
KHARASCH AND FOX0 VOL. 24 

dibenzoyl derivative of l-isopropylamino-2,2-dimethyl-2- 
aminoethane with m.p. 146'. It gave a mixed m.p. 146' 
with an authentic sample. (Riebsomerl gives m.p. 146'- 
147'.) 

Attempted acetylation of an  imiduzolidine. N1-isopropyl-2- 
(3,4methylenedioxyphenyl)4,4dimethyl-imidazolidine (111, 
R, = i-Pr, Rz = H, RI = R, = Me) was treated with acetyl 
chloride under the usual conditions for acetylating an 
amine. No solid product could be isolated. The mixture, even 
-lo', formed a sticky tar ~1 hich decomposed on attempted 
distillation. 

Attempted hydrogenation of a n  imidazolidine using sodium 
and ethanol. To a solution of Nl-phenyl-2-( 3,4methylene- 
dioxyphenyl)-4,4dimethyl-imidazolidine (111, Rt = Ph, 
RZ = H, RI = R4 = Me) (29.6 g.) in very dry ethanol11 
(250 ml.) was added sodium (9.2 g.) in large pieces at such 

a rate that a vigorous reflux was maintained. When all the 
sodium had been added and the reaction began to subside, 
the mixture was heated under gentle reflux till the last traces 
of sodium dissolved (30 min.). The mixture was cooled and 
poured on to ice (250 g.) and the alcohol removed under 
reduced pressure at 40'. On cooling white crystals (27.3 9.) 
were formed, which after purification melted at 102". Mixed 
m.p. with starting material 102'; shoxing that only the 
unchanged starting material could be recovered. 

Acknowledgment. The author is pleased to ex- 
press his appreciation to the Research Laboratory 
of Commercial Solvents Corporation for the gen- 
erous gift of samples of some of the 1,2-diamines 
used in this investigation. 

(11) H. Lund and J. Bjerrum, Ber., 64B, 210 (1931). MINNEAPOLIS 14, MINX. 
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A new and general method for the introduction of alkyl and aralkyl peroxy groups (ROO) into many types of organic 
molecules has been developed. This is accomplished by the use of a hydroperoxide and a copper, cobalt, or manganese salt 
catalyst. The versatility of this method is indicated by the fact that compounds of such diverse structure as cyclohexene, 
octene-1, cumene, a-methylcyclohexanone, cyclohexanone, dimethylaniline, xylene, and dioxane give good to excellent 
yields of the unsymmetrical peroxides. 

Work done a t  this laboratory indicates that  the 
metal-induced reaction of a hydroperoxide with 
organic compounds is as effective in introducing 
ROO groups as N-bromosuccinimide is in intro- 
ducing bromine atoms into organic molecules. The 
two reactions are similar as both require an initiator 
and proceed by a free radical chain reaction. This 
similarity does not hold for the reactions in which 
the bromination by N-bromosuccinimide proceeds 
by an ionic mechanism, e.g., the nuclear bromina- 
tion of aromatic compounds. 

Subsequent publications will extend this reaction 
to  the introduction of acyloxy and imido groups: 

7POOH + '00") + R H  + -.R'C02H -+ 
POOP' ~ R ' N H R ~  -+ 

POOR + POH + HzO (or P'OH) 

R'R"NR + POH + H 2 0  (or P'OH) 

All of these reactions are promoted by copper salts, 
but most of them occur, to some extent, even in 
their absence. This study deals with reactions where 

R'COZR + POH + Hz0 (P'OH) 

(1) Previous communication,M. S. Kharasch and A. Fono, 

(2) This work was made possible through the generous 

(3) Deceased. 
(4) Present address: Firestone Chemical and Physical 

J .  Org. Chem., 23, 324 (1958). 

support of 0. B. May, Inc. Newark, N. J. 

Research Laboratories, Akron, Ohio. 

the main function of the metal salts is only to  ini- 
tiate the' decomposition of the hydroperoxides. 
Subsequent publications will discuss reactions 
where the metal salts also react with the free 
radicals initially formed, to alter the course of the 
reaction. 

It has been previously shown that: 
(a) If reactive free radicals are generated in n 

solution of tert-butyl hydroperoxide in cumene, 
tert-butyl-a-cumyl peroxide is formed. The free 
radicals were generated by the termal decomposi- 
tion of acetylper~xide.~" 

(a) Cobalt salts catalyze the decomposition of 
hydroperoxides, causing the formation of reactive 
free radicals.6b 

(c) I n  the presence of a reactive substrate like 
cyclohexene5c or tetralin,6d cobalt salts catalyze the 
reaction of the hydroperoxides with the substrate 
to  form peroxides. 

The present work indicates that by careful choice 
of the catalyst and the reaction conditions, these 
reactions can be made very general and almost 
quantitative. 

(5) (a) M. S. Kharasch, A. Fono, and W. Nudenherg, 
J .  Org. Chem., 15, 753 (1950). (b) M. S. Kharasch, A. Fono, 
W. Nudenherg, and B. Bischof, J. Org. Chem., 17, 207 
(1952). (c) M. S. Kharasch, P. Pauson, and W. Nudenberg, 
J .  Org. Chem., 18, 322 (1953). (d) W. Treihs and G. Pell- 
mann, Ber., 87, 1201 (1954). 
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RESULTS 

Reaction of tert-butyl hydroperoxide and a-cumyl 
hydroperoxide with cyclohexene in the presence of 
cuprow chloride. It was shown that, in the presence 
of small amounts of cobaltous naphthenate, tert- 
butyl hydroperoxide reacts with cyclohexene, or 
with octene-1 to  give unsymmetrical  peroxide^.^^ 
The yield of 1-tert-butylperoxycyclohexene (A) , 
on the basis of the hydroperoxide used was ap- 
proximately 60%. Much of the hydroperoxide de- 
composed by chain reaction into oxygen and tert- 
butyl alcohol. Present work indicates that the 
amount of oxygen liberated in the reaction may be 
considerably decreased by adding the cobalt salt 
very slowly. The hydroperoxide is used more e%- 
cieiitly in the preseiice of cuprous chloride. 

