropteri-

dine) 

Figure 4. Hydroxylation of 4-substituted acetanilides with micro
somal aryl hydroxylases 
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phenylalanine hydroxylase (11). No migration or loss of label occurred 
before hydroxylation. Retention was similar with rabbit or rat liver 
microsomes but depended on the p H of the incubation and varied from 
63% at p H 7.0 to 36% at p H 9.2. When 4-tritioacetanilide was given to 
rats and 4-hydroxyacetanilide was isolated from urine, a retention of 36% 
was found (8). Attempts to demonstrate migration of halogen or alkyl 
substituents, in analogy to migrations observed with phenylalanine hy
droxylase, were unsuccessful. Both the 4-fluoro- and 4-chloroacetanilide 
were converted to 4-hydroxyacetanilide with loss of halogen (9). [Migra
tion of halogen using microsomes from rats induced with phénobarbital 
has now been reported (29).] Alkylacetanilides were selectively hydrox
ylated in the benzylic position rather than in the aromatic ring (9). 

To determine whether the enzyme participated in these reactions by 
abstraction of the hydrogen at the position adjacent to oxygen substitu
tion, the hydroxylations of 3,5-ditritiophenylalanine, 4-tritiotryptophan, 
and 3,5-ditritioacetanilide were studied with the appropriate enzymes 
(Figure 5) (12). 

The results clearly showed no significant loss of tritium with any of 
these substrates and indicated no other function for the enzyme but selec
tive introduction of the oxygenating species. The retentions obtained 
with the preceding examples and with a variety of other specifically 
deuterated or tritiated substrates during hydroxylation are given in Table 
I. The net retentions are related to the electron-donating ability of the 

Figure 5. Hydroxylation of substrates containing tritium label 
in the position adjacent to oxygen substitution 
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Table I. Migration and Retention of Deuterium or Tritium During 
Enzymatic Hydroxylation of Specifically Labeled Substrates 

% Migration and Retention 
of: 

Substrate Product Tritium Deuterium 

4-Tritiophenylalanine " 3-Tritiotyrosine 94 — 
4-Deuterophenylalanine " 3-Deuterotyrosine — >70 
4-Tritioamphetamineb 3-Tritio-4-hydroxy- 91 — 

amphetamine 
5-Tritiotryptophanc 4-Tritio-5-hydroxy- >85 — 

tryptophan 
4-Deuterochlorobenzeneft 3-Deutero-4-hydroxy- — 54 

chlorobenzene 
4-Tritioacetanilide6 3-Tritio-4-hydroxy- 45 — 

acetanilide 
4-Deuteroacetanilideft 3-Deutero-4-hydroxy- — 30 

acetanilide 
4-Tritioanilineb 3-Tritio-4-hydroxy- 12 — 

aniline 
4-Deuteroanisoleh 3-Deutero-4-hydroxy- — 60 

anisole 
5-Tritiosalicylic acid 6 Tritiogentisic acid 4 — 
3,5-Ditritiotyrosined 3-Tritio-4,5-dihy droxy- 0 — 

phenylalanine 
3,5-Ditritio-N-acetyl- 3-Tritio-N-acetyldop- 0 — 

tyramine6 amine 
a Enzyme: phenylalanine hydroxylase. 
6 Microsomal aryl hydroxylase. 
r Tryptophan-5-hydroxylase. 
d Tyrosine hydroxylase. 

aromatic substituents and are compatible with the stabilization or 
derealization of charge in cationoid intermediates. Compounds which 
have strong electron donating (ionizable) substituents, such as phenols 
and aniline exhibit very low degrees of migration and retention. Com
pounds such as acetanilide, which donate electrons by ionization to a 
lesser extent, exhibit higher values for migration and retention (17). Com
pounds, such as tryptophan, phenylalanine, and amphetamine, in which 
no derealization of charge can take place in a cationoid intermediate, 
exhibit very high retentions. The charge on the cationoid intermediate 
formed during 5-hydroxylation of tryptophan is best stabilized in the 
4-position. This explains the almost exclusive formation of 4-tritio-5-
hydroxytryptophan rather than a mixture of the 4- and 6-tritio isomers. 

Pathways and intermediates in the hydroxylation of various sub
strates are shown in Figure 6. If the charge is partially delocalized by 
an unshared pair of electrons from the substituent R, as in 4-tritioacetanil-
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ide, the label is partially lost via path A . This path wi l l be favored at 
higher p H , and the degree of tritium retention during hydroxylation of 
4-tritioacetanilide decreases with increasing p H . As expected, the loss of 
deuterium by this path was higher than that of tritium. The degree of 
retention in the final product w i l l depend not only on the relative impor
tance of paths A and B, but also on the ratio of paths C and D (kH/kT) 
in the rearomatization of the cyclohexadienone intermediate. Double-
labeling experiments with 3,5-dideutero-4-tritioacetanilide indicate that 
the latter reaction involves a large isotope effect in analogy to the rather 
large (kn/kT >—' 6-7) isotope effects found for the enolization of simple 
ketones. This was expected from the data on phenylalanine hydroxylation, 
where direct loss via path A is very small (less than 6% ), so that the 
observed 94% retention is the result of a large isotope effect in the 
enolization of the intermediate cyclohexadienone. 