When 1 mole % of cuprous chloride was added to  
a mixture of cyclohexene and a-cumyl hydro- 
peroxide (on the basis of the peroxide used), and 
this mixture kept a t  70" for 20 hr., the yield of the 
unsymmetrical peroxide B was nearly quantitative. 
This peroxide is quite stable and may be distilled 
without decomposition at  reduced pressure (90'/0. 1 
mm.). Based on infrared spectrum, analysis, and 
anology, structure B is suggested. 

i 2 C 6 1 J 5 ~ ~ C N 3 ~ 2 0 0 H  - ( 'u2(' 'z  + 
v 

(4 0- OOCI ( ' 1  I $ ) k 3 6 F I 6  t -  C6HsC(Cfld)dOH f HzO 
(B) 

Reaction o j  tert-butyl hydroperoxide with oclcnc-1 
in the presence of cuprous chloride. When a mixture 
of tert-butyl hydroperoxide and octene-1 is heated 
at 75" for 14 hr., only a small amount of the hydro- 
peroxide was decomposed. However, in the pres- 
ence of one mole % of cuprous chloride, 80% of the 
hydroperoxide was decomposed a t  70" in 6 hr. The 
reaction products were tert-butyl alcohol and about 
equal quantities of C and D, l-tert-butylperoxy- 
octene-2 and 3-tert-butylperoxyoctene-1 , respec- 
tively. The same reaction occurred when instead 
of a copper salt, a cobalt salt was used as a catalyst. 

Cu*Clz 

1 mole % i 2 CjHiiCHzCH=CHz + 4( C&)aCOOH 

---I CjHiiCH=CHCH,OOC( CHa)3 
(C) 

CjHiiCHCH=CHz + ~(CHSXCOH + 2H20 +-' (3) 
I 

OOC( CH3)s 
(U)  

When to  a mixture of tert-butyl hydroperoxide and 
octene-1 very small amounts (0.2 mole %) of co- 
balt-Z-ethylhexoate (dissolved in octene-1) were 
added a t  65-70' over a period of 2 hr., peroxides C 
and D were again formed in equal quantities. The 
fractions containing a mixture of peroxides C and D 
obtained from the copper and the cobalt salt cat- 
alyzed reactions were identical with each other in 
all physical properties (index of refraction, boiling 
point and infrared spectrum).6 

Peroxides C and D, the components of the reac- 
tion mixture were separated by distillation, using 
a Piros-Glover spinning band column. The frac- 
tions to  which structures D and C were assigned 
boiled at 57"/2.5 mm. (n? 1.4243), and 72"/2.5 
mm. (nY 1.4320) respectively. The infrared spec- 
trum of C with a band a t  970 cm.-', ' indicated the 
presence of a nonterminal (trans) bond. The in- 
frared spectrum of D (bands a t  920 cm.-' and 
990 cm.-l) indicates the presence of a terminal 
double bond.8 The infrared spectra of C and D sug- 
gest that they probably do not contain more than 
5% of each other. A 50-50 mixture of C and D 
showed an identical infrared spectrum with the 
crude peroxide isolated from the reaction. 

Reaction of tert-butyl hydroperoxide with cumene 
in the presence of cuprous salts. A solution of tert- 
butyl hydroperoxide in cumene is stable when 
heated to  70" for 24 hr. However, if 1 mole yo of 
cuprous chloride is added to  this solution, and the 
combined mixture heated to 67" for 18 hr., about 
80% of the hydroperoxide is decomposed, according 
to  the stoichiometric reaction 4. 

('GtIS(CI13)2CH + 2(CH3)ICOOII - CU2ClZ 

1 mole 

c~ r~ ,c (c1 I , ) , ooc (c I I , ) ,  + (ClIJ)3COIS i- IiZC ) (4) 

Tlic tert-butyl-a-cumyl pcroxide E obtained has 
the same physical coristants (b.p. G O " / Q  mm. ; 
nZ" 1.4800) as the tert-butyl-a-cumyl peroxide 
prepared from either tert-butyl hydroperoxide and 
dimethylphenylcarbinol (a-cumyl alcohol) ,9 or from 
cumene, tert-butyl hydroperoxide, and acetyl per- 
oxide. lo 

Cupric chloride, cuprous and cupric bromide, 
cuprous and cupric benzoate were found to be just 
as effective catalysts as cuprous chloride. 

(E) 

(6) The apparent difference in the abundance of the iso- 
mers of C and D observed here, and bv Kharasch, Pauson, 
and Nudenberg [J.  Org. Chem., 18, 322 (1953)j is to be 
ascribed to the fact that better fractionating columns are 
now in use. 

( 7 )  There is an additional strong band a t  1017 em.-' 
(8) Note that a similar shift of the band from 910 cm.-l 

to  920 ern.-' was noted in the infrared spectrum of 3-bromo- 
octene-1 [M. S. Kharasch, R. Malec, and N. C. Yang, J .  
Org. Chem., 22, 1443 (1957) 1. 

(9) M. S. Kharasch, A. Fono, W. Nudenberg, and A. C. 
Poshlrus, J. Org. Chem., 15, 775 (1950). 

(IO) M. 8. Rharasc.h, A. Fono, and W. Sudenhcrg, J .  
Org. Chem., 15,753 (1950). 



74 KHARAMCH AXD FOX0 VOL. 24 

The same peroxide was also obtained, when in- 
stead of excess cumene, benzene or chloroform, or 
heptane or tert-butyl alcohol. or pyridine, or acetic 
acid, or nitrobenzene, or ethyl acetate was used a h  

a solvent. These solvents were also found to  be 
suitable for the preparation of the other peroxides 
reported here. 

A good yield of tert-butyl-a-cumyl peroxide E 
was also obtained by heating a mixture of cumeiie, 
tert-butyl hydroperoxide. and cobalt 2-ethylhexoate 
(0.2 mole 5) to  65-70". The cobalt salt was dis- 
solved in cumene and added, drop bp drop, over a 
period of 3 hr. The only difference noted when co- 
balt salts were ubed instead of cuprous salts, was 
the formation of large amourits (3OtG7,) of dimethyl- 
phenylcarbinol. l 1  The best yield, 92%, of pure 
tert-butyl-a-cumyl peroxide was obtained when 
acetic acid was used as a solvent, and marigaiious 
bromide was substituted ior the cuprous or cobal- 
tous salt. 

Reactions of 8-rnethyLcycloh~xunoi~e and o j  cyclo- 
hexanone uith tert-butyl hydroperoxzde in the pres- 
elzce qf cuprous salts. X mixture of 2.5 moles of 2- 
iiiethylcyclohexanone, 1 mole of tert-butyl hydro- 
peroxide, and 1 mole % of cuprous chloride was 
heated to  60" for 7 hr. 7ZC; of the hydroperoxide 
had decomposed at the end of that time, and a prac- 
tically quantitative yield of the unsymmetrical 
peroxide, on the basis of the hydroperoxide cwn- 
sunled, was obtained. Based on infrared spectruni, 

, and :inology, structure F is suggested. 

0 

The iiiir:irtbc! +pwt ru in  of ~-niethyl-d-fPrf-1,111 j.1- 
~~crox~~c~~clohes:r i ioi i (~ (1;) showed bands in thc  car- 
bonyl regioii :it 1722-1725 cni.-l 2-nietliyl(y~lo- 
hexanone has :I band :it 1703-1710 cni.- The  hhift 
\ \ ab  attributed to  the prrsence of an electro iicgn- 
tive substituent in the 2 position. Compound 1.' 
alho had bands at 1370 cni.-' (strong) :lad 1390 
cni. (medium) which indicated the presence of :L 
tcrt-butyl group. Hands at  1198 cni.-l and 888 
cm- '  w r e  attributed to  the presence of the tert- 
butoxy group. 

(llj The nonforniation of teit-butyl-a-cumyl peroxide in 
the experiment described by Kharasch, Pauson, and Nuden- 
bergY4 is attributed to comparatively large quantities of the 
cobalt naphthenate used. When this, or cobalt-%ethyl- 
hexoate is used as a reagent, it is important that small 
amounts of a dilute solution of the cobalt salt be added 
gradually over a 2- to 4h r .  period to  obtain satisfactory 
yields. This procedure eliminates the evolut,ion of oxygen 
which takes place in the presence of morc concentrated 
mlutioue of wbalt salts. 

In the presence of 1 mole yo cuprous chloride, the 
reaction of cyclohexanone with tert-butyl hydro- 
peroxide gave many products: adipic acid, the half- 
aldehyde of adipic acid, and approximately 207, of 
the unsymmetrical peroxide, 2-tert-butylperoxy- 
cyclohexanone (G). Left t o  stand, peroxide G slowly 
decomposes. Therefore, we felt it plausible to as- 
sume that G is a primary reaction product and that 
other compounds arose from the thermal decom- 
position of G, in the presence of the tert-butyl 
hydroperoxide and the cuprous (or cwpric) salt. 

0 l.1 

.In infrared spectrum of a freshly prepared *am- 
ple of G shows bands at 1368 cni.-l (strong) and 
1390 cm.-l (medium), indicating the presence of 
the tert-butyl group. Bands at 875 cm. --I (medium) 
and 1200 c m - l  (medium) are attributed to  the 
prebeiice of the tert-butoxy group. A band a t  1720 
em.-' (strong) is accredited to  the carbonyl group. 
Xote the shift caused by an a substituent. Cyclo- 
hexanone has a band in the carbonyl region at  1710 
cm.-l The same shift in wave length has been ob- 
served in cyclohexanones halogenated in the 2- 
position. 

Reaetioiis of dinlethyluniline with tert- butyl hydro- 
peroxide in the presence of cuprous $ a h .  Because it 
i i  :I strong base, several attempts to attack di- 
met hylaniline by free radicals have flkiled. It call 
be brominated bj- N-bromosucciiiimid, giving p- 
1)rornodimet hylaniline in 75"; yields.I2 However, 
i t  h ; ib  hcwi hho~\1113 that this i+ :ill ioiiic and not :L 
iwo r:i tI icd reaction. Wheii benzoyl peroxide 11 :ih 

ticc~)inposetl in dimethyl:iiiiliiici.'4 the produvl 
o.o'-bis(diinethyI:tmiao)diph~~ii~?l :iiniiie again seem- 
iiigly arose through an ionic3 iuechunisni. l'hr reac- 
tion \\.as not influenced 1 ) ~  t h ~  presence of copper 
d t s .  Nitrogen is know1 to artivate it neighboriiig 
cxrbon-hydrogen bondlj : r i d  we eapected that free 
radicals should pre1ermti:illy at t :I& the methyl 
groups of dimethylaniliiie. 