It is known that the metabolism of chlorobenzene in vivo leads to a 
variety of products including 4-chlorophenol, 4-chlorocatechol, 4-chloro-
phenylmercapturic acid, and 4-chloro-l,2-fran.9-dihydrodihydroxybenzene 
(26). When the metabolism of 4-deuterochlorobenzene was studied in 
this laboratory, 3-chlorophenol and an O-methylated chlorocatechol were 
isolated in addition to the products reported above (19). The products 
isolated, the proposed intermediates, and their deuterium contents are 
summarized in Figure 7. A n intermediate, X , is postulated for this scheme 

τ Η 

Figure 6. Postulated intermediates formed during enzymatic hy
droxylation and their relation to the NIH Shift 
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ci 

OH OH OH 

0%D l%D 2 3 % D 

Figure 7. Metabolism in vivo of 4-deuterochloro-
benzene and the acid-catalyzed dehydration of 

4-chloro-l ,2-dïhydrodihydroxybenzene-l -2H 

of enzymatic oxidation. This X could be a cationoid structure or an 
epoxide, either of which could react with nucleophiles, such as "activated 
glutathione" (2), or with water to form dihydrobenzene derivatives. 
X could also undergo rearomatization reactions as shown earlier (Figure 
6) . The 4-chlorophenol retained 54% of the deuterium while the 4-chlo-
rocatechol and the O-methyl-4-chlorocatechol contained only insignificant 
amounts of deuterium. This indicates that the catechol derivatives arise 
by dehydrogenation of the diol rather than by hydroxylation of the 
4-chlorophenol; if the catechols had arisen from 4-chlorophenol, they 
would have contained at least one-half of its deuterium content (27% ). 
The possibility that they arise from 3-chlorophenol is under investigation. 
The 3-chlorophenol, contained 84% of the deuterium, but its metabolic 
origin is not certain. The mercapturic acid contained very little 2 % ) 
deuterium, and its formation is being studied further. As expected, the 
isolated 4-chloro-l,2-fran.s-dihydrodihydroxybenzene contained one deu-
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terium atom. On treatment with I N H C l at 100 °C. this material de
hydrates to form 4-chlorophenol with a concomitant migration and 
retention of 23% of the deuterium. This nonenzymatic migration and 
retention of deuterium demonstrates that cationoid intermediates of the 
type generated in this dehydration are compatible with the migrations 
observed during enzymatic hydroxylations. Similar studies are planned 
with 4-substituted-l-deutero-l,2-benzene epoxides. 

The migration of alkyl substituents during the hydroxylation of 
4-hydroxyphenylpyruvic acid (25) and 4-fluorophenylpyruvic acid (27) 
( Figure 8 ) provides another example of the N I H Shift and was formerly 
thought to be a unique phenomenon. It is in a sense atypical since a 
decarboxylation accompanies the hydroxylation and side chain migration. 

Nonenzymatic examples of intramolecular migrations are known, 
such as the migration of tritium during oxidative polymerization of 

(F) HO 

COOH -OH 

(F) HO' 
,ΧΟΟΗ + C 0 2 

Figure 8. Migration of the side chain during hy
droxylation of phenylpyruvates with (hydroxy) phenyl-

pyruvic acid oxidase 

4-tritio-2,6-xylenol (Figure 9) for which a cationoid intermediate has also 
been proposed (6). Oxidation of 4-alkylphenols with Caro's reagent or 
lead tetraacetate (30, 31) leads to migration of the alkyl substituent and 
formation of 2-alkylhydroquinones (Figure 10). Caro's acid is a source 
of O H + as is peroxytrifluoroacetic acid. W i t h the latter reagent, methyl 
migrations occur during oxidation of 1,2,3,4-tetramethylbenzene (Figure 
10) (5) . 

The enzymatic migration of chloro and bromo groups, but not of 
fluoro substituents, by a cationoid mechanism is supported by observations 
on aluminum chloride-catalyzed isomerizations of halo arenes (22), 
where all halogens except fluorine migrate by a mechanism involving 
cationoid intermediates. For the enzymes, however, fluorine appears to 
be removed reductively, so that it is lost as fluoride ion rather than as 
positive fluorine. 

The reagent, peroxytrifluoroacetic acid, also causes migrations of 
tritium and deuterium during 4-hydroxylation of 4-tritio ( deutero ) 
acetanilide and 4-deuterochlorobenzene (Figure 11). The retentions 
with the acetanilides are lower (8 and 10% vs. 30 and 45% ) than those 
obtained on enzymatic hydroxylation while the retention obtained with 
the chlorobenzene is higher (70% vs. 54% ) than the value obtained on 
enzymatic hydroxylation. Other hydroxylating systems as those of 
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Figure 9. Migration of tritium during oxidative polymerization of 
4-tritio-2,6-xylenol 