When n e  added 1 mole yo cuprous chloride t o  
a11 equiniolar mixture of dimethy1:iniline : r i d  tert- 
butyl hydroperoxide dissolved in henzene. the reac- 
tioii mixture proceeded to  heat up. It w a b  maiii- 
tained at 35". After 12 hr., the iodometric titer ill 
acidic acid dropped to  one half of its original value. 
From the reaction mixture, we were able to isolate 

(12) S g .  Ph. Buu-Hoi', A m . ,  556, 1 [ 1944). 
(13) Robert, Malec. Ph.D. thesis, University of Chicago, 

(14) I . .  Horner and E. Schenk, ; I u w . ,  566, 69 (1950). 
( 1 5 ,  \V. H. Urry, 0. 0.  .Juvelmd. anti F. I\'. Stacry, J 

1957. 

.1 t / / .  C'h( / I ! .  SOC., 74, 6155 (1952). 
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S-methyl-N-tert-butylperoxymethylaniline (H) in 
yields in excess of 90%. 

(HI 

Similar to  other compounds containing a tert- 
butylperoxy group, the infrared spectrum of Com- 
pound H has bands a t  1370 cm.-' (strong) and 
1390 cm. (medium) indicating the presence of 
tert-butoxy groups. Below 880 em.-' the spectrum 
is almost identical with that of dimethylaniline 
(no nuclear substitution), 

Unlike the other peroxides we have described, 
compound H can be titrated iodometrically in ace- 
tic acid. It is soluble in hydrochloric acid. It is 
astonishingly stable. I t s  titer dropped oiily 5% 
after 24 hr. refluxing in benzene. With prolonged 
treatment with acids, it can be hydrolyzed to  
moriomet hylnniline. 

Reactiori of p-xylene with tert-butyl hydrcperoxide 
in the praerzce of cuprous salts. p-Xylene is ex- 
pected to be more susceptible to  free radical sub- 
>titutioii reactions than cumene, which yields a 
n-eak radical. This shall be discussed in detail in a 
future publication. However, the expected peroxide 
\$as of interest to us as the preparation of a hydro- 
peroxide from p-xylene is known to give very low 
yields.I6 The p-methylbenzyl tert-butyl peroxide (J) 
\vas prepared in the usual manner with 857  yield. 

,U-CH~C'~H,CH,OOC( CHI) ( 8 )  

The infrared spectrum indicated the presence of 
nll the bands characteristic for a tert-butoxy group. 

Reaction of dioxane 1,4 with tert-butyl hydro- 
peroxide in the presence of cuprous salts. The pre- 
vious reactons indicated that in these substitution 
reactions, the peroxy group c:tn substitute slightly 
activated primary, secondary. and tertiary hydro- 
gens; that the activating group can be an aromatir 
ring, a double bond, a keto group, or a nitrogen 
atom. We prepared the peroxide of dioxane to shon- 
that an oxygen atom can also act as an activating 
group. We also wished to  prepare a peroxide which 
is somewhat water soluble. Compound K, 2-tert- 
butylperoxy dioxane 1,4 was prepared in the usual 
manner and purified by chromatography. The yield 
xas  50%. 

(1) 

0 
/' \ 

C " 2  CHOOC( CH,), 
I I (9)  

(IC) 

After 1 week a t  O", the infrared spectrum indi- 
cated no decomposition. Preliminary tests indicated 

(16) H. Hock and S. Lang, Ber., 76, 169 (1943). 

that peroxide K can be decomposed by heat with- 
out exploding. 

Decomposition of tert-butyl hydroperoxide in iso- 
octane in the presence of cuprous chloride. Although 
a solutioii of tert-butyl hydroperoxide in iso-octane 
is stable when heated to 67", the addition of 1 mole 
yc of cuprous chloride to  the hydroperoxide caused 
decomposition in approximately 20 min. The reac- 
tion is : 

DISCUSSIOS 

First let us discuss the decompositioii of tert- 
hydroperoxides into oxygen and alcohols using 
metal salts, which act as both oxidants and reduc- 
tants. The following chain mechanism has been 
suggested. 

ROOH + A I - - - +  ItO' + A I + - -  LOHI ( 1 1 )  

ROOH + AI-- --+ ROO' + 11- + H -  (12) 
li0' + 31 --+ 1 3 0  - t \ I  (13)  

(14) 
ItO' + ROOK --+ Induced deromposition 01 petoudc 

(Ketone + Alcohol + RO.) 

ROO' + M" --+ Ii' + 317 -/- 0: (15) 

The intermediate formation of a carbonium ion 
(Equation 15) could not be substantiated. Carboii- 
ium ions react with hydroperoxides to  give perox- 
ides (lo), and if the reaction is carried out in ace- 
tic acid, as a solvent, they should form acetates. 
Increasing the concentration of the hydroperoxides 
leads however, to  less and not more peroxide for- 
mation. Similarly, in acetic acid as a solvent, only 
traces of acetate are formed. 

The oxygen evolution has to  derive either from 
the interaction of 2 peroxy radicals (Equation 16) 
or from the reaction of a peroxy radical with :L 
hydroperoxide (Equation 17). 

2 ROO' ---+a 1jO' t 0 2  i I ( i )  

f(00' + I1OOH --+ 1<011 + 0 2  + IiO' (17 )  

Ai t  a higher hydroperoxide coiicentrat ion, prod- 
ucts start to  appear, which obviously derive from 
the RO. radical. A definite proof has t o  come from 
studies with O1*. 

Direct evidence of the existeiice of KO' r.;Ldi(ds 
(Equation 11) has been obtained by ruiiniiig this 
reaction in water at O", in the presence of butadiene 
and using a large amount of ferrous The 
RO' radicals are picked up by the butadiene, and 
the radical formed dimerizes: 

( l i )  AI. S. Kharasch, A. Fono, W. Nudenherg, and 13. 
Bischof. J .  Org. Chem., 17, 207, (1052). The present authors 
never observed the formation of symmetrical peroxides 
from hydroperoxides, in inert solvent, where acid catttlvzed 
reaction could be excluded. 

(18) M. S. Kharasch, F. S. .Iriinoto. and IV. Xudenberg, 
J .  org. Chem., 16, 1556, 1951). 



76 KHARASCH AXD FONO VOL. 24 

ItO’ + HzC=CHCH=CHz + ( ROC~HP,)’ (18) 
2 (ROCaH6)’ + (ROCH2CH=CHCI&--)2 (19) 

The existence of ROO’ radicals (Equation 12), as 
intermediates, was proven by a similar m e t h ~ d . ~  
Using excess butadiene as a solvent, and cobaltous 
salts as catalyst, the ROO’ radicals are picked up by 
the butadiene. The resulting radical reacts with 
another hydroperoxide and a one-electron oxidizing 
agent to  give dialkylperoxy butene: 

ROO’ + H&=CHCH=CHz --+ (ROOCbHG)‘ (20) 
(ROOC,H,). + ROOH + OX + 

ROOC4H600R + H +  + (Ox + e) (21) 

Now let us consider the decomposition of hydro- 
peroxides, which leads to  the formation of peroxides. 
The apparent ability of a carbon free radical to re- 
act with a hydroperoxide and a 1-electron oxidizing 
agent simultaneously was demonstrated by isolating 
tert-butyl-a-cumyl peroxide, in good yields, when 
acetylperoxide was decomposed in cumene, in the 
presence of tert-butyl hydroperoxide. lo This study 
suggested the following mechanism for this reac- 
tion : 

(CH3COz)z --+ 2 CH3‘ + 2 CO, ( 2 2 )  

+ CG€&(CH~)~CH -+ cir, + C G H ~ ( C H ~ ) ~ C ’  ( 2 3 )  
GH,( CH1)PC’ + ROOH + ROOH.C( C H ~ ) ~ C G H ~  

(Radicrtl complex L) (24) 

L + Ox + ROOC(CH&GH, + (Ox + e) (25) 

Equation 24 proposes that free radicals can form 
a radical complex with a hydroperoxide, identical 
with a radical complex formed from a peroxy radi- 
cal and a hydrocarbon. Later, Swarz and SmidL9 
postulated a radical complex as intermediate, to  ex- 
plain the ability of beiizoyloxy radicals, but not of 
methyl radicals, to  abstract a hydrogen from tri- 
fluoro acetic acid. Hammond et aL20 were forced to  
assume that some inhibitors can form loose coni- 
plexes with radicals. An alternate possibility is that 
the reaction mixture contains a large concentration 
of comparatively stable ROO’ radicals, and that 
this comparatively stable radical is capable of picli- 
ing up all carbon radicals, as they are formed. 

The comparativcly fast decomposition of tert- 
butyl hydroperoxide in iso-octane indicates thzt 
the free radicals iuitially formed from the hydro- 
peroxide are stabilized in a solvent containing 
reactive hydrogens. This favors the theory of a 
radical complex formation. The hydroperoxide is 
also more stable in aromatic solvents, which are 
known to stabilize radicals through complex for- 
mation. 21 

In  subsequent papers, we shall show that radicals 
can react with benzoic and acetic acids, in the pres- 
ence of 1-electron oxidizing agents, to  give benzo- 

(19) M. Swarz and I. Smid, J. Chem. Phys., 27, 421 

(20) G. S. Hnmmond, E. E. Boozer, C. E. Hamilton, and 

(21) G. A. Russel, J. Am. Chcm. Soc., 80, 4987 (1958). 

(1957). 

J. X. Sen, $1. Am. Chern. SOC., 77,3238 (1955). 

ates and acetates. The assumption of a conipara- 
tively stable acetoxy radical is incongruent with 
the known readiness of acetoxy radicals to  break 
down into methyl radicals and carbon dioxide. 

We established that metal salts generate both 
alkoxy (RO’) and alkylperoxy (ROO’) radicals 
from hydroperoxides; Further, that carbon free 
radicals are capable of reacting with hydroperoxides 
and a 1-electron oxidizing agent to  form peroxides. 
The following mechanism is suggested for the metal 
salt catalyzed formation of a peroxide from an or- 
ganic molecule, containing a slightly activated 
hydrogen a hydroperoxide. 

ROOH + &I+ --3 RO’ + M + +  + OH- 
(11 is CU, hlri, or Co+)  ( 2 6 )  

(27 )  

(28 )  

(29) 

(30, 

RO. + R’H + ROH + It’. 
It” + ROOH + Ii’.€iOOIt 

I t00H + XI+* ---f ltC)O’ + M +  + ti+ 
1 2 0 0 ’  + R’H --+ R’.HOOR 

R’.HOOR + Ox -+ It’00It + (Os e )  + I f +  (31) 

(The oxidant can be either hie++ or a hydroperoxide.) 

The reaction betn-een tert-butyl hydroperoxide 
and octene-1 gave both 1-tert-butylperoxyoctene-2, 
and 3 tert-butylperoxyoctene-1. An alternate mech- 
anism for the formation of peroxides from an olefin, 
where the initial step is the addition of a peroxy- 
radical to the double bond, must be rejected. 

Another alternate mechanism to avoid the neccs- 
sity of having to  postulate a radical complex would 
be : 

It” $- o x  + I]‘+ -t (Ox + 1.) ( 3 2 )  

It‘ e + ROOH + Ii’OOlt + H +  ( 3 3 )  

‘I’his mechanism ~voulcl predict t h:tt if the r e m  
tioii is carried out in the presenw of : ~ n  excess of 
acetic acid, an appreciable amount of acetate 
should be formed. However, when tert-butyl hydro- 
peroxide was decomposed by metal salts, in the 
presence of cuniene in acetic acid RS solvent, a- 
cumyl krt-butyl peroxide was st ill isolaled in ’92% 
yield. Therefore, reactions 32 and 33 do not occur. 
In  subsequent papers, it will be shown that the ace- 
tates can be prepared by homolytic mechunism, 
hut that they form only if the acetic acid preberit 
in the formation is kept to  a low concentr a t ‘  ion. 
This is a requirement, which we will show, favors 
the homolytic mechanism. 