Figure 10. Migration of alkyl substituents during non
enzymatic hydroxylations 

2 H 

Figure 11. Migration of tritium and deuterium during 
hydroxylation of acetanilides and chlorobenzene with 

peroxytrifluoroacetic acid 

Fenton (4), Udenfriend (3) , Hamilton (16), or Viscontini (1) which 
have been considered as possible models for enzymatic hydroxylation 
do not lead to significant migration and retention of tritium during the 
formation of 4-hydroxyacetanilide ( Table II ). Thus, only model hydrox
ylating systems proceeding via cationic intermediates produce the migra
tion of substituents characteristic of enzymatic hydroxylation. It appears 
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Table II. Retention of Tritium in 4-Hydroxyacetanilide Formed from 
4-Tritioacetanilide with a Variety of Nonenzymatic 

Hydroxylating Systems ( 18 ) a 

Hydroxylating System Retention of Tritium, % 

F 3 C C 0 8 H 9.6b 

H 2 0 2 , Fe2 +, EDTA 1.9 
H 2 0 2 , catalytic amounts of FeH+ and catechol 1.0 
0 2, Fe2 +, ascorbic acid, EDTA 1.2 
0 2, Fe2 +, DMPH 4 , EDTA 1.9 

" The 2- and 3-hydroxyacetanilides produced retained at least 80% of the original ac
tivity of 4-tritioacetanilide ( DMPH4 = dimethyltetrahydropteridine ). 
6 Retention of deuterium with this reaction was 7.5%. 

most likely that the migrations observed on enzymatic hydroxylation are 
a function of both the structure of the substrate and the nature of the 
oxygenating species. 

The discovery of the N I H Shift has provided new insights into the 
mechanisms of aromatic hydroxylation and a new criterion for studying 
model hydroxylating systems. It is also important in studies on drug 
metabolism and has led to the development of new enzyme assays for at 
least two important hydroxylases, phenylalanine hydroxylase (10) and 
tryptophan hydroxylase (23). 
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Analysis of the O2 Reduction Process 

by the Peroxidase System 

I. YAMAZAKI, H. YAMAZAKI, M. TAMURA, T. OHNISHI, 
S. NAKAMURA, and T. IYANAGI 

Biophysics Division, Research Institute of Applied Electricity, 
Hokkaido University, Sapporo, Japan 

The reaction of O2 in the peroxidase system is initiated in 
two different ways. First, O2 accepts an electron from the 
semioxidized organic molecule produced in the presence of 
peroxidase and H2O2, forming perhydroxyl radical which 
is an active intermediate in the chain reaction and which 
causes the oxidation of other organic molecules. In this 
reaction O2 is reduced to H2O2 via the perhydroxyl radical. 
Second, O2 combines with ferroperoxidase, which is reduced 
by the semioxidized organic molecule, and forms oxygenated 
enzyme (Compound III). O2 in Compound III is activated 
and reacts with many hydrogen donors, especially rapidly 
with indoleacetate and p-phenylenediamine. The mecha
nism of oxygen activation by peroxidase provides some 
insight into the catalytic activation of O2 in general. 

A lthough the redox potential of the 0 2 - H 2 0 system is much more posi-
tive than that of organic molecules which appear in the ordinary 

metabolic paths in biology, these molecules are usually non-autoxidizable 
under physiological conditions. The sluggish activity of 0 2 toward these 
molecules seems to arise from the fairly low redox potential of the first 
one-equivalent reduction of 0 2 , 

0 2 + é T ^ 0 2 - (1) 

and from the high redox potential of one-equivalent oxidation of organic 
molecules, 

Η2Α^±ΗΑ· + e~ + H + (2) 

General considerations of the one-equivalent redox potential in the 
two-equivalent redox system were made by Michaelis (18) for organic 

290 
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molecules and by George (8) for O^. According to Michaelis, normal 
potentials of the first ( E1 ) and second ( E2 ) oxidations are 

Ei = E m - | £ l n K s (3) 

E 2 = E m + | ^ l n K s (4) 

where £ m is the normal potential of the over-all two-equivalent oxidation 
process, and K s is the semiquinone formation constant, 

K _ ( H A - ) ' , 5 ) 

K S " ( H 2 A ) ( A ) ( 5 ) 

Michaelis et al. {16, 17) have estimated E± and E2 for several mole
cules by analyzing the potentiometric titration curve. This method can 
be applied only to redox systems which give a large equilibrium concen
tration of semiquinone, usually for systems for which K s > 0.01. Direct 
estimation of semiquinone concentration by ESR (electron spin reso
nance) is about 10 1 0 times more sensitive for the K s estimation than 
analysis of titration curves. Some values are shown in Table I. The K s 

for N A D H (reduced form of nicotineamide adenine dinucleotide) is too 
small to be measured even by ESR, and only an approximate upper limit 
is given. 