The reactions described in this study do occur, to 
some extent, in the absence of metal salts. After 24 
hr. heating of tert-butyl hydroperoxide in cumene 
a t  105”, followed by distillation and chromatog- 
raphy, about 5% a-cumyl-tert-butyl peroxide 
could be isolated. This prompted us to  present a 
mechanism where the only role of the metal salts is 
to  initiate free radical reactions. However, the ob- 
servation that with copper salts fewer by-products 

(cf. 5c). 
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are formed indicates that the metal salts do parti- 
cipate to  some extent in these reactions. Their role 
is t o  stabilize the intermediate radical complexes. 
The evidence for this view will be presented in sub- 
sequeiit publications. 

EXPERIMENTAL 

The reactions we have described were carried out in an 
atmosphere of nitrogen gas. All of the reagents, with the 
exception of a-cumyl hydroperoxides were distilled prior to 
use. The purity of the hydroperoxides used is indicated in 
the individual experiments. The metal salts used were the 
ordinary laboratory reagent and unless indicated, were not 
finely powdered. The rate of the decomposition of the 
reaction mixture of the hydroperoxides was followed by 
tit,ration at periodic intervals. The spinning band columns 
used were of the Piros-Glover type. 

Preparation of compound B (a-cumylperoxycydohexene) . 
A mixture containing cyclohexene (0.9 mole) , a-cumyl 
hydroperoxide (0.11 mole containing 75% of hydroperoxide), 
:~nd cuprous chloride (0.1 g.) was heatJed a t  70" for 20 hr. 
.4t the end of that time, a titration showed that 75y0 
of the h,vdroperoxide had decomposed. The copper salt was 
wllected on a filter. The volatile materials were removed 
at a pressure of 16 mm. The unreacted hydroperoxide was 
removed a t  75'/0.1 mm. The residue (9 g.) was distilled a t  
reduced pressure (98Oj0.1 mm., n y  1.5238). The yield of 
peroxide B was 90% on the basis of the hydroperoxide used. 

Anal. Calcd. for C16H2002: C, 77.55; H, 8.68; mol. wt. 232. 
Found: C, 77.8; H, 8.8; mol. wt. 220. 

The infrared spectrum and the amount of unsaturation 
were in agreement with the proposed structure. 

Preparation of compounds C and D. (C) C6HIICH= 

( a )  A mixture of octene-1 (0.35 mole), tert-butyl hydro- 
peroxide (0.09 mole: 10 g. of 80% material), and cuprous 
chloride (0.1 g.) was heated to arid maintained at 70" for 7 
lir. At the end of that time, a titration showed that 80% of 
tlic hydroperoxide had been consumed. The copper salt 
was collected on a filter, while the low boiling materials in 
the filtrate were removed a t  16-mm. pressure. The residue 
(i .0 g.) W:E distilled a t  reduced pressure. The material 
lioiling a t  37-4%'/0.1 mm. was collected (6 g.: nz: 1.4290). 
I his material was a mixture of compounds C and D. Thc 
yicld, on the Imis of the hydroperoxide consumed in the 
rcwtion was S57/,. The infrared spectrum of this mixture 
iiitlicnted thitt it contained a small amount, less than 5% 
of :in or,@ unsaturated aldehyde (octenal). 

.Inn[. Calcd. for Ct2H2402: C, 71.95; H, 12.08; mol. wt. 
200. Found: C, 72.3; H, 12.2; mol. a t .  190. 

The material that hoilcd at 3742'/0.1 mm. was care- 
t'iilly fractionnt.ect, using a spinning hand column. We 
timoved l00,L of the t>ntal mixture, boiling a t  42-56'12.5 
i i i i n .  It consisted of octrnal and some of compound 11. T\vo 
111:iin fractioiw were oht:iineti: 

Fraction 1. 2.5 g. Compound 11, b.p. 5i0/3.5 mm.; nzl: 
I .  i24-13. 

z lna l .  Cnlcd. for C&&: C, 71.95; 13, 12.08. Found: 
C, 72.0; H, 12.2. 

Fraction 2. 2.6 g. Compound C, b.p. 72"/2.5 mm.; n y  
1.3320. 

.lnal. Cnlcd. for CJI,,Oz: C, 71.95; € I ,  12.08. Found: 
C. 72.0; H, 11.9. 

( h )  The reaction described in (a) was repeated. In place 
of cuprous chloride, a 0.5% solution of cobalt Zethylhexoate 
in octene-1 (0.2 mole yc) was added dropwise, over a period 
of 3 hr. At the end of that time, approximately 80% of the 
hydroperoxide had been consumed. A small amount of 
alumina was added and the solid collected on a fiker. The 
filtrate was worked up in the same manner as described in 

tion (a). The yield and the physical constants of com- 
pounds C and D were the same as described in section (a). 

CHCH200C(CHa)~; (D) C6HiiCHCH=CHzOOC(CHa),. 

. 7  

Preparation of compound E (tertbzityl-a-cunzyl peroxide). 
(a) A mixture containing cumene (0.62 mole), terl-butyl 
hydroperoxide (0.29 mole containing 80% of a hydro- 
peroxide), and cuprous chloride (0.2 g.) was heated a t  67" 
for 18 hr. At the end of that time, a titration showed that 
80% of the hydroperoxide had decomposed. The copper 
salt was collected on a filter. The volatile materials were 
removed at a pressure of 12 mm. A residue (24 9.) contained 
approximately 80-8570 of compound E and approximately 
15% of a mixture of acetophenone and dimethylphenyl- 
carbinol (cumyl alcohol). The mixture was separated by dis- 
tillation through a fractionating column. The pure peroxide 
E (60%) distilled at  60'/2 mm., n'," 1.4800. 

Anal. Calcd. for CI2HZ002: C, 74.95; H,  9.7. Found: C, 
74.80; H, 10.0. 

The infrared spectrum of the compound E ohtained in 
this manner was identical with the spectrum of tertbutyl- 
a-cumyl-peroxide prepared from dimethylphenylcarbinol 
and tert-butyl hydropero~ide.~ 

(b )  The experiment just described was repeated. In place 
of cuprous chloride, a solution (0.57,) of cobalt 2-ethyl 
hexoate in cumene (0.2 mole 70) was added dropwise during 
a period of 3 hr. A t  the end of that time, approximat,ely 807, 
of the hydroperoxide had been consumed. A small amount 
of alumina was added, the mixture was shaken, and the solid 
collected on a filter. The low boiling materials were re- 
moved from the filtrate by distillation. An attempt to 
separate the residue by distillation through a spinning band 
was unsuccessful. This was attributed to the presence of 
considerable quantities of dimethylphenylcarbinol, which 
boiled at approximately the same temperat,ure as the un- 
symmetrical peroxide. The pure peroxide E (ng 1.4790) 
was obtained by chromatographic separation on alumina, 
using petroleum ether as the eluent. The \.ield of the un- 
symmetrical peroxide was 60%. The yield of the dimethyl- 
phenylcarbinol was approximately 30%. 

A much higher yield (90%) of tertbiitgl-or-cumyl peroxide 
was obtained when this same reaction was carried out a t  
100-110". A t  that temperature, only a minute amount 
(0.05 mole 7,) of cobalt 2-ethyl hexoate was added. The 
reaction was usually complete in 30 min. 

(c) A mixture containing cumene (0.4 mol(,), aretic acid 
(0.84 mole), tert-butyl hydroperoxide (0.14 mole, c*ontaining 
857, of hydroperoxide), and manganous bromide (0.0006 
mole; 4 mole Yo on the basis of the hydroperoxide used) 
was heated at  80' for 11 hr. At the end of that time, titration 
showed that 86% of the 'hydroperoxide had drcomposctl. 
l h e  reaction mixture was poured into water aod thc layrrs 
ecparated. The organic layer was dried aiicl tlistillcd. Thc 
Inatmial which boiled a t  50°/20 mm. was collccted. Almost 
all of the residue dist,illed a t  45"/0.15 mm. Siiietg-two per 
cent of this material (n,'," 1.4820) was Irrt,-biitpl-or-cumyl 
pcroxide containing a minute amount of aretophenone (n :p 
1.5XB). The index of refraction of the pure tPr1-t)iityI- 
~ - c u m y l  peroxide is n'," 1.4790-1.4800. A very sat 
yield of tert-butyl-a-cumyl peroxide was olita,ined when 
cuprous salt was subfitituted for the niangaiiesc salt, in  the 
experiment just described. 

Preparation of compound F (b-methyl-b-tpl.l-bfrt2/lpcr~i?/- 
cyclohexanone). A mixture consisting of 2-methylcyclo- 
hexanone (0.52 mole), tert-butyl hydroperoxide (0.19 mole 
containing 80% hydroperoxide), and cuprous chloride (0.1 
g.) was heated a t  60' for 7 hr. At  the end of that time, a 
titration indicated that 75% of the hydroperoxide had re- 
acted. The copper salt was collected on a filter. The low 
boiling materials were removed from the filtrate by dis- 
tillation a t  12 mm. The residue (13.5 g . )  was practicallp 
pure peroxide F (95'%), Distillation of this material through 
a column (b.p. 66'/2 mm.; n'," 1.4431) gave the pure per- 
oxide F in over 90% yield. 

A.na2. Calcd. for CIIHZ~OS: C, 65.97; H, 10.07; mol. wt. 
200. Found: C, 65.9; H, 9.9; mol. wt. 180. 

Preparation of compoun,d G (d-tert-bzrtylperoxycyclo- 
hexanone). A mixt2ure consisting of cyclohexanone (0.61 
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mole), tert-butyl hydroperoxide (0.2 mole containing 90% 
of hydroperoxide), and cuprous chloride (0.1 g.) was heated 
a t  92" for 8 hr. At the end of that time, a titration showed 
that 90% of the hydroperoxide had decomposed. The copper 
salt was collected on a filter. The volatile material was 
removed from the filtrate at a pressure of 12 mm. The 
residue, 12 g., was dissolved in hot benzene. Cooling pro- 
duced a solid (3 9.) which was separated and collected on a 
filter. The solid material melted a t  151-152' and did not 
depress the melting point of an authentic sample of adipic 
acid. The benzene was removed from the filtrate and the 
residue subjected to distillation. A fraction (4 9.) boiling 
a t  52"/0.15 mm. was collected, leaving a residue I ( 5  g.). 
The distillate still contained a small amount of an acidic 
impurity. To  remove it, the distillate was dissolved in ben- 
zene, and then washed with a water solution of sodium 
carbonate. The benzene was then removed a t  reduced pres- 
sure leaving an oil (n'," 1.4500) which was assumed to be com- 
pound G. 