Table I. First One-Equivalent Oxidation Potential (Ei) 
and Autoxidation Velocity 

k, E , + 
pH -log K, E2 sec.'1 M'1 0.06 log k 

Hydroquinone 7.3 0.26 6 0.45 0.07 0.33 
Ascorbic acid 7.5 0.05 8.8 0.31 -0.21 10"1 0.25 
Vitamin K 3 6.5 0.02 9 0.30 -0.26 1 0.30 
Methylene blue 6.0 0.045 4.1 0.17 -0.09 3 0.20 
NADH 7.0 -0.2 (-20) (0.39) 3 Χ 10"2 

Table I shows that the autoxidation velocity of the organic molecules 
depends on Ex rather than Em. Er + 0.06 log k gives about 0.3 volt, 
which might be called an "autoxidation constant. , , The approximate uni
formity of the value can be understood by assuming the following imagi
nary isolated redox reaction, 

HUA + 0 2 ^ HA- + Ο,"· + (6) 
*-, 

with an approximate constant value for k.u which seems to be almost 
diffusion limited. The apparent rate constant, k, may deviate slightly 
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from ki because of the possible participation of chain reactions, discussed 
later. If Reaction 6 is an elementary process, the equilibrium constant 
is equal to the ratio of forward and reverse rate constants, k^/ku and at 
room temperature (34), 

E, + 0.06 log Jfcj = £ H 2 o 2 , 2 + 0.06 log (7) 

where E I l 2 o 2 . 2 is the second oxidation potential of Η 2 0 2 which corresponds 
to the potential of Reaction 1. The autoxidation constant may be only 
approximate, but it makes possible the evaluation of the autoxidizability 
of molecules where over-all redox potential (Em) and semiquinone for
mation constant are known. N A D H is very stable against autoxidation 
despite its low redox potential. Rough values for E1 and Ks of N A D H 
can be estimated (Table I ) . The value for K s suggests that the equi
librium concentration of semiquinone is much smaller than ESR spectro
scopy can detect under the most suitable conditions. The extreme sta
bility of many biological metabolites against autoxidation may be 
explained in the same way. Most of these molecules do not give equi
librium semiquinones detectable by ESR. 

H o w does the oxidase remove these potential barriers? The oxidase 
can activate either electron donor or electron acceptor or both simultane
ously. The activation of the substrate by the oxidase might be considered 
as the movement of the potential of the first one-equivalent reduction of 

Redox Potential 
Donor potential 02 potential 

Free state — 

AH2̂ AH+e 

AH2̂ A+ze 

AH^A+e 

Figure 1. Tentative mechanism for activation of elec
tron donors and 02 hy the oxidase 

Strong affinities of the oxidase for AHg and Oz increase the 
Em of donors and decrease E», for 0>. Electron transfer 
from donors to 0: becomes much easier on the surface of 
oxidase (dotted line) than in the free state (solid line) he-
cause of the possible proximity of both molecules and the 

decrease in the potential barrier 

'—On the surface of the oxidase-1 

BAHjp EAH+e-! 
EAH2—EA+2e 
EAH —ΕΔ + e 

EAH+e-EQiHa 
EOz+eê EOJ-t 

*EO**e^ECbH 

- Free state 

02H+e^02H2 

02+ ze - OJ-fe 

02+e ^OdH 
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0 2 ( £ H 2 o 2 , 2 ) to the positive side and of the first one-equivalent oxidation 
of electron donors to the negative side, as shown in Figure 1. The E m of 
these molecules in the bound state on the oxidase w i l l be the same as in 
the free state provided the affinities of the oxidase for the reduced and 
oxidized forms are equal. The one-order-of-magnitude difference between 
these affinities wi l l make 0.03 volt difference in the normal potentials 
(Em) between the free and bound state. It may be said that hydrogen 
donors and 0 2 are activated by the oxidase when it stabilizes the inter
mediates and increases the semiquinone formation constant, Ks. A n in
crease in K s results in a rise of E 2 and a drop of Ei . 

Peroxidase as an Oxygen-Activating Enzyme 

Besides the ordinary H 2 0 2 -consuming oxidation, peroxidase also 
catalyzes 0 2 -consuming oxidation (the peroxidase-oxidase reaction). In 
recent years considerable attention has been directed to elucidating the 
peroxidase-oxidase mechanism. Controversy was centered about the par
ticipation of ferrous enzyme in 0 2 activation. Is peroxidase reduced to 
the ferrous state during the reaction (3,13, 19, 21, 23)? Does peroxidase 
compound III, which appears in the reaction, correspond to oxygenated 
ferroperoxidase (3, 5, 15)? If so, is 0 2 in Compound III activated (15)? 
As discussed here, these problems seem to be almost solved, and it is 
very likely that the peroxidase-oxidase reaction is a good model for 
analyzing the mechanism of other oxidases. 

0 2 Reduction by Semiquinones. The most typical feature of the 
peroxidase reaction is the oxidation of a number of organic molecules at 
the expense of H 2 0 2 to produce free radicals of the donor molecules used. 
The following mechanism for the peroxidase reaction was established by 
George (7) and Chance (4). 

Peroxidase + H 2 0 2 I (8) 

I + H 2 A II + HA- + ( H 2 0 ) (9) 

II + H 2 A Peroxidase + HA- + ( H 2 0 ) (10) 

They confirmed that conversions from I to II and from II to free per
oxidase correspond to single-equivalent reductions. Since II was observ
able as an intermediate in the steady state of the ordinary peroxidase 
reactions, it was suggested that organic molecules are oxidized to semi-
oxidized free radicals. We have confirmed the mechanism by titrating 
the radicals with suitable electron acceptors (26) and finally by using 
ESR spectroscopy (29). Kinetic analysis of free radical formation during 
the peroxidase reaction made it possible to conclude that most of the 
free radicals formed in Reactions 9 and 10 dismutate with each other 
rather than react further with the enzyme in the oxidized state (30). 
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We have never succeeded in detecting by ESR the free radicals of 
important biological molcules such as I A A ( indoleacetic acid ) and N A D H 
which are substrates for the peroxidase-oxidase reaction. When an elec
tron acceptor such as ferric ion with o-phenanthroline is added to the 
peroxidase system, one can observe the stoichiometric reduction of iron 
(Figure 2) described in the following reactions (28). 

peroxidase 
2 IAA + H 2 0 2 + 2 Fe 3 + 2 IAAox + 2 Fe-> +(+2 H 2 Q ) (11) 

2 N A D H + HoOo + 2 Fe 3 + + 2 H + 

peroxidase 
2 N A D + + 2 Fe^+ + 2 H 2 Q 

(12) 

25 50 
H202, uM 

Figure 2. Molar ratio of reduced iron to H202 

added in the Ν ADH-H202-per oxidase reaction. 
2 μΜ HRP, 1 mM NADH, 40 μΜ FeCl,, 1.2 mM 
o-phenanthroline, 0.05M phosphate, pH 6.0, 

25°C. 

The stoichiometric reduction of iron can be explained only by assuming 
that in the presence of peroxidase H 2 0 2 produces two free radicals which 
are very reactive and effectively reduce the added electron acceptor. 
There are two types of free radicals which appear in the peroxidase 
reaction. We have classified them into redogenic and oxidogenic ones 
(26). Redogenic donors can give rise to two-equivalent oxidized forms, 
but oxidogenic donors cannot. 

Redogenic 
Η2Α^±ΗΑ· - A 

Oxidogenic 
H X ^ X -
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Figure 3. Reduction of cytochromes by semiquinones formed in the 
peroxidase reaction. 0.05M phosphate, pH 6.5. Reoxidations of cyto

chromes are caused by the accumulation of quinones 
(A) Cytochrome b5 reduction by K., semiquinone. 10 mμM HRP, 3.7 μΜ 
cyt. b.„ 10 μΜ H202, 20 μΜ reduced vitamin K,, (K,H>), 20° C. Reaction 
was started by adding K.tH2. Cyt. h-, reduction and ΚΛΗ> oxidation were 

measured separately hut under the same conditions 
(B) Cytochrome c reduction by p-benzosemiquinone. 33 μΜ cytochrome c, 
50 μΜ H202, 100 μΜ hydroquinone at different HRP concentrations, 25°C. 

Reaction was started by adding H202 

Semiquinones of redogenic molecules can reduce not only ferric ions but 
also dyes (27), cytochromes, and 0 2 as shown in Figure 3 and Table II. 
Since the reduction product of 0 2 is H 2 Oo, a trace amount of H2Oi» 
initiates a peroxidase-catalyzed aerobic oxidation, and further addition 

Table II. Reducing Activity of Semiquinones Derived 
from Donors by Peroxidase 

Electron Acceptors for Semiquinones 

Methylene Ferric 
Electron Donors 02 Rlue Cyt. b- Cyt. c Peroxidase Fe3+ 

NADH + + + + + rt + 
IAA + + + 
Triose reductone + + + + 
DHF + + + Vitamin K 3 + + + + 
Ascorbic acid — + -Hydroquinone - - + — 

" Reaction of the acceptors with these semiquinones are much faster than the others. 
h Reactions carried out in the presence of o-phenanthroline. 
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of H 2 O 2 is no longer necessary for the reaction to proceed. The direct 
demonstration of the reaction of 02 with such semiquinone intermediates 
was made with ESR in the DHF-H^Oo -pedoxidase -Oo system (31). 
From the experiments it was concluded that 0 2 reacts very rapidly with 
D H F (dihydroxyfumaric acid) semiquinone but slowly with triose-
reductone semiquinone. No measurable reactions of 0 2 with semiqui-
nones of ascorbate or hydroquinone were observed. Reduced vitamin K. } 

is known to be oxidized by the peroxidase system (12, 13). A n active 
intermediate in the reaction seems to be K 8 semiquinone which is able 
to reduce 02. The ESR signal of the semiquinone formed in the peroxi
dase reaction is shown in Figure 4. The reaction of 0> with this semi
quinone is not as fast as with that of D H F . A role of K 8 semiquinone as 
a mediator of electron transfer to 02 was also suggested by Sato et al. 
(20) for the microsomal NADPH-cytochrome c reductase reaction. The 
semiquinones of hydrogen donors in the peroxidase-oxidase reaction thus 