Preparation of compound H ( N-naethyl-LV tert-butylperoxy- 
methylaniline). A mixture containing dimethylaniline (0.19 
mole), tertbutyl hydroperoxide (0.39 mole), cuprous chlo- 
ride (0.0003 mole), and benzene (1.6 mole) was maintained 
a t  35' for 12 hr. At the end of that time, iodometric titra- 
t>ion indicated the loss of 50yc of the active oxygen. Some 
neutral alumina was added, and filtered. The benzene and 
tert-butyl alcohol formed were distilled off in vacuo. The 
crude peroxide was purified by chromatographic separation 
through a short column of neutral alumina, using petroleum 
ether as the eluent. Small amounts of amine oxides were 
formed as by-products. The purified peroxide. b.p. 75"/0.1 
mm., n'," 1.5160, was obtained in over 90% yield. It can be 
titrated iodometrically in acetic acid. It is soluble in dilute 
aqueous hydrochloric acid and its titer dropped only 5Yc 
after refluxing for 24 hr. in benzene. 

Anal. Calcd. for CllH1902N: C, 68.86; H, 9.15; Kj 6.70; 
mol. wt. 209. Found: C, 69.1; H, 8.9; N, 7.0; mol. wt. 212. 

Comparison of its infrared spectrum to that of dimethyl- 
aniline indicated no additional substitution in the aromat,ic 
ring. After prolonged warming in aqueous hydrochloric 
acid, monomethylaniline was isolated. 

Preparation of compound J (p-methylbenzyl tert-butyl p e r -  
oxide). A mixture consisting of p-xylene (1.0 mole), tert- 
butyl hydroperoxide (0.26 mole), and cuprous chloride (0.1 
gram) was heated to 50" and maintained a t  that tempera- 
ture for 10 hr. .4t the end of that time, titration showed 

that 50% of the hydroperoxide had been consumed. The 
lower boiling materials were removed in ZIUCUO. The crude 
peroxide was purified bv a chromatographic separation. 
through a short column of neutral alumina, using petroleum 
ether as an eluent. The yield was 0.55 mole (85TC) on the 
basis of the hydroperoxide that was decomposed. The by- 
product vas p-methylbenzaldehyde. The peroxide .J is a 
pleasant smelling liquid, b.p. 65'/0.2 mm.. n'," 1.4858. 

Anal. Calcd. for C12HIS02: C, 74.19; H, 9.34: mol. TTt. 194. 
Found: C, 74.40; H, 9.17; mol. wt. 186. 

The infrared spectrum of the peroxide J had bands a t  
1360 em.-' (strong) and 1385 em.-' (medium), which 
indicated the presence of a tert-butyl group. The bands a t  
1190 em.-' and 875 cm.-' are ascribed to  the presence of 
the tert-butoxy group. 

Preparation of compound K (tert-butylperoxydiordne 1 ,4) .  
A mixture containing tert-butyl hydroperoxide (0.22 mole), 
dioxane 1,4 (1.00 mole), and cuprous chloride (0.05 g.) 
was heated to 70" and maintained a t  that temperature for 
13 hr. ilt the end of that time, titration shoa-ed that 85% 
of the hydroperoxide had been consumed. The loner boiling 
materials aere removed in vacito. The infrared spectrum of 
the crude reaction product indicated strong keto and hy- 
droxy bands. The peroxide was purified by chromatographic 
separation through a short neutral alumina column, using 
petroleum ether as an eluent. Yield of the peroxide K was 
0.095 mole (507' on the basis of the hydroperoxide con- 
sumed). 

The tert-butyl peroxy dioxane 1!4, b.p. 55"/0.25 mm., nz: 
1.4325 is somewhat soluhle in xater. I ts  infrared spectrum 
contains bands a t  1360 em.-' (strong) and 1390 em.-' 
(medium) indicating the presence of a tert-butyl group. 
The bands at 1185 cm.-' and 875 em.-' are given to the 
presence of the tert-butoxy group. 

Anal. Calcd. for C8H18Oa: C,  54.53; H, 9.15; mol. wt. 176. 
Found: C, 54.32; H, 8.93; mol. wt. 176. 

Decomposition of tert-butyl hydroperoxide in iso-octane. A 
mixture containing tert-butyl hydroperoxide (0.1 mole), iso- 
octane (0.4 mole), and cuprous chloride (1 g.) was heated to  
67". A violent reaction followed. Within 20 min., all of the 
hydroxyperoxide decomposed and oxygen gas (0.5 mole) 
had evolved. The react on mixture did not react with di- 
nitrophenyl hydrazine (no ketones), nor with concentrated 
H I  (no peroxides). 
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The condensat>ion of benzaldehyde with acetic anhydride to  >-ield cinnamic acid, using various hasic catalysts such as 
triethyl-, tripropyl-, tributyl-, and triisobutylamine, has been studied kinetically a t  125-155 O in kerosine as solvent. The rate 
of the formation of cinnamic acid as well as that of the disappearance of henzaldehyde has been followed ,by ultraviolet spec- 
trophotometr.y. The rate was found to be expressed as k(benza1dehyde) (acetic anhvdride) in an excess of the catalyst, while 
as k(benza1dehyde) (catalyst) in an excess of acetic anhydride. The variation of the rates with changing catalysts was shown 
to be ascribed to the variation of both frequency factor and energv of activation. -4 precise fit to the Hammett eqiiation was 
observed with substituted benzaldehydes, with a positive p value of 2.25 at 135'. A mechanism involving n rate-determining 
attack of a complex of acetic anhydride with trialkylamine [Ac?O.RSN ] on the carbonyl carbon of henzaldehytle is presented 
and discussed. 

Although the Perkin reaction has long bee11 few kiiietic and mechanistic studies2 have so far been 
reported. Buckles and BremerZb followed the tri- 

phenylacetic acid by estimating a reactant (benz- 

studied as a problem of organic chemistry,' only a 

248 (1942). 
(1) For the review see, J. R. Johnson, Org. Reactions, I, ethYlamine-catalYzed reactjorl of be11zaldehYde 