After stopping the flow 

Figure 4. ESR signal of vitamin K,{ semi
quinone which appears during peroxidase 

reaction under anaerobic conditions 
1 mM reduced vitamin Kj, 1 mM H2Ot, 5 μΜ 
HRP, 0.05M phosphate, pH 7.0, 9% ethyl alco
hol at room temperature; 0.2 gauss modulation. 
Flow method used ( 29 ). Reduced K.5 plus H:Oi 

solution was mixed with HRP solution 

During continuous flow 
(Reaction time =30 m sec) 

I 0 gauss 
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ι/2(ΥΗ2+Υ) 

Fëp>/(i) (e> 

CompJ i/2(H202+02) 

Figure 5. Chain mechanism in the 
peroxidase-oxidase reaction. The 
mechanism can explain the majority 
of 02-consuming oxidations of vari
ous electron donors catalyzed by 

peroxidases 

seem able to reduce 02 to perhydroxyl radical, 02~. Since the first one-
equivalent reduction potential of 0 2 is fixed, there may be an approximate 
upper limit for the E2 of donor molecules causing an appreciable reduction 
of 0 2 by their semiquinones. This potential may be about —0.25 volt. 
The perhydroxyl radical thus formed acts as a strong oxidant rather than 
a reductant and can oxidize donor molecules to the semiquinones again. 
The chain reaction w i l l be completed as shown in Figure 5. The efficiency 
of the chain reaction depends mainly on Reaction c which is activated 
by M n 2 + . The gain of the chain reaction (36) = 

«b (3uc + vc) (l3^ 
(vh + Oa + vK) (vc + vv +Vi) 

0 2 Activation by the Ferrous Enzyme. R E D U C T I O N O F P E R O X I D A S E . 

The great controversy over the peroxidase-oxidase reaction has centered 
about the participation of the ferrous enzyme. We pointed out the possi
bility of a partial contribution of the ferrous enzyme, especially when I A A 
or N A D H was used as a hydrogen donor (32). Although it is still impos
sible to detect the semiquinones of these molecules by ESR, it may be 
concluded from the stoichiometric results of Reactions 11 and 12 that 
H 2 0 2 produces two semiquinone molecules of I A A and N A D H . When 
excess peroxidase rather than the added acceptors is present, peroxidase 
itself w i l l be reduced by the semiquinones. Ferroperoxidase can be ob
served easily even in the absence of C O when N A D H is used as donor 
(33). The semioxidized I A A molecule seems to have unusual reactivity 
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298 O X I D A T I O N O F O R G A N I C C O M P O U N D S III 

toward peroxidase protein, and it is not easy to observe the formation 
of ferroperoxidase in the absence of C O . 

F O R M A T I O N A N D R E A C T I V I T Y O F III. Peroxidase III was found by 
Keil in and Mann (11) in the presence of excess H 2 0 2 and was observed 
by Swedin and Theorell (23) during the aerobic oxidation of D H F 
catalyzed by this enzyme. A n oxy-ferroperoxidase structure was sug
gested for III (6,15). This idea, however, has not been generally accepted 
since ferroperoxidase is thought to be oxidized directly to ferriperoxidase 
without the formation of an oxygenated compound (5, 9, 24). Recently, 
experimental evidence has accumulated which suggests that ferroper
oxidase reacts with 0 2 to form III (22, 25, 31, 33, 35). The possible con
tribution of an 0 2 " structure in III may suggest the following three tenta
tive mechanisms for the decomposition of III. 

20 sec. 

Figure 6. Decomposition of III by adding II and a 
small amount of H202 

A and B: 2 ml. of II solution were added to 2 ml. Ill 
solution. Ill was prepared by photodissociation of CO-
ferroperoxidase in the presence of 0>. HRP concentra
tions were II μΜ in both solutions. II was prepared from 
ferriperoxidase by adding 11 μΜ H202 and 5.5 μΜ 
ascorbate. 0.1M acetate, pH 5.0 (A) and 0.1M phosphate 
pH 7.0 (B). In A, II and III disappeared immediately 
after mixing, and they both converted to ferriperoxidase. 
In B, a mixture of II and HI was observed, and the de

composition of III was slightly accelerated 
C, D: H202 (final concentration — 5 μΜ) was added to 
HI solution (HRP = 11 μΜ, about 20% III had already 
converted to ferriperoxidase). 0.1M acetate, pH 5.0 (C) 
and 0.1M phosphate, pH 7.0 (D). In C a mixture of I 
and III, and in D a mixture of II and III were observed, 

respectively 
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Corral 
(•5J 

Η 2 Ο 2
> 

H A 

Ferroperoxidase ^ Peroxidase ^ — Comp.fl 
(+2) (g) (+3) (a3) (*4) 

(i) 

CompI 
(•6) 

(c-)je-

(CompI) 
(+5) 

Figure 7. Tentative scheme for the 
relationship between peroxidase com
pounds which appear during the per

oxidase-oxidase reactions 

Numbers in parentheses show the "oxida
tion level" of the iron of peroxidase com
pounds. Peroxidase cycle is composed of 
Reactions ah a>, and a3. No direct evidence 
has been obtained which indicates that 111 
is reduced to I itself by the introduction 

of a single electron 

Reductive Decomposition. I l l reacts with many electron-donors (2, 
37). Ferroperoxidase itself is a very good electron-donor in Reaction 14, 

+e-
Fe f l8 +0 2-(III) — Fe/ + + H 2 0 2 ( I ) 

(2H*) 
(14) 

and thus III is not observed if Oo is introduced into a ferroperoxidase 
solution little by little. 

Oxidative Decomposition. Figures 6A and Β show that III reacts with 
II more rapidly at p H 5.0 than at 7.0. H 2 0 2 catalyzes the decomposition 

Fe/ +0 2-(III) - Fe p« + + 0 2 (15) 

of III in the presence of ferriperoxidase, and it is suggested that I and II 
participate in the reaction. Figures 6C and D show that adding a small 
amount of H 2 0 2 causes different effect on the absorbance at 418 τημ, and 
scans of wavelength show a mixture of I and III at p H 5.0 and a mixture 
of II and III at p H 7.0. Since I and II are stable for this enzyme prepara
tion, it is suggested that the reaction of III with I is fast at p H 7.0 and 
slow at p H 5.0. Since I and II are strong oxidants, it is reasonable to 
assume that this type of decomposition is oxidative. 
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.8 -

υ 
Ε · 4 

-Ω 
< 

.2 

\ + Dimethyl 
; p-phenylenediamine 

\ 51 % Compound ID 
\n/49% Ferriperoxidase 

Ferriperoxidase 

500 540 580 620 660 700 
Wawelength, mu 

Figure 8A. Stoichiometry of the reaction of III with 
dimethyl-p-phenylenediamine. Experiments carried 
out strictly at 0°C. to avoid decomposition of III. Milli-
molar extinction coefficient of dimethyl-p-phenylene-

diamine radical was 8.7 at 515 m μ 

Horseradish peroxidase. After HRP was treated with 
0.1 mM DHF, pH 5.0, the enzyme was isolated by passing 
the solution through Sephadex G-25 column; 51% of HI 
remained about 40 minutes after the treatment started 
(solid line). 1 mM dirnethyl-p-phenylenediamine was 
added to this solution at pH 6.0 (broken line). Dotted line 
is spectrum of the solution in which all of III autodecom-

posed to ferriperoxidase 

Autodecomposition. I l l decomposes to give ferriperoxidase without 
any observable intermediates (25, 35). Reactions 16 and 17 are suggested 
for the initial autodecomposition of III 

HoO 
Fe/>O2-(III) — Fe/OH(II) + HO Lr (16) 

Fe/+02-(III) Fe/ + + ( V Q 0 2 + J H 2 0 2 ) (17) 

Both reactions produce H 2 0 2 . Hence, I and II must be intermediates in 
this reaction. Since these intermediates decompose III oxidatively, it is 
reasonable to assume that the rate-limiting step in the autodecomposition 
is either Reaction 16 or 17. 
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C O N F I R M A T I O N O F T H E R E D O X S T A T E O F III. Three possible paths for 
the formation of III were suggested (35) (Figure 7). Consequently, the 
structure of the compound may be F e p - O 2 , F e / O 2 " , F e ^ C V " , or a hy
brid; A l l these structures are in the three-equivalent oxidized state when 
compared with the ferric enzyme, but direct evidence has never been 
reported to support this fact. Figure 8 shows the stoichiometric relation
ship of the reaction between III and dimethyl-p-phenylenediamine. This 
donor is known to be oxidized in a one-equivalent step and gives a stable 
color-free radical. When this donor is added in excess of III, the molar 

1 I L _ 

400 500 600 700 
Wavelength, mjj 

Figure 8B. Lactoper oxidase 
After LP was treated with 1 mM NADH and 0.1 
m M Mn 2 + at pH 7.0, the enzyme was isolated as 
in Figure 8A. 80% of HI solution was obtained 
(solid line). 0.1 mM dimethyl-p-phenylenedi
amine was added to this solution (broken line). 
Increase in the donor concentration up to 1 mM 
gave the same spectra as the broken line. Dotted 
line is spectrum of ferriperoxidase at the same 

LP concentration 
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ratio of free radical formed to III decomposed is very close to 3, both for 
H R P ( horseradish peroxidase ) and L P ( lactoperoxidase ). The final state 
of peroxidase is ferric. Since dimethyl-p-phenylenediamine is a very fast 
substrate for I and II which are possible intermediates in the reductive 
decomposition of III, the participation of oxidative decomposition of III 
with such intermediates is negligible in this case where excess dimethyl-
p-phenylenediamine is present, as shown in Figures 8A and B. It is 
suggested that three donor molecules are consumed to reduce one mole
cule of III. This seems to be the first demonstration which shows that 
III is at the three-equivalent oxidized level above that of the ferric 
enzyme. 

Various attempts have been made, without success, to derive C O -
ferroperoxidase from H R P III. L P III is about 10 times more stable than 
H R P III, and its half-life is more than a half day at 0°C. When L P III 
is kept for several hours in an O^-free and CO-saturated solution, a C O -
ferroperoxidase complex cannot be observed. Hence, the dissociation of 
III into ferrous enzyme and 02 does not occur at a measurable rate, as 
indicated in Figure 7. 

L_i 1 , ι » « • • ' ' 
250 300 350 400 450 500 550 600 650 700 

Wavelength, mu 

Figure 9 A. Absorption spectra of redox compounds of HRP 
I (broken line), 14 μΜ HsOt were added to the ferriperoxidase (solid line). Our 
preparation gave very stable I under these conditions. II (dotted line), a slight excess 

of ascorbate was added to I solution. 0.05M phosphate, pH 7.0 at 6°C. 
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300 400 500 600 700 
Wavelength, mjj 

Figure 9B. Absorption spectra of redox com
pounds of HRP 

HI (broken line), 0.1 mM DHF and 12 μΜ HtOt were 
added to ferriperoxidase, 0.05M acetate, pH 5.0. The 
same spectrum could be obtained when NADH was 
added. Ferroperoxidase (dotted line), reduced by 
NatStOi. Ferroperoxidase can be observed in the pres
ence of NADH but only in the mixture with ferriper

oxidase (38) 

Discussion 

Five oxidation states of peroxidase which are catalytically active are 
clearly identified. A l l these peroxidase compounds can be obtained in 
fairly stable states under suitable experimental conditions, shown in 
Figure 9. I l l is found to be at the three-equivalent oxidation state above 
that of the ferric enzyme. It still remains to be shown whether III can 
be converted to I by a single-equivalent reduction. A l l the electron 
donors are known so far to react with I and II faster than with III, and 
it is difficult to observe intermediates on the way to the ferric enzymes. 
This difficulty is compounded by the unusually rapid reactions of III with 
I and II. 

Undoubtedly, Oo is activated as it combines with ferroperoxidase 
since it reacts with many nonspecific electron donors which are not 
autoxidizable. This activation is usually explained in terms of partial 
migration of electron from iron to 0 2 . It is reasonable to expect a high 
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a - ^ O J H - ^ O H - ^ O H - ^ C H 

Redox 
Potential,volts 

&0^*] Qrt-OH(*om 

qH-QjHg..'-1 ^ D "Τ· Π — Fe3+ 

/m—ι Λ / 

-ο 

Figure 10. Approximate reduction poten
tial of four single-equivalent steps from Ο > 
to H20 in the free state and in the bound 
state to HRP. Here, lO'10 is used for the 
dissociation constant of ferroperoxidase 
and 02. Rough calculation shows that this 
is the upper limit. The other values are 

cited from George's paper (7, 8) 

oxidation potential for 02~ in the bound state as well as in the free state. 
A rough calculation of the reduction potential of III is possible if one 
assumes a reversible redox system (Figure 10). 

From this potential diagram it may be concluded that peroxidase acti
vates H 2 0 . and 0> by stabilizing II ( H O radical) and III (HO> radical). 
The first one-equivalent reduction potential of H202 increases remarkably 
in the form of I. 02 is also activated in III as a consequence of its 
semiquinone character. 

Figure 11 shows the mechanism of 02 activation caused by intro
ducing a single electron into the system. The sources of such an electron 
may be a key point in certain O^-activating enzymes. For the peroxidase 
system, they are free radicals of electron donors, as shown by a series of 
ESR experiments (29, 30). A strong single-equivalent oxidant produces 
a powerful reductant in the two-equivalent system. In the peroxidase-
oxidase reaction the reductant is used for direct reduction of 02 or forma
tion of ferrous enzyme. The peroxidase-oxidase reaction has mixed 

III + e I (18) 
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features, as shown in Figure 11, and the reaction mechanism varies slightly 
from donor to donor. The details were reported elsewhere ( 32, 38 ). 

The mechanism of hydroxylation of aromatic compounds catalyzed 
by peroxidase in the presence of D H F and 0 2 has been discussed by 
Mason et al. (1, 14, 15). Probably, the activated species of 0 2 is per-
hydroxyl ion in this reaction ( 1 ), but the possible transfer of an oxygen 
atom from III to the organic molecule as suggested by Mason, may not 
be excluded (15). The similarity of this enzyme to tryptophan pyrrolase 
has been discussed. Now it is found that tryptophan pyrrolase shows 

Fe 3; + 0 2 

+ e"(YH-Y+H+e") 

! Complu — ^ — Qz ι 

+e"(YH2-kYH+H++e-) 

FeP + H202 

Figure 11. Mixed mecha
nism for Ο2 reduction by per

oxidase system 
Mechanism on the right is the 
main path which is shown in 
Figure 5. Mechanism on the 
left shows the participation of 
ferrous enzyme which takes a 
part of mechanism in the IAA 
oxidation. Experimental evi
dence has not yet been obtained 
which indicates direct oxygen 
transfer from HI to organic 

molecules 

some characteristic properties similar to peroxidase when the enzyme 
combines with tryptophan. A clear reaction intermediate which shows a 
spectrum typical of peroxidase III is observed when the reduced enzyme 
is mixed with 02 in the presence of tryptophan (10). It may be con
cluded that the intermediate is an oxygenated form of the enzyme re
sembling peroxidase III. 
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